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ABSTRACT: Cobalt(III) and cobalt(II) perfluoroethyl complexes supported by 1,8-naphthyridine or its mono- or dimethylsubsti-

tuted analogs were synthesized and their reactivity has been investigated in light-induced radical perfluoroethylation of arenes and 

heteroarenes. Similar to previously reported NiIII complexes, CoIII naphthyridine-based complexes show light-induced CoIII–C2F5 

bond homolysis to generate the C2F5 radical, while the CoII complex was significantly less reactive. In the presence of a stoichiometric 

amount of electron-rich arene or heteroarene, the products of mono-perfluoroethylation by the cationic [(naphthyridine)2CoIII(C2F5)2]
+ 

complexes were obtained selectively and with good yields. This reactivity was further enhanced in the presence of one-electron 

oxidants or benzoquinone. Moderate catalytic turnover was obtained when pentafluoroethyl-1,2-benziodoxol-3(1H)-one (Acid C2F5-

Togni reagent) was used, although the substrate scope and the reactivity remain limited to electron-rich substrates.   

INTRODUCTION 

Radical C–H trifluoromethylation catalyzed by base metal 

complexes attracts significant attention as a convenient syn-

thetic tool to introduce fluorine atoms into organic compounds, 

which may be used to improve stability and alter the activity of 

biologically active compounds and pharmaceuticals.1-8 While 

trifluoromethylation mediated by first-row transition metal 

complexes, especially Ni9-11 and Cu,12-23 recently became the 

subject of active research, using this methodology to introduce 

longer perfluoroalkyl chains is significantly less studied, alt-

hough the presence of longer perfluoroalkyl groups may have a 

significant effect on pharmacokinetic properties of organic 

compounds as compared to trifluoromethyl group.24-25 In 2021, 

the Vicic group described perfluoroalkylation by using solvated 

perfluoroalkyl nickel(II) complexes that also showed catalytic 

reactivity in trifluoromethylation. However, only stoichio-

metric reactivity was observed in perfluoroethylation.11 Re-

cently, our group reported a simple catalytic protocol for per-

fluoroalkylation of arenes and heteroarenes by using solvated 

nickel(II) bis(perfluoroalkyl) complexes in combination with 

commercially available Togni-type reagents containing perflu-

oroethyl or perfluoropropyl groups.26 

While high valent Ni complexes have been actively studied 

in catalytic or stoichiometric C–H bond trifluoromethylation,9-

11 cobalt complexes received significantly less attention as they 

are generally considered to be less active as compared to 

nickel.11 However, the reactivity of Co complexes may be tuned 

by supporting ligands. As an example, the Soper group 

achieved light-induced stoichiometric C(sp2)–H bond trifluoro-

methylation mediated by a cobalt(III) trifluoromethyl complex 

supported by a redox-noninnocent [OCO] pincer ligand.27 Vit-

amin B12 (cobalamin) derivative containing ester-derivatized 

tetradentate corrin macrocyclic ligand has been reported as a 

catalyst for combined electrochemical/photochemical per-

fluoroalkylation of electron-rich arenes via a light-induced rad-

ical formation,28-29 resembling biologically relevant Co-C(sp3) 

bond cleavage in coenzyme B12-dependent enzymes.30-33 Photo-

lytic Co-C cleavage has also been reported to occur more easily 

for longer-chain  cobaloxime(III) perfluoroalkyl complexes as 

compared to the Co-CF3 analogs.34 

Considering that our group has recently developed a visible-

light-induced catalytic trifluoromethylation using NiIII com-

plexes supported by simple naphthyridine or dimethylnaphthy-

ridine ligands,35 we sought to expand this reactivity to Co using 

simple naphthyridine ligands. Since Co precursors with longer 

perfluoroalkyl chains are synthetically accessible, we focused 

on using perfluoroethyl Co complexes supported by naphthy-

ridines to induce Co-C bond homolysis via light irradiation, and 

whether these complexes can be active in stoichiometric 

C(sp2)–H bond perfluoroalkylation.  

In this work, we synthesized a number of Co complexes with 

naphthyridine and perfluoroalkyl ligands and performed an in-

depth examination of their structural and electronic properties. 

We demonstrate that these complexes undergo light-induced 

Co-perfluoroalkyl bond homolysis that does not require the 

presence of multidentate, redox-active or macrocyclic ligands 

and can be achieved in CoIII complexes supported by bidentate 

N-donor naphthyridine ligands. Preliminary studies showed 

that these complexes have the potential for catalytic C(sp2)–H 

perfluoroethylation with the commercially available perfluoro-

ethyl Togni reagent, albeit limited only to electron-rich sub-

strates. The most active complex was an air-stable CoIII species, 

however, at this point, these complexes are relatively less active 

than the nickel complexes used in our group.  



 

RESULTS AND DISCUSSION 

Neutral cobalt complexes. Our first efforts to obtain naph-

thyridine CoIII complexes were focused on the use of a common 

CoIII(MeCN)3(C2F5)3 precursor reported by the Vicic group.36 

This precursor was conveniently obtained by the reaction of an-

hydrous CoBr2 with 3 equiv. of AgF and 4 equiv. of TMS-C2F5. 

Treatment of CoIII(MeCN)3(C2F5)3 with 1 equiv. of 1,8-naph-

thyridine (L1) in tetrahydrofuran (THF) solution at room tem-

perature (RT) for 16 hours led to the formation of a neutral com-

plex Co(L1)(MeCN)(C2F5)3 (1), which was isolated as a pale 

yellow solid obtained in 65 % yield (Scheme 1). The neutral 

complex 2 with a monomethyl-substituted 2-methyl-1,8-naph-

thyridine ligand (L2) was obtained in a similar way and isolated 

in 68 % yield. Complexes 1 and 2 were characterized by multi-

nuclear NMR spectroscopy, electrospray ionization high-reso-

lution mass-spectrometry (ESI-HRMS), UV-vis and FT-IR 

spectroscopy, elemental analysis, and single-crystal X-ray dif-

fraction (SC-XRD). SC-XRD analysis reveals a distorted octa-

hedral geometry around the fac-Co(C2F5)3 fragment, supported 

by one κ2-coordinated naphthyridine and one MeCN ligand 

(Figure 1, a-b).  

The 1H NMR spectrum of 1 exhibits a set of three multiplets 

in the aromatic region corresponding to the L1 ligand and con-

sistent with the presence of a plane of symmetry. The 19F NMR 

spectrum exhibits two types of inequivalent C2F5 groups, char-

acterized by two signals for CF3 group in a 2 : 1 ratio at –80.58 

and –80.79 ppm, respectively. Due to the presence of unsym-

metrical ligand L2, complex 2 features 5 aromatic peaks of the 

L2 ligand, while all three C2F5 groups are inequivalent in the 
19F NMR spectrum.  

SC-XRD analysis reveals that for complexes 1 and 2 the Co–

C lengths for C2F5 trans to N-atoms of naphthyridine are in a 

range of 1.942(3)-1.987(2) Å, while Co–C bond trans to MeCN 

is in the range of 1.976(6)-1.981(2) Å (Table 1). 

Interestingly, introducing two methyl substituents in 2,7-di-

methyl-1,8-naphthyridine (L3) led to the formation of two iso-

meric complexes when this ligand was treated with 

CoIII(MeCN)3(C2F5)3 (Scheme 1). When the reaction was fol-

lowed by NMR spectroscopy in acetone-d6, almost full con-

sumption of L3 was observed already after 1 hour at RT, along 

with the appearance of a major product 3a, accompanied by a 

minor species 3b with a ratio of 3a : 3b being 20 : 1. The aro-

matic peaks of the major product appear as two doublets at 8.53 

and 7.71 ppm and one signal for the Me group, consistent with 

coordination to a fac-Co(C2F5) fragment. This was further con-

firmed by SC-XRD study of the yellow crystals obtained from 

pentane/THF solution from the reaction mixture at –30 °C (Fig-

ure 1, c). The minor species 3b becomes the predominant prod-

uct when the reaction mixture is further heated for 16 hours at 

65 °C leading to the formation of a 3a : 3b mixture formed in a 

1 : 4 ratio. Orange crystals obtained were analyzed by SC-XRD 

showing the isomeric structure 3b with a mer-Co(C2F5)3 con-

figuration, with the MeCN ligand trans to an N-atom of L3 (Fig-

ure 1, d). This is also consistent with the lack of a mirror plane 

evident from the 1H NMR spectrum, showing four doublets at 

8.51, 8.47, 7.74, and 7.53 ppm in the aromatic region and two 

singlets of the inequivalent Me groups of L3 at 2.81 and 2.62 

ppm. 

