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Cobalt-catalysed nucleophilic fluorination in organic carbonates  
Susana García-Abellán,a Daniel Barrena-Espés,b Julen Munarriz,b Vincenzo Passarelli a and Manuel 
Iglesias *,a 

The novel P-N ligand 1-((diphenylphosphaneyl)methyl)-1H-benzo-1,2,3-triazole (1), based on a benzotriazole scaffold, has 
been prepared. The reaction of 1 with [CoCp*(CH3CN)3][BF4]2 and [CoCp*(I)2]2 (Cp* = pentamethylcyclopentadienyl) affords 
the chelate complexes [CoCp*(CH3CN)(P-N)][BF4]2 (2) and [CoCp*(I)(P-N)]I (3), respectively. Complexes 2 and 3 were studied 
as catalysts in the fluorination of aromatic and aliphatic acyl chlorides in CH2Cl2, with 3 showing notably higher activities 
than 2. Subsequently, organic carbonates (dimethyl carbonate and propylene carbonate) were also employed as solvents, 
which led to shorter reaction times and to the broadening of the substrate scope to a variety of aliphatic halides. 
Comparative studies between 3 and the analogous complex [CoCp*(I)2(PMePh2)]I, which features a monodentate 
phosphane ligand, showed that higher yields were obtained in the case of the former. DFT calculations and experimental 
studies were performed in order to shed light on the reaction mechanism, which entails the formation of a cobalt fluoride 
species that reacts via nucleophilic attack with the substrate to afford the corresponding fluorinated compounds.

Introduction 
The development of efficient and selective methods for the 
fluorination of organic molecules has gained increasing 
importance over the past decades owing to the pivotal role of 
fluorine-containing compounds in the pharmaceutical and 
agrochemical industries.1-3 The availability of appropriate 
fluorination methods that make use of readily available and 
easy-to-handle reagents is crucial for the progress of synthetic 
fluorine chemistry. Noteworthy, great advances have been 
made in electrophilic fluorination methods,4-7 however, “F+” 
sources are expensive and, in some cases, present limited 
synthetic applications. In this regard, nucleophilic fluorination 
catalysed by transition metal complexes has received significant 
interest during the past decade.8 This methodology makes use 
of the broad variety of readily available and inexpensive 
nucleophilic “F–” sources (e.g., metal fluorides). In view of the 
design of more sustainable processes, the use of new catalysts 
based on Earth-abundant metals is desirable due to the fact that 
they are broadly available, inexpensive, and present low 
toxicity.9-12 
Cobalt complexes, in particular, have been successfully 
employed as catalysts for several nucleophilic fluorination 
reactions. The enantioselective incorporation of fluorine into 
epoxides has been described to occur via nucleophilic 
fluorination by means of Co-salen-type catalyst in the presence 
of chiral amines, employing benzoyl fluoride and 1,1,1,3,3,3-
hexafluoroisopropanol as HF source.13,14 The synthesis of acyl 
fluorides from acyl chlorides has been accomplished by means 
of cobalt(III) catalysts based on the CoCp* scaffold (Cp* = 
pentamethylcyclopentadienyl), employing 3 equivalents of AgF 
as fluoride source.15,16 With respect to these kind of processes, 
more recently, a related piano-stool rhodium complex has been 

described to catalyse this transformation and applied to the 
synthesis of the API probenecid with excess AgF.17 However, to 
the best of our knowledge, the substrate scope for these Co- 
and Rh-Cp* complexes has not been extended beyond acyl 
chlorides. A single-atom catalysts (SAC) based on cobalt has 
shown excellent activities in the fluorination of acyl chlorides.18  
The reaction mechanism of Co(III)-catalysed nucleophilic 
fluorination reactions has not been studied in depth from a 
theoretical perspective, probably due to the scarcity of this type 
of processes. Namely, only a qualitative reaction mechanism 
proposed by Baker and co-workers is available in the 
literature.15,16 According to their proposal, the Co-F complex 
acts as a source of nucleophilic fluoride in a stepwise process, in 
which the fluoride undertakes a nucleophilic attack on the 
carboxylic carbon of the benzoyl chloride reagent. This leads to 
an anionic [C(O)(R)(Cl)(F)]– reaction intermediate that releases 
chloride with concomitant formation of a Co(III)-Cl complex. 
Finally, the initial Co(III)-F active species is recovered by reaction 
with AgF, which fluorinates the metal centre, producing AgCl. A 
similar process catalysed by a cyclometallated Rh-Cp* complex 
has been recently reported. In this case, the authors proposed 
that the fluorination reaction proceeds via a Rh-F species, which 
directly transfers the fluorine moiety to the carbonyl carbon of 
the reagent in a concerted process.17 
Herein, we report on the catalytic activity of a series of 
Co(III)Cp* complexes featuring novel bidentate P-N ligands 
based on a triazole scaffold, which act as efficient catalysts for 
the nucleophilic fluorination of a range of substrates, including 
aromatic and aliphatic acyl chlorides, as well as benzyl halides 
and alkyl iodides. These catalysts proved to work efficiently in 
organic carbonates, thus allowing the replacement of 
chlorinated solvents. Moreover, in order to expand the 
molecular understanding of these processes, we explored the 
potential reaction mechanism by means of Density Functional 
Theory (DFT). 
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Results and discussion 
Synthesis of cobalt complexes 2 and 3. 