Scheme 1. Synthesis of neutral pentafluoroethyl cobalt(III) 

complexes. 

 

 

Figure 1. ORTEP of 1 (a), 2 (b), 3a (c), and 3b (d) at 50 % proba-

bility level according to single-crystal X-ray diffraction. Minor dis-

order components and hydrogen atoms are omitted for clarity. 

Table 1. Selected internuclear distances [Å] for 1-3b accord-

ing to single-crystal X-ray diffraction. Data for the main dis-

order component are present. Atomic numbering scheme is 

given in Figure 1. 

Bond 1 2 3a 3b 

Co1–N11 2.082(4) 2.130(2) 2.082(3) 2.045(5) 

Co1–N12 2.057(4) 2.073(2) 2.123(3) 1.996(6) 

Co1–N2 1.959(4) 1.9645(17) 1.974(3) 1.881(6) 

Co1–C31 1.963(6) 1.987(2) 1.965(3) 1.933(13) 

Co1–C41 1.982(5) 1.942(3) 1.987(4) 2.047(6) 

Co1–C51 1.976(6) 1.981(2) 1.963(4) 2.085(15) 

 

Further heating at 65 °C for 2 days did not lead to the exclu-

sive formation of 3b and the isomeric ratio remained unchanged, 



 

indicating that isomers 3a and 3b have similar stability, with the 

kinetic product, fac-isomer 3a, being slightly less thermody-

namically favorable, likely due to the steric bulk imposed by 

two ortho-Me substituents located in proximity to C2F5 ligands 

as opposed to one MeCN ligand and one C2F5 group in the ther-

modynamic product, isomer mer-3b. This is also consistent 

with relative stability obtained by comparing DFT-optimized 

structures showing that 3b is marginally more stable than 3a by 

0.26 kcal mol–1 (see SI).  

As 3a showed a set of broadened peaks in the 19F NMR spec-

trum even at low temperature, the full assignment was done 

only for complex 3b that features well-defined multiplets. 19F 

COSY NMR analysis showed that the signal splitting pattern is 

mainly determined by the long-range coupling between apical 

(perpendicular to L1 plane) and equatorial (in-plane with L1) 

C2F5 groups across the Co atom36-37 as well as geminal coupling 

within the apical CF2 groups, virtually in the absence of ob-

served vicinal coupling. Near-zero or very small vicinal cou-

pling constants are commonly observed in perfluoroalkylated 

compounds (and some perfluoroalkyl metal complexes),36 

which could arise from the averaging effect due to the internal 

rotations and cancellation of coupling constant contributions of 

opposite signs.38-40 Thus, long-range coupling gives rise to the 

observed signal multiplicity. For example, the CF3 groups of 

apical C2F5 ligands appear as a triplet due to coupling to the CF2 

group of equatorial C2F5, and the CF3 group of equatorial C2F5 

appears as a triplet of triplets due to coupling to two pairs of 

inequivalent fluorines of CF2 groups of the apical C2F5. 

Monocationic CoIII complexes. Considering that our previ-

ous study identified that cationic [(L3)2NiIII(CF3)2]
+ complexes 

supported by two naphthyridine-based ligands were active in 

light-induced trifluoromethylation,35 we sought to obtain a sim-

ilar structural motif in Co complexes requiring the presence of 

only two C2F5 groups and two naphthyridine ligands, as op-

posed to neutral complexes 1-3. To obtain such complexes, a 

different synthetic approach was selected based on the for-

mation of a bis(naphthyridine)CoIICl2 precursor by the treat-

ment of anhydrous CoCl2 with 2 equiv. of L1 or L2 in MeOH-

CH2Cl2 solution at RT for 16 hours (Scheme 2). Complexes 4 

and 5 were isolated in 70 and 98% yields, respectively, and 

characterized by UV-vis, FT-IR spectroscopy, ESI-HRMS, el-

emental analysis, and SC-XRD. The alternative synthesis of 

complex 4 has also been reported in the literature by treatment 

of CoCl2⦁6H2O with naphthyridine in DMF/MeOH mixture and 

its crystal structure has also been confirmed by SC-XRD.41 The 

SC-XRD analysis revealed a distorted tetrahedral Co center in 

4 and 5 with naphthyridine ligands coordinated in a monoden-

tate fashion (Figure 2, a-b and Table 2). The analogous reaction 

of CoCl2 with 2 equiv. of L3 also afforded complex 6 isolated 

in 64 % yield. In contrast to 4 and 5, SC-XRD analysis shows a 

distorted octahedral structure around the cobalt center in com-

plex 6, with two L3 ligands coordinating in a bidentate fashion 

(Figure 2, c). The magnetic moment measured by the Evans 

method for methanol-d4 solutions of 4, 5, and 6 were 4.65, 5.06, 

and 4.88 µB, respectively, consistent with a high-spin d7 config-

uration (S=3/2) for the CoII. 

Scheme 2. Synthesis of complexes 4-9. 

 

Table 2. Selected internuclear distances [Å] for 4-6 accord-

ing to single-crystal X-ray diffraction. For 5, data for one of 

three symmetry-independent molecules are present. Atomic 

numbering scheme is given in Figure 2. 

Bond 4 5 6 

Co1–N11 2.0381(17) 2.0267(19) 2.272(2) 

Co1–N12 3.0177(18) 2.738(2) 2.188(2) 

Co1–N21 2.0371(16) 2.040(2) 2.269(2) 

Co1–N22 3.0860(17) 2.9134(19) 2.183(2) 

Co1–Cl1 2.2770(5) 2.2747(7) 2.3748(7) 

Co1–Cl2 2.2679(5) 2.2867(7) 2.3512(7) 

Table 3. Selected internuclear distances [Å] for 7-9 accord-

ing to single-crystal X-ray diffraction. Atomic numbering 

scheme is given in Figure 2. 

Bond 7 8 9 

Co1–N11 2.074(5) 2.0778(17) 1.9918(16) 

Co1–N12 1.926(4) 1.9429(17) 2.5049(18) 

Co1–N21 2.073(5) 2.0765(16) 1.9954(17) 

Co1–N22 1.942(4) 1.9354(16) 2.4053(17) 

Co1–C31 1.948(6) 1.949(2) 1.9451(19) 

Co1–C41 1.935(6) 1.9443(19) 1.957(2) 



 

 

 

Figure 2. ORTEP of 4 (a), 5 (b), 6 (c), 7 (d), 8 (e), and 9 (f) at 80 % (4) or 50 % (5-9) probability level. Minor disorder components, solvent 

molecules, and hydrogen atoms are omitted for clarity. For 5, one of three symmetry-independent molecules is shown

.

Further treatment of 4 with an excess amount of Me3SiC2F5 

in the presence of 3 equiv. of AgF and 1 equiv. of NaPF6 in ac-

etonitrile afforded CoIII complex 7 isolated in 61% yield as an 

orange crystalline solid (Scheme 2). Complex 7 was stable in 

air for months in solid form. Similarly, complex 8 was obtained 

in 37 % isolated yield by treatment of complex 5 with 3 equiv. 

of AgF, 3.5 equiv. Me3Si-C2F5, and 1 equiv. of NaPF6 in ace-

tonitrile. Complexes 7 and 8 were characterized by multinuclear 

NMR, UV-vis, IR spectroscopy, ESI-HRMS, elemental analy-

sis, and SC-XRD (Figure 2 and Table 3). The analogous reac-

tion with complex 6 led to the formation of a mixture of two 

unidentified products that could not be isolated by crystalliza-

tion or unambiguously characterized by other methods. 