We prepared a new P-N ligand (1-
((diphenylphosphaneyl)methyl)-1H-benzo-1,2,3-triazole) based 
on a 1,2,3-triazol scaffold (1). This heterotopic ligand may be 
able to generate a vacant coordination site thanks to the 
potential hemilabile nature of the triazol moiety, thus 
enhancing the activity and stability of the catalyst. The synthesis 
of 1 was achieved in good yields by reaction of (1-
chloromethyl)-1H-benzo-1,2,3-triazole with KPPh2 in THF. The 
synthesis of the chloride intermediate was accomplished by 
modification of a reported procedure,19 which entails the 
reaction of benzotriazole with formaldehyde and thionyl 
chloride according to a sequential reaction. 

 

Scheme 1. Synthetic route for the preparation of 1. 

The coordination of N1-substituted benzotriazoles is more 
prone to occur by the N3 than the N2 due to the stronger Lewis 
basic character of the former. The electronic structure of 1 can 
be easily visualized by the resonance structures depicted in 
Scheme 2, which show that the presence of a negative charge 
at N2 involves the dearomatization of the benzenic ring (III; 
Scheme 2).20  

 

Scheme 2. Resonance structures of 1. 

Therefore, the less favourable N2-coordination would be 
imposed by the chelate effect. In order to test this explanation, 
we considered a computational model in which we replaced the 
N-substituent by methyl groups (see Supporting Information, 
Figure S52). This way, we removed the constraints imposed by 
the chelate effect, and we coordinated the benzotriazole 
scaffold by the N2 and N3 nitrogen atoms. As expected, 
coordination by N3 was 4.9 kcal·mol-1 more favourable than by 
N2. This result further supports the fact that coordination by N2 
is a consequence of the chelate effect.  
The reaction of 1 with 1 equivalent of [CoCp*(CH3CN)3][BF4]2 
allows the synthesis of [CoCp*(CH3CN)(P-N)][BF4]2 (2) in good 
yields (see Scheme 3; above). In order to compare the catalytic 
activity of 2 with a related complex featuring an iodide ligand 
instead of CH3CN, we prepared complex 3, [Co(Cp*)(I)(P-N)]I, by 

reaction of 1 with 0.5 equivalents of [Co(Cp*)(I)2]2 (Scheme 3; 
below). 

 

Scheme 3. Synthetic route for the preparation of complexes 2 and 3. 