SC-XRD confirms that complex 7 contains a cationic CoIII 

center with two C2F5 groups present in cis-positions to each 

other and two naphthyridine ligands coordinating in a bidentate 

fashion (Figure 2, d). The equivalent C2F5 ligands are charac-

terized by the presence of two doublets of unresolved multiplets 

for the geminally coupled F-atoms of the CF2 group at –86.13 

ppm and –94.08 ppm as well as one triplet at –81.58 ppm (JFF ~ 

5 Hz) corresponding to the CF3 groups. The uncoordinated hex-

afluorophosphate counteranion appears at –72.81 ppm as a dou-

blet. Similar structure (Figure 2, e) and NMR features were es-

tablished for complex 8, showing two doublets in 19F NMR 

spectrum at –84.27 ppm and –94.08 ppm corresponding to the 

geminally coupled CF2 and one unresolved multiplet at –81.77 

ppm assigned to the CF3 groups, as well as uncoordinated hex-

afluorophosphate counteranion. 

Electrochemical properties and synthesis of a CoII com-

plex. The isolated series of cationic and neutral CoIII complexes 

were then investigated by cyclic voltammetry to gain insight 

into the accessibility of other oxidation states for Co–C2F5 spe-

cies. The anodic scan revealed irreversible oxidation waves at 

high potentials (>1 V vs. Fc+/Fc) for complexes 1-3, while the 

cathodic scan shows at least two irreversible reduction pro-

cesses at highly negative potentials (ca. -1.6 V vs Fc+/Fc for the 

first wave), showing that both higher and lower oxidation states 

are not easily accessible and are unlikely to provide stable prod-

ucts (see Figure 3 and SI). In contrast, both cationic complexes 

7 and 8 are characterized by the presence of a quasireversible 

reduction wave characterized by the cathodic peak potential of 

–0.76 V and –0.90 V vs. Fc+/Fc, respectively, along with two 

additional reduction waves at significantly more negative po-

tentials. This suggests that CoII species may be easily accessible 

and provide stable products for bis-pentafluoroethyl Co com-

plexes.  

When complex 7 was subjected to a reduction in the presence 

of potassium graphite (KC8) in THF, a deep-red solution was 

formed, from which a neutral CoII complex 9 was isolated in 

52 % yield. The magnetic moment measured by the Evans 



 

method for an acetone-d6 solution of 9 was 1.85 µB, suggesting 

an S=½ ground state corresponding to a low-spin d7 configura-

tion for the CoII center. 
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Figure 3. Cyclic voltammograms of complex 1, 2, 3a + 3b (3a : 3b 

= 1 : 4), 7, and 8 (2 mM) in 0.1 M nBu4NClO4/MeCN solution at 

23 °C (scan rate 100 mV s–1; 1.6 mm glassy carbon disk working 

electrode; the arrow indicates the initial scan direction). 

According to SC-XRD (Figure 2, e and Table 3), Co atom is 

bound to two C2F5 groups and two naphthyridine ligands, with 

short Co–N11 (1.9918(16) Å) and Co1–N21 (1.9954(17) Å) 

distances present trans to carbon atoms of C2F5, and signifi-

cantly longer Co–N12 and Co–N22 distances, 2.5049(18) and 

2.4053(17) Å, cis to C2F5 ligands. Such inequivalent distances 

and axially elongated octahedral structure could be attributed to 

the Jahn–Teller distortion; a similar elongated octahedral envi-

ronment was observed in d7 NiIII complexes with L3 ligand re-

ported earlier.35 

To further elucidate the bonding interactions in complex 9, 

the DFT-optimized structure of 9 was analyzed using the quan-

tum theory of atoms in molecules (QTAIM). According to com-

putations, all interactions in the coordination sphere of atom 

Co1 in complex 9 are characterized by the small positive values 

of the electron density 𝜌𝑏 and the Laplacian of electron density 

∇2𝜌𝑏 at the corresponding bond critical points (Figure 4 and Ta-

ble 4), with the lower values of the electron density at the bond 

critical points located along axially elongated Co-N bonds (see 

SI for details).  

 

Figure 4. Molecular graph of gas-phase optimized complex 9. 

Bond critical points and bond paths are shown as magenta spheres 

and black lines. These elements are omitted if the value of electron 

density at the bond critical point is less than 0.02 a.u. If the value 

of electron density at the bond critical point is less than 0.03 a.u., 

the corresponding bond paths are shown as dashed lines. 

Table 4. Selected internuclear distances (𝒅, Å) as well as the 

values of the electron density (𝝆𝒃, a.u.), its Laplacian (𝛁𝟐𝝆𝒃, 

a.u.), and delocalization indices at the corresponding critical 

bond points for gas-phase optimized complex 9. 

Bond 𝑑a 𝜌𝑏
b ∇2𝜌𝑏

c 𝐷𝐼d 

Co1–N11 2.03749 0.070901 0.430733 0.435116 

Co1–N12 2.45412 0.029185 0.122357 0.192274 

Co1–N21 2.03659 0.071073 0.431815 0.436411 

Co1–N22 2.45659 0.029079 0.121303 0.190935 

Co1–C31 1.97454 0.111561 0.294288 0.753186 

Co1–C41 1.97537 0.111342 0.294331 0.752245 

 

Photoinduced Co–C2F5 bond homolysis and C–H bond 

perfluoroethylation.  

First, to assess the ability of the obtained complexes to un-

dergo Co–C bond homolysis, the complexes were exposed to 

14 W blue LED irradiation (465 nm) in the presence of 2 equiv. 

of 2,2,6,6-tetramethyl-1-piperidinyloxyl (TEMPO) as the radi-

cal trap (Table 5). Irradiation of neutral complexes 1, 2 or an 

isomeric mixture containing complexes 3a and 3b (3a : 3b = 1 : 

4) with blue LED light for 1 hour at RT resulted in the formation 

of a TEMPO-C2F5 adduct, which was detected by 19F NMR 

spectroscopy (Table 5).26, 42 The yield was determined by 19F 

NMR integration against α,α,α-trifluorotoluene as an internal 

standard showing moderate amounts of TEMPO-C2F5 ranging 

between 21 to 46% yield based on the amount of Co complex. 

Similarly, irradiation of cationic complexes 7 and 8 resulted in 

the formation of TEMPO-C2F5 adduct, with the highest yield 

obtained for naphthyridine-supported complex 7. The exposure 

of complexes 7 or 8 to 2 equiv. of TEMPO in the absence of 

light did not produce any desired product. For comparison, ir-



 

radiation of a Co precursor, CoIII(MeCN)3(C2F5)3 in the pres-

ence of TEMPO under analogous conditions resulted in 18 % 

NMR yield of TEMPO-C2F5. These results suggest that similar 

to previously reported NiIII complexes,35 visible light irradiation 

of CoIII complexes induced the formation of a C2F5 radical 

trapped by TEMPO, and the reactivity is enhanced if naphthy-

ridine ligand is present. Interestingly, irradiation of a CoII com-

plex 9 with blue LED under analogous conditions afforded only 

a small amount of TEMPO-C2F5 adduct suggesting that the 

light-induced bond homolysis is presumably less efficient for 

CoII oxidation state.  

While the Co-containing product could not be isolated in a 

pure form, ESI-MS analysis of the solution of 7 after irradiation 

with blue LED in the absence of TEMPO shows the presence 

of a peak characterized by m/z 438.0344, which was assigned to 

the cationic [CoII(L1)2(C2F5)]
+ fragment (calculated m/z 

438.0309) resulting from the loss of one C2F5 group (Scheme 

3). Similarly, irradiation of complex 8 and analysis of the reac-

tion mixture by ESI-HRMS allowed us to detect the corre-

sponding peak of [CoII(L2)2(C2F5)]
+ characterized by m/z 

466.0659 (calculated m/z 466.0622). 

Table 5. Photoinduced Co-C2F5 bond homolysis trapped by 

TEMPO. 

 

Entry Complex Modification of 

standard condi-

tions 

Yield of 

TEMPO-C2F5 

(%)a 

1 1 None 21 

2 2 None 46 

3 3a+3b None 46 

4 7 None 74 

5 8 None 37 

6 9 None 6 

7 Co(C2F5)3(MeCN)3 None 18 

8 7 No blue LED Not detected 

aYields were determined by 19F NMR integration against α,α,α-

trifluorotoluene as an internal standard.  

Scheme 3. Photoinduced CoIII-C2F5 bond homolysis in com-

plex 7. 

 

To evaluate the ability of CoIII complexes to perform arene 

perfluoroethylation under stoichiometric conditions, Co pen-

tafluoroethyl complexes were irradiated with blue LED light in 

the presence of one equiv. of an electron-rich substrate, N-phe-

nylpyrrole (Ia) or 1,3,5-trimethoxybenzene (Ib) for 24 hours at 

RT in acetonitrile-d3 (Table 6). The highest yields of monoper-

fluoroethyl-substituted products IIa and IIb were obtained in 

the presence of cationic bis-naphthyridine-based complexes 7 

and 8, while much lower yields were observed in the presence 

of neutral complexes 1-3. CoII complex 9 and the precursor 

CoIII(MeCN)3(C2F5)3 produced only trace amounts of the pen-

tafluoroethylated product in the case of N-phenylpyrrole, while 

1,3,5-trimethoxybenzene produced no detectable amounts of 

perfluoroethylated products in the presence of 9. In the absence 

of light, the reaction of Ia or Ib with complex 7 produced no 

pentafluoroethylated product. 

Table 6. Stoichiometric C-H perfluoroethylation of Ia and 

Ib by cobalt complexes.a 

 

En-

try 

Substrate [Co] complex Product Yield 

(%)b 

1 Ia 1 IIa 24 

2 Ia 2 IIa 29 

3 Ia 3a+3b IIa 54 

4 Ia 7 IIa 60 

5 Ia 8 IIa 59 

6 Ia 9 IIa 2 

7 Ia 7c IIa n.d. 

8 Ia Co(MeCN)3(C2F5)3 IIa 3 

9 Ib 1 IIb 11 

10 Ib 2 IIb 24 

11 Ib 3a+3b IIb 15 

12 Ib 7 IIb 58 

13 Ib 8 IIb 43 

14 Ib 9 IIb n.d. 

15 Ib 7c IIb n.d. 

16 Ib Co(MeCN)3(C2F5)3 IIb 10 

aThe reactions were performed under N2 atmosphere for 24 

hours using 1 equiv. of substrate and 1 equiv. of a complex in ace-

tonitrile-d3 at RT under blue light LED (465 nm) unless indicated 

otherwise bYields were determined by 19F NMR integration against 

α,α,α-trifluorotoluene as an internal standard. cWithout 14W blue 

LED irradiation. n.d. – not detected. 

In all cases, only the mono-perfluoroethylation product was 

obtained and di-substituted products could not be detected in 

NMR and GC-MS analysis. C2F5H was found in all cases as a 

byproduct with the yield ranging from 3 to 15%, which was 

confirmed by 19F NMR, while no other fluorine-containing 

side-products were detected. 



 

Among naphthyridine-supported cobalt(III) complexes used 

in this study, complexes 7 and 8 show greater absorption in the 

visible region due to the presence of broad bands at 474 nm and 

473 nm (Figure 5) showing better overlap with blue LED emis-

sion (465 nm), which also correlates with their greater photoin-

duced perfluoroalkylation reactivity. By contrast, complexes 1-

3 show less efficient absorption in this range. At the same time, 

unreactive complex 9 shows a visible absorption band centered 

at 471 nm; however, its lack of reactivity could in part be due 

to the low stability of an expected CoI product of CoII–C bond 

homolysis due to poor stabilization of this low oxidation state 

by N-donor ligands.  

 

Figure 5. Overlay of UV-vis absorption spectra of complexes 1, 2, 

3a + 3b, 7, 8, and 9 in MeCN. 

To assess the reactivity with other substrates, complex 7 was 

reacted with arenes and heteroarenes under standard conditions 

(Scheme 4) resulting in the formation of perfluoroethyl deriva-

tives in moderate or low yields in the case of 3-methylindole 

(72%) or mesitylene (33%) and showing no reactivity with elec-

tron-poor meta-dichlorobenzene.  

Scheme 4. Reactivity of 7 with other substrates in stoichio-

metric perfluoroethylation. 

 

By analogy with the previous literature and consistent with 

radical trap experiments, the formation of a perfluoroethyl-sub-

stituted arene in a stoichiometric reaction likely involves the in-

itial C2F5 radical formation via a light-induced CoIII-C bond ho-

molysis, followed by the C2F5 radical attack at the electron-rich 

arene to give a radical adduct III. The proposed pathway is 

shown in Scheme 5 for the reaction mediated by cationic com-

plexes 7 and 8, although a similar mechanism could be operat-

ing in the case of neutral complexes 1-3. Rearomatization of III 

via oxidation/deprotonation or a formal hydrogen atom loss 

would then produce a pentafluoroethyl-substituted arene. Con-

sidering that no sacrificial reagents were used in a stoichio-

metric perfluoroethylation, the starting material (complex 7 or 

8) could serve as a sacrificial oxidant to give inactive 9 and H+. 

Alternatively, the light-induced C2F5 radical release could occur 

from product IV followed by H-atom abstraction from III to 

give C2F5H. This could limit the reaction yield to give only 58-

60% of perfluoroethylated arene in the best cases reported in 

Table 5 along with the formation of small amount of C2F5H (ca. 

5-7 % in the presence of 7) during the reaction. To examine the 

effect of base and oxidant additives, we first performed perflu-

oroethylation of Ia in the presence of free naphthyridine ligand 

and 2,6-di-tert-butyl-pyridine, which could potentially trap the 

proton released during the reaction. However, slightly dimin-

ished yields were obtained (Table 7). Complex 7 was found to 

be moderately stable in the presence of 1 equiv. of HBF4, with 

68% complex remaining unreacted after 24 h at RT showing 

that a small amount of acid released during the reaction may be 

tolerated under these conditions. 

On the other hand, the addition of one-electron oxidants, cop-

per(II) triflate or ferrocenium, provided improved yields of per-

fluoroethylated product IIa (65-73%) compared to the control 

experiment under the same conditions (50-60%). Similarly, the 

improved yield was observed in the presence of 1,4-benzoqui-

none, which can serve as an acceptor of both protons and elec-

trons. On the other hand, azobenzene had a detrimental effect, 

presumably due to its significant absorption in the visible region 

and competing reactivity. Considering that higher oxidation 

states are not accessible for 7 using these mild oxidants, one of 

the possible explanations for the limited yield in stoichiometric 

perfluoroethylation by 7 is its role as a sacrificial reagent via 

reduction to inactive 9 by III in the absence of external oxidants, 

or unproductive release of C2F5H via an H-atom abstraction by 

the C2F5 radical. 

Scheme 5. Proposed pathway for perfluoroethylated arene 

formation in the presence of cationic complexes 7 or 8. 

 

Table 7. Stoichiometric C-H pentafluoroethylation of Ia me-

diated by 7 with the presence of additives. 



 

 

Entry Additive Equiv. Yield of IIa 

(%) 

1 1,8-naphthyridine 2 44 

2 2,6-ditertbutylpyridine 2 41 

3 Cu(OTf)2 1 73 

4 Fc+PF6
- 1 65 

5 benzoquinone 1 70 

6 azobenzene 1 43 

7 none   50 

 

One notable feature of the stoichiometric mono-perfluoroeth-

ylation of electron-rich arenes by 7 and 8 is the formation of the 

product in moderate yields even in the presence of only one 

equiv. of a substrate relative to a complex, while the majority 

of such radical trifluoromethylation protocols report using a 

large excess of a substrate, likely to avoid side reactions such as 

double perfluoroalkylation. This prompted us to look into the 

possibility of developing catalytic perfluoroethylation in the 

presence of 7. 

Ni-catalyzed trifluoromethylation is often performed using 

Umemoto reagent or trifluoromethanesulfonyl chloride, pen-

tafluoro-analogs of these reagents are not easily accessible and 

for many impractical to use due to cost, and our initial attempts 

to regenerate 7 using TMS-C2F5 and oxidant failed to give cat-

alytic results. We continued to investigate catalytic reactivity 

with other C2F5 sources and found that the pentafluoroethyl-1,2-

benziodoxol-3(1H)-one (Acid C2F5-Togni reagent, V) a com-

mercially available pentafluoroethylation source (Table 8) 

which was previously utilized for Ni-catalyzed perfluoroalkyl-

ation gave catalytic activity with Co.  

The model substrate 1-phenylpyrrole was treated with Acid 

C2F5-Togni reagent V in the presence of 10 mol% of complex 7 

under blue LED light, which produced selectively mono-perflu-

oroethylated product in 76 % yield after 24 h at RT in DMSO-

d6 or CD3CN as a solvent. In the absence of complex 7, a nota-

bly lower yield was obtained (32%), while the reaction in the 

absence of LED light produced only 14% of product IIa.  

Table 8. Perfluoroethylation of Ia using Acid C2F5-Togni re-

agent IV and complex 7. 

 

Entry Modification of standard condi-

tions 

Yield (%) 

1 None 76 

2 CD3CN instead of DMSO-d6 76 

3 No catalyst 7 present 32 

4 No blue LED irradiation 14 

 

Using these conditions, other arene and heteroarene sub-

strates were tested showing that only electron-rich N-phe-

nylpyrrole and 1,3,5-trimethoxybenzene showed appreciable 

reactivity, while mesitylene and meta-dichlorobenzene were 

mostly unreacted, and attempted perfluoroethylation of 3-me-

thylindole produced the product in low yields (Scheme 6). Alt-

hough catalytic turnover is possible under these conditions us-

ing catalyst 7, the results are overall less competitive compared 

to Ni-catalyzed perfluoroalkylation.26 We will further investi-

gate the possibility of using other approaches to the regenera-

tion of Co perfluoroalkyl species to enable catalytic perfluoro-

alkylation of arenes.  

Scheme 6. Scope of pentafluoroethylation catalyzed by 7. 

 

 

SUMMARY AND CONCLUSIONS 

In this work, the reactivity of a new family of CoIII and CoII 

perfluoroethyl complexes supported by 1,8-naphthyridine lig-

and or its mono- and dimethylsubstituted analogs was tested in 

light-induced bond homolysis and arene or heteroarene perflu-

oroethylation. Stoichiometric photoinduced perfluoroethylation 

of C(sp2)-H bonds was observed only for CoIII complexes, while 

CoII complexes were generally unreactive. Selective, stoichio-

metric mono-perfluoroethylation that does not require excess 

(hetero)arene substrate or redox-noninnocent ligands was ob-

served, showing that simple naphthyridine ligands promote this 

reactivity, with best results obtained for cationic complexes 7 

and 8. Although initial results indicate the possibility of cata-

lytic turnover with Togni-type reagent, the substrate scope re-

mains limited to electron-rich substrates and the reactivity is 

generally less competitive compared to the reported nickel cat-

alysts. We will direct some attempts toward developing meth-

ods for the regeneration of catalytically competent CoIII-per-

fluoroalkyl complexes using inexpensive sources of perfluoro-

alkyl groups (e.g., TMS-C2F5, perfluoroalkyl iodides or via 

transmetalation).  

The ultimate aim of this research direction in our group is to 

develop sustainable and economically viable methods for selec-

tive arene and heteroarene functionalization and to introduce 

perfluoroalkyl chains other than the commonly used trifluoro-

methyl group. Considering that our group developed some of 

the main methods for this with the much more active nickel 

complexes however, including a ligand-free method, this study 

can be seen as an important addendum that explores the possible 



 

role of cobalt catalysts in such reaction. Ultimately, a number 

of interesting Co perfluoroalkyl complexes with simple naph-

thyridine were synthesized and their oxidation and redox prop-

erties were explored. The air stability of most of the species may 

lead to possible applications in other, non-catalytic areas.  

EXPERIMENTAL SECTION 

General specifications: All reactions were performed using stand-

ard Schlenk or glovebox techniques under a dry nitrogen atmosphere if 

not indicated otherwise. Unless noted otherwise, all chemicals were 

purchased from major commercial suppliers (TCI, Sigma-Aldrich, and 

Nacalai-Tesque) and used without purification. Anhydrous solvents 

were dispensed from an MBRAUN solvent purification system and de-

gassed prior to use. Anhydrous deuterated solvents were purchased 

from Eurisotop and stored over 4 Å molecular sieves. 

Co(MeCN)3(C2F5)3 were prepared according to the literature proce-

dure36. NMR spectra were recorded on a JEOL ECS400S 400 MHz and 

JEOL ECZ600R 600 MHz. The following abbreviations are used for 

describing NMR spectra: s (singlet), d (doublet), t (triplet), m (multi-

plet), dd (doublet of doublets), tt (triplet of triplets), tq (triplet of quar-

tets), vd (virtual doublet), br (broad). A typical Evans method magnetic 

moment measurement was done in a coaxial tube containing the solvent 

and the internal standard. Electrospray ionization high-resolution mass 

spectrometry (ESI-HRMS) measurements were performed on a 

Thermo Scientific ETD apparatus using MeOH or MeCN as a solvent 

for injection. Elemental analyses were performed using an Exeter An-

alytical CE440 instrument. Solid-state FT-IR spectra were recorded us-

ing an Agilent Cary 630 with an ATR module in an argon-filled glove-

box. The following abbreviations are used for describing FT-IR spec-

tra: s (strong), m (medium), w (weak), and br (broad). UV-vis spectra 

were recorded on an Agilent Cary 60 spectrophotometer. The X-ray 

diffraction data for single crystals 1-9 were recorded on a Rigaku Xta-

lab Pro diffractometer or a Bruker D8 Venture diffractometer. Cyclic 

voltammetry experiments were performed on an ALS CHI 660E elec-

trochemical workstation under N2 atmosphere. Electrochemical grade 

tetrabutylammonium perchlorate (TBAP) from Sigma-Aldrich was 

used as the supporting electrolyte in anhydrous MeCN as a solvent. A 

glassy carbon disk electrode (d = 1.6 mm) was used as a working elec-

trode. A non-aqueous Ag-wire reference electrode assembly was filled 

with 0.01M AgNO3 in 0.1 M TBAP/MeCN solution as a reference elec-

trode. A Pt-wire was used as an auxiliary electrode. The reference elec-

trode was calibrated against FeCp2 (Fc), where the Fc/Fc+ couple vs 

Ag/AgNO3/MeCN. Blue LED light was purchased from Akiba LED, 

14W, 465 nm. 

Synthesis of 1:  In a glove box, 50.0 mg (0.384 mmol) of 1,8-naph-

thyridine and 207.1 mg (0.384 mmol, 1 equiv.) of fac-

(MeCN)3Co(C2F5)3 were dissolved in 5 mL of THF. The reaction mix-

ture was stirred at room temperature for 16 hours. The yellow resulting 

solution was then crystallized by slow diffusion of pentane to yield 1 

as yellow crystals. Yield: 146 mg (65%).  1H NMR (600 MHz, –30 °C, 

acetone-d6): δ 9.09 (vd, JHH = 4.9 Hz, o-HNaph, 2H), 8.86 (dd, JHH = 8.4, 

1.6 Hz, p-HNaph, 2H), 8.03 (dd, JHH = 8.4, 4.8 Hz, m-HNaph, 2H), 2.14 

(s, CH3-CN, 3H). 19F NMR (565 MHz, –30 °C, acetone-d6) δ -80.58 

(br s, CF3-CF2, 6F), -80.79 (br s, CF3-CF2, 3F), -94.88 - -96.67 (m, 

CF3-CF2, 4F). 13C{1H} NMR (151 MHz, –30 °C, acetone-d6) δ 159.42 

(quat.-CNaph), 156.03 (o-CNaph), 139.80 (p-CNaph), 126.33 (m-CNaph), 

125.45 (CF3-CF2), 123.15, 121.35 (quat.-CNaph), 121.23, 119.31, 117.39 

2.44 (CH3-CN). The carbon atom of the nitrile group could not be iden-

tified due to low intensity. Peaks at 123.15, 121.23, 119.31, and 117.39 

ppm were not clearly identified due to splitting from F and low inten-

sity. ESI-HRMS (m/z): found (calcd.): C14H9Co1F10N3
+: 467.9897 

(467.9963). Elemental analysis found (calcd.): C16H9Co1F15N3: C 33.20 

(32.73), H 1.53 (1.54), 6.96 (7.16). UV-Vis (CH3CN), λ, nm (ɛ, M–1 

cm–1): 425 (360), 357 (1880), 308 (9430). FT-IR (ATR, solid): 3163 

(br), 2999 (br), 2944 (br), 2291 (m), 2252 (s), 1434 (m), 1418 (br), 1374 

(s), 1038 (s), 747 (s), 665 (m), 654 (m). 

Synthesis of 2: In a glove box, 27.0 mg (0.188 mmol) of 2-methyl-

1,8-naphthyridine and 101.1 mg (0.188 mmol, 1 equiv.) of fac-

(MeCN)3Co(C2F5)3 were dissolved in 3 mL of THF. The reaction mix-

ture was stirred at room temperature for 16 hours. The yellow resulting 

solution was then crystallized by slow diffusion of pentane to yield 2 

as yellow crystals. Yield: 76.5 mg (68%). 1H NMR (600 MHz, –30 °C , 

acetone-d6): δ 9.13 (d, 3JHH = 5.2 Hz, o-HNaph, 1H), 8.80 (d, 3JHH = 8.2 

Hz, p-HNaph, 1H), 8.68 (d, 3JHH = 8.5 Hz, p-HNaph, 1H), 7.97 (dd, JHH = 

8.3, 5.0 Hz, m-HNaph, 1H), 7.83 (d, 3JHH = 8.4 Hz, m-HNaph, 1H), 2.76 

(s, HMe, 3H), 2.23 (s, CH3CN, 3H). 19F NMR (565 MHz, –30 °C , ace-

tone-d6) δ -78.86 (br s, CF3-CF2, 3F), -79.89 (br s, CF3-CF2, 3F), -81.01 

(d, 2JFF = 256.8 Hz, CF3-CF2, 1F), -81.09 (br s, CF3-CF2, 3F), -88.26 

(d, 2JFF = 237.9 Hz, CF3-CF2, 1F), -91.83 (d, 2JFF = 258.9 Hz, CF3-CF2, 

1F), -97.36 (d, 2JFF = 238.1 Hz, CF3-CF2, 1F), -98.45 (d, 2JFF = 259.2 

Hz, CF3-CF2, 1F), -100.39 (d, 2JFF = 259.0 Hz, CF3-CF2, 1F). 13C{1H} 

NMR (151 MHz, –30 °C, acetone-d6) δ 210.13 (CH3-CN), 168.66 

(quat.-CNaph), 159.63 (quat.-CNaph), 155.20 (o-CNaph), 139.62 (p-CNaph), 

138.99 (p-CNaph), 128.62 (m-CNaph), 126.09 (CF3-CF2), 125.14 (m-

CNaph), 119.81 (quat.-CNaph), 22.91 (CMe), 2.53 (CH3-CN). The carbon 

atoms of C2F5 could not be identified due to splitting from F and low 

intensity. ESI-HRMS (m/z): found (calcd): C15H11Co1F10N3
+: 482.0055 

(482.0120). Elemental analysis found (calcd): C17H11Co1F15N3: 34.15 

(33.96), 1.61 (1.84), 7.03 (6.91). UV-Vis (CH3CN), λ, nm (ɛ, M–1 cm–

1): 425 (260), 311 (9097), 267 (9867). FT-IR (ATR, solid): cm–1 3162 

(br), 3002 (br), 2943 (br), 2292 (m), 2251 (s), 1441 (s), 1428 (m), 1374 

(s), 1038 (s), 917 (s), 747 (s). 

Synthesis of 3a + 3b: In a glove box, 31.6 mg (0.2 mmol) of 2,7-

bis(methyl)-1,8-naphthyridine (L3) and 107.8 mg (0.2 mmol, 1 equiv.) 

of fac-(MeCN)3Co(C2F5)3 were dissolved in 5 mL of THF. The mixture 

was then transferred to a 25 mL Schlenk flask and brought out of the 

glove box. The reaction was heated at 65 °C for 16 hours to yield a 

mixture 3a : 3b = 1 : 4 . The resulting orange solution was then crys-

tallized by slow diffusion of pentane to yield 3a : 3b = 1 : 4 as orange 

crystals. Yield: 76.5 mg (68%). ESI-HRMS (m/z): found (calcd): 

C16H13Co1F10N3
+: 496.0214 (496.0274). EA found (cald): 

C18H13Co1F15N3: C 35.14 (35.14), H 1.71 (2.13), N 6.72 (6.83). UV-

Vis (CH3CN), λ, nm (ɛ, M–1 cm–1): 450 (265), 311 (16142). FT-IR 

(ATR, solid, cm–1): 3163 (br), 3003 (br), 2943 (br), 2291 (s), 2251 (s), 

1779 (br), 1694 (br), 1440 (s), 1429 (br), 1374 (s), 1037 (s), 917 (s), 

748 (s), 674 (s). 1H NMR for 3a (600 MHz, 23 oC, acetone-d6): δ 8.53 

(d, 3JHH = 8.3 Hz, Hnaph, 2H), 7.71 (d, 3JHH = 8.3 Hz, Hnaph, 2H), 2.79 (s, 

CH3, 6H). 1H NMR for 3b (600 MHz, 23 oC, acetone-d6): δ 8.51 (d, 
3JHH = 8.5 Hz, Hnaph, 1H), 8.47 (d, 3JHH = 8.4 Hz, Hnaph, 1H), 7.74 (d, 
3JHH = 8.5 Hz, Hnaph, 1H), 7.53 (d, 3JHH = 8.4 Hz, 1H), 2.81 (s, CH3, 

3H), 2.65 (s, CH3-CN, 3H), 2.62 (s, CH3, 3H). 19F peaks of 3a are 

broadened in the 19F NMR spectrum and could not be fully resolved 

even at low temperature. In the 19F NMR spectrum obtained for 3a : 3b 

= 1 :4 mixture, only peaks of 3b could be clearly assigned (eq = equa-

torial C2F5 in-plane with naphthyridine; ap – apical C2F5 groups per-

pendicular to naphthyridine place): 19F NMR of 3b (565 MHz, 23 oC, 

acetone-d6): δ -75.68 (br m, CF3-CF2 eq, 2F), -79.24 (tt, 5JFF = 9.2, 25 

Hz, CF3-CF2 eq, 3F), -81.75 (t, 3JFF = 7.8 Hz, CF3-CF2 ap, 6F), -96.82 

(dq, 2JFF = 283 Hz, 5JFF = 8.5 Hz,CF3-CFF ap, 2F), -103.11 (doublet of 

multiplets, 2JFF = 284 Hz, CF3-CFF ap, 2F). 13C{1H} NMR of 3a : 3b 

= 1 : 4 (151 MHz, 23 oC, acetone-d6) δ 210.03, 170.44, 168.24, 167.40, 

159.27, 138.79, 138.69, 138.04, 133.43, 129.14, 127.97, 127.83, 

127.51, 124.44, 124.23, 124.01, 122.52, 122.31, 122.10, 120.79, 

120.57, 120.39, 118.86, 118.64, 118.15, 116.29, 69.20, 68.04, 66.10, 

54.95, 54.78, 54.66, 54.53, 22.25, 22.20, 22.15, 21.42. 

Observation of the 3a+3b (3a : 3b = 20 : 1) formation at RT: In a 

glove box, 2.9 mg (0.18 mmol) of L3 and 10.0 mg (0.18 mmol, 1 

equiv.) of fac-(MeCN)3Co(C2F5)3 were dissolved in 1 mL of acetone-

d6. The reaction mixture was stirred at room temperature for 1 hour, 

and then was analyzed by 1H NMR, showing the formation of a mixture 

3a : 3b = 20 : 1. Single crystals of 3a could be obtained by diffusing 

pentane to the solution at –30 °C. 

Synthesis of 4: 200.0 mg of L1 (1.537 mmol, 2 equiv.) and 41.0 mg 

of CoCl2 (0.768 mmol, 1 equiv.) were dissolved in 10 mL of 2:1 DCM-

MeOH mixture. The dark blue solution was then stirred vigorously at 

room temperature for 16 h, then recrystallized by diffusing ether to the 

mother solution to yield 4 as blue crystals. Yield: 210 mg (70%). EA 

found (calcd) : C16H12Co1Cl2N4: C 48.45 (49.26), H 2.84 (3.10), N 

13.89 (14.36). ESI-HRMS (m/z): found (calcd): C16H12Co1Cl1N4
+: 

354.0080 (354.0077). UV-Vis (CH3OH), λ, nm (ɛ, M–1 cm–1): 530 (11), 

301 (15024). FT-IR (ATR, solid): 3047 (br), 1595 (s), 1498 (s), 1391 



 

(m), 1293 (m), 1235 (m), 1197 (m), 1143 (s), 1128 (s), 1062 (s), 1034 

(m), 956 (m), 841 (s), 800 (s). 782 (s). μeff = 4.65 μB (298 K, Evans 

method, methanol-d4).  

Synthesis of 5: 200.0 mg of L2 (1.387 mmol, 2 equiv.) and 89.6 mg 

of CoCl2 (0.694 mmol, 1 equiv.) were dissolved in 15 mL of 2:1 DCM-

MeOH mixture. The dark blue solution was then stirred vigorously at 

room temperature for 16 h and recrystallized by diffusing ether to the 

mother solution to yield 5 as blue crystals. Yield: 284.2 mg (98%). ESI-

HRMS (m/z): found (calcd): C18H16Co1Cl1N4
+: 382.0386 (382.0390). 

EA found (calcd) : C18H16Co1Cl2N4: C 51.23 (51.70), H 3.75 (3.86), N 

12.78 (13.40). UV-Vis (CH3OH), λ, nm (ɛ, M–1 cm–1): 315 (7535), 298 

(8472), 7262 (257), 224 (7484). FT-IR (ATR, solid): 3048 (br), 1613 

(s), 1566 (s), 1493 (s), 1421 (m), 1376 (s), 1300 (s), 1286 (s), 1218 (m), 

1138 (s), 1132 (m), 1063 (m), 1035 (m), 909 (m), 847 (s), 798 (s), 708 

(m), 656 (s). μeff = 5.06 μB (298 K, Evans method, methanol-d4). 

Synthesis of 6: 100.0 mg of L3 (0.632 mmol, 2 equiv.) and 41.0 mg 

of CoCl2 (0.316 mmol, 1 equiv.) were dissolved in 10 mL of 2:1 DCM-

MeOH mixture. The dark blue solution was then stirred vigorously at 

room temperature for 16 h, then recrystallized by diffusing ether to the 

mother solution to yield 6 as blue crystals. Yield: 90 mg (64%). ESI-

HRMS (m/z) found (calcd): C20H20Co1Cl1N4+: 410.0692 (410.0703). 

UV-Vis (CH3OH), λ, nm (ɛ, M–1 cm–1): 316 (18660), 310 (15600), 253 

(6900). 217 (27000). FT-IR (ATR, solid): 3061 (br), 3007 (br), 1609 

(s), 1566 (m), 1509 (s), 1439 (s), 1377 (s), 1313 (s), 1252 (s), 1215 (m), 

1141 (s), 1035 (m), 998 (m), 853 (s), 800 (s), 789 (br). μeff = 4.88 μB 

(298 K, Evans method, methanol-d4). 
Synthesis of 7: In a glovebox, 100.0 mg of AgF (0.820 mmol, 3.2 

equiv.) and 180 µL of TMSC2F5 (1.03 mmol, 4 equiv.) were mixed in 

10 mL of acetonitrile. The reaction mixture was stirred in a dark for 2 

hours, then the mixture was transferred to a 20-mL vial containing 

100.0 mg of 4 (0.256 mmol, 1 equiv.) and 47.4 mg of NaPF6 (0.282 

mmol, 1.1 equiv.). The mixture was stirred vigorously in the dark for 3 

days. The resulting yellow-brown slurry was filtered over celite, and 

the solvent was removed under vacuum to yield an orange-red precipi-

tate, which was washed by pentane. Orange single crystals were grown 

by slow diffusion of pentane to the THF solution of 6. Yield: 109 mg 

(61%). 1H NMR (400 MHz, 23 oC, CD3CN) δ 8.80 (dd, 3JHH = 8.5, 1.4 

Hz, HNaph, 2H), 8.77 (dd, JHH = 5.2, 1.4 Hz, HNaph, 2H), 8.73 (dd, JHH = 

8.6, 1.5 Hz, HNaph, 2H), 8.68 (dd, JHH = 4.8, 1.5 Hz, HNaph, 2H), 7.90 

(dd, JHH = 8.5, 5.2 Hz, HNaph, 2H), 7.82 (dd, 3JHH = 8.5, 4.8 Hz, HNaph, 

2H). 19F NMR (564 MHz, 23 oC, CD3CN): δ -72.81 (d, 1JPF = 706.4 Hz, 

PF6, 6 H), -81.58 (t, JFF ~ 5 Hz, CF3-CF2, 6H), -86.13 (vd, 2JFF = 228.5 

Hz, CF3-CF2, 2H), -94.08 (vd, 2JFF = 227.5 Hz, CF3-CF2, 2H). 13C{1H} 

NMR (101 MHz, 23 oC, CD3CN): δ 159.11 (quat.-CNaph), 158.76 (o-

C,Naph), 155.53 (p-CNaph), 141.69 (o-CNaph), 140.60 (p-CNaph), 127.60 (m-

CNaph), 127.43 (o-CNaph), 121.43 (quat.-CNaph). The carbon atoms of 

C2F5 could not be identified due to splitting from F and low intensity. 

ESI-HRMS (m/z): found (calcd): C20H12Co1F10N4
+: 557.0245 

(557.0229). EA found (calculated) C20H12Co1F16N4P1: C 33.81 (34.21), 

H 1.33 (1.72), N 7.93 (7.98). UV-Vis (CH3CN), λ, nm (ɛ, M–1 cm–1): 

474 (534), 302 (22000). FT-IR (ATR, solid) 3162 (br), 3002 (br), 2943 

(br), 2626 (br), 2405 (br), 2291 (s), 2251 (s), 1738 (m), 1442 (m), 1420 

(br), 1374 (s), 1038 (s), 918 (s), 748 (s), 667 (m).  

Synthesis of 8: In a glovebox, 97.1 mg of AgF (0.765 mmol, 3.2 

equiv.) and 168 µL of TMSC2F5 (0.96 mmol, 4 equiv.) were mixed in 

10 mL of acetonitrile. The reaction mixture was stirred in a dark for 2 

hours, then the mixture was transferred to a 20-mL vial containing 

100.0 mg of 5 (0.239 mmol, 1 equiv.) and 44.1 mg of NaPF6 (0.263 

mmol, 1.1 equiv.). The mixture was stirred vigorously in the dark for 3 

days. The resulting yellow-brown slurry was filtered over celite, and 

the solvent was removed under vacuum to yield an orange-red precipi-

tate, which was washed by pentane. Orange single crystals can be re-

crystallized by slow diffusion of pentane to the THF solution. Yield 

64.2 mg (37%). 1H NMR (400 MHz, 23 oC, CD3CN) δ 8.80 (d, 3JHH = 

5.1 Hz, o-HNaph, 2H), 8.75 (dd, JHH = 8.3, 1.2 Hz, p-HNaph, 2H), 8.54 (d, 
3JHH = 8.7 Hz, p-HNaph, 2H), 7.85 (dd, JHH = 8.5, 5.1 Hz, m-HNaph, 2H), 

7.64 (d, 3JHH = 8.7 Hz, m-HNaph, 2H), 1.77 (s, CH3, 6H). 19F NMR (564 

MHz, 23 oC, CD3CN) δ -72.78 (d, 1JPF = 706.3 Hz, PF6, 6F), -81.77 (m, 

CF3-CF2, 6H), -84.27 (vd, 2JFF = 226.2 Hz, CF3-CF2, 2F), -93.13 (vd, 
2JFF = 219.8 Hz, CF3-CF2, 2F). 13C{1H} NMR (101 MHz, 23 oC, 

CD3CN): δ 168.25 (quat.-CNaph), 159.19 (quat.-CNaph), 157.95 (o-CNaph), 

141.74 (p-CNaph), 139.54 (p-CNaph), 129.49 (m-CNaph), 126.72 (m-CNaph), 

119.24 (quat.-CNaph), 21.42 (CMe). The carbon atoms of C2F5 could not 

be identified due to splitting from F and low intensity. ESI-HRMS 

(m/z): found (calcd): C22H16Co1F10N4
+: 585.0559 (585.0542). EA found 

(cald): 36.77 (36.18), 1.99 (2.21), 7.08 (7.67). UV-Vis (CH3CN), λ, nm 

(ɛ, M–1 cm–1): 473 (322), 304 (17130). FT-IR (ATR, solid): cm–1 3162 

(br), 3001 (br), 2943 (br), 2628 (br), 2405 (br), 2291 (s), 2251 (s), 1738 

(m), 1442 (m), 1417 (br), 1374 (s), 1217 (br), 1038 (s), 917 (s), 747 (s), 

667 (br). 

Synthesis of 9: In a glove box, 100.0 mg (0.142 mmol) of complex 

7 was dissolved in 5 mL of THF. The orange solution was then trans-

ferred to a 20-mL vial containing 19.3 mg (0.142 mmol, 1 equiv.) of 

potassium graphite and the reaction mixture was stirred for 3 hours. 

The mixture was filtered through celite to remove any precipitate, and 

the solvent was removed under a vacuum to yield a red-wine powder, 

which was washed with a copious amount of pentane. Red wine single 

crystals were recrystallized by slow diffusion of pentane to the THF 

solution of 9. Yield: 41 mg (52%). μeff = 1.85 μB (298 K, Evans method, 

acetone-d6). ESI-HRMS (m/z): found (calcd): C18H12Co1F5N4
+: 

438.0335 (438.0309). EA found (cald): C20H12Co1F10N4: C 41.17 

(43.11), H 1.85 (2.17), N 9.55 (10.05). UV-Vis (MeCN), λ, nm (ɛ, M–1 

cm–1): 471 (641), 389 (681), 296 (13250). FT-IR (ATR, solid) : 2972 

(m), 2857 (m), 1459 (br), 1176 (br), 1067 (s), 907 (s). 

Radical trap by TEMPO experiments: In a glove box, a specified 

cobalt complex (0.01 mmol) and 3.1 mg of TEMPO (0.02 mmol, 2 

equiv.) were dissolved in 0.7 mL of acetonitrile-d3. To the solution, 1.2 

µL of α,α,α-trifluorotoluene (0.01 mmol, 1 equiv.) was added as an in-

ternal standard. The resulting solution was then transferred to a young 

NMR tube and was placed 2-3 cm far away from a 14 W blue LED 

light equipped with a fan. The reaction was irradiated under the blue 

LED for one hour. The yield of the reaction was determined by 19F 

NMR integration against α,α,α-trifluorotoluene as an internal standard. 

ESI-HRMS analysis of the reaction mixture containing co-

balt(III) complexes after irradiation: In a glove box, 0.01 mmol of a 

CoIII complex (7 or 8) was dissolved in 1 mL of acetonitrile. The re-

sulting solution was transferred to a J. Young NMR tube, which was 

then placed 2-3 cm far away from 14 W blue LED light equipped with 

a fan and irradiated for 30 minutes. The reaction mixture was immedi-

ately analyzed by ESI-HRMS. The HRMS analysis shows the appear-

ance of a new peak, which was not present in the solution of the starting 

complexes before irradiation. 

After irradiation of complex 7, a new peak is assigned to 

[Co(L1)2(C2F5)]+ (C18H12Co1F5N4): m/z observed (cald): 438.0344 

(438.0309). 

After irradiation of complex 8, a new peak is assigned to 

[Co(L2)2(C2F5)]+ (C20H16Co1F5N4): m/z observed (cald): 466.0659 

(466.0622). 

General procedure for stoichiometric C-H perfluoroethylation: 

In a glove box, an arene or heteroarene substrate (0.01 mmol) and co-

balt complex (0.01 mmol, 1 equiv.) were dissolved in 1 mL of acetoni-

trile-d3. The solution was transferred to a J. Young NMR tube, which 

was then placed 2-3 cm far away from a 14 W blue LED light and irra-

diated for 24 hours. The reaction setup was equipped with a fan to avoid 

heating from irradiation. After the completion of the reaction, α,α,α-

trifluorotoluene (0.01 mmol, 1 equiv.) was added to the reaction mix-

ture. The yields were determined by 19F NMR integration against α,α,α-

trifluorotoluene as an internal standard. The formation of C2F5H is es-

tablished by NMR spectroscopy by comparison with literature re-

ports43-44 and the yields are shown for individual reaction mixtures in 

the Supporting Information.  

A similar procedure was used for perfluoroethylation of N-phe-

nylpyrrole in the presence of additives. 

General procedure for perfluoroethylation in the presence of 

catalytic amount of 7 and Acid C2F5-Togni reagent: In a glove box, 

an arene or heteroarene substrate (0.05 mmol), complex 7 (3.5 mg, 

0.005 mmol, 10 mol%) and 1-pentafluoroethyl-1,2-benziodoxol-

3(1H)-one (18.3 mg, 0.05 mmol, 1 equiv.) were dissolved in 1 mL of 

DMSO-d6 or different solvent. The mixture was then transferred to an 

11 mL screw-cap reaction tube and sealed with electric tape to avoid 

gas exchange. The tube was placed 2-3 cm far away from a 14 W blue 

LED light and irradiated for 24 hours. The reaction setup was equipped 



 

with a fan to avoid heating from irradiation. After the completion of the 

reaction, 6.1 µL of α,α,α -trifluorotoluene (0.01 mmol, 1 equiv.) were 

added to the reaction mixture as internal standard and the resulting mix-

ture was analyzed by NMR and GS-MS spectroscopy. The yields were 

determined by 19F NMR integration against α,α,α-trifluorotoluene as an 

internal standard. 

Computational details. All DFT calculations were implemented in 

the Gaussian 16 program.45 Geometries were optimized without sym-

metry restrictions using M06L functional46 and SDD47 (for Co)/6-

31++g(d,p)48-51 (for other elements) basis set; ground state corre-

sponded to the absence of imaginary frequencies. For comparison of 

relative stabilities of 3a and 3b, the structures were optimized taking 

into account the solvent (acetone) effect via the SMD model.52 The 

quantum-topological analysis of the calculated electron density for 

“gas-phase” and solution (acetone) optimized structures was performed 

within the quantum topological theory of atoms in molecules by means 

of the AIMAll package (v 19.10.12).53   
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