Upon coordination, the phosphorus peak in the 31P{1H} NMR 
spectrum shifts from δ –17.5 to 62.1 ppm. The 1H NMR 
spectrum of complex 2 shows as main diagnostic signals those 
of the diastereotopic methylenic protons, which appear as an 
apparent triplet at δ 5.80 ppm (2JH-H = 14.6 Hz) and a doublet of 
doublets at δ 4.55 ppm (2JH-H = 14.6 and 2JH-P = 1.7 Hz). Note that 
these methylenic protons come about as a doublet at δ 5.45 
ppm (2JP-H = 5.0 Hz) in 1H NMR spectrum of 1. Further proof of 
ligand coordination is the doublet resonance in the 13C{1H} NMR 
at δ 104.9 ppm (2JC-P = 1.7 Hz) due to the quaternary carbon 
nuclei of the Cp* ligand. 
Single-crystal X-ray diffraction analysis confirms the 
connectivity proposed for 2 (Figure 1). The cation exhibits a 
three-legged piano stool geometry with the Cp* ligand 
coordinating η5 to the cobalt centre. The P-N ligand behaves as 
a chelate, with a N25–Co–P bite angle of 83.43(7)°, which leads 
to a slightly distorted pseudo-octahedral environment for the 
cobalt centre, with the remaining coordination site being 
occupied by an acetonitrile ligand. It is noteworthy that both 
N25 and N26 atoms of the triazole present a lone pair, which 
renders two Lewis basic sites at the triazole moiety that may 
coordinate the Co centre (vide infra). Nonetheless, selective 
bidentate coordination by the P atom and N25 is observed, 
which eventually leaves a non-bonding pair at N26. The N24–
N25 bond length of 1.361(3) Å is in the range of that expected 
for an aromatic N–N bond, while the N25–N26 bond length 
(1.294(3) Å) is noticeably shorter, suggesting a double bond 
character, which agrees with the resonance structure without 
charge separation (I) depicted in Scheme 2. The 1H and 13C NMR 
spectra of 3 are similar to those previously described for 2, 
showing only slight shifts of the peaks. The most noticeable 
differences involve the 31P{1H} NMR spectrum, which shows a 
shift from δ 62.1 ppm in 2 to 59.0 ppm in 3, and the singlet 
resonance that corresponds to the Cp* in the 1H NMR spectrum, 
which shifts from δ 1.40 to 1.66 ppm for 2 and 3, respectively. 
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Figure 1. ORTEP view of 2 (ellipsoids are drawn at the 50% probability level). Hydrogen 
atoms and the BF4

− counterions are omitted for clarity. Selected bond lengths (Å) and 
angles (deg): P−Co 2.2331(19), N25–Co 1.968(3), N33–Co 1.923(3), C1–Co 2.086(3), C2–
Co 2.106(3), C3–Co 2.109(3), C4–Co 2.076(3), C5–Co 2.104(3), Co-CT 1.7081(11), N24–
N25 1.361(3), N25–N26 1.294(3), N24−N25−N26 110.6(2), C32-N24-N25 108.7(2), C32-
N24-N23 131.2(2), N25-N24-C23 120.1(2), N25-N26-C27 107.3(2), N26–N25–Co 
129.36(18), N24–N25–Co 120.02(18), N25–Co–P 83.43(7), N33–Co–P 90.25(9), CT-Co-P 
131.37(4), CT-Co-N33 122.45(8), CT-Co-N25 125.54(8). CT: centroid of C1, C2, C3, C4, and 
C5. 

Initial tests to probe the catalytic activity of complexes 2 and 3 
were aimed at exploring the fluorination of benzoyl chloride, 
employing a 5 mol % catalyst loading and 2.5 eq. of AgF in CH2Cl2 
at room temperature. Under these conditions, 3 led to a 100 % 
conversion in 2.5 h, while 2 only reaches a 46% conversion after 
5 h. This difference in activity is likely due to a lower 
concentration of the active species, plausibly a cobalt fluoride 
complex ([Co]-F). In the case of 2, the equilibrium [Co]BF4 + AgF 
 [Co]-F + AgBF4 takes place, which brings about a low 
concentration of [Co]-F in solution. In contrast, the activation of 
3 gives AgI as by-product, which is barely soluble in CH2Cl2, thus 
favoring the formation of the Co-F species ([Co]I + AgF → [Co]-
F + AgI↓). 
Prompted by these results, the activity of 3 was evaluated for a 
variety of acyl chlorides (Table 1); namely, 4-chlorobenzoyl 
chloride, 4-methoxobenzoyl chloride, 4-nitrobenzoyl chloride, 
and isovaleryl chloride. As can be observed in Table 1, for 
aromatic acyl chlorides, all the reactions reach full conversion 
before 4.5 h in CH2Cl2 at room temperature, but longer reaction 
times are required in the case of isovaleryl chloride (Entry 5). 
The use of 1.1 equiv. of AgF results in longer reactions times 
and, in some cases, lower yields (Entries 2 and 5).  
Subsequently, we carried out an optimization of the initial 
conditions using organic carbonates, which are considered 
green solvents due to their low volatility, good biodegradability 
and low toxicity.21 The use of dimethyl carbonate (DMC) permits 
an increase of the reaction temperature to 80 oC; however, 
longer reaction times compared to CH2Cl2 are required. It is 
worth noting that a progressive decrease of the yield is 
observed at long reaction times for 4-nitrobenzoyl chloride and 
isovaleryl chloride, which may be attributed to reaction of the 
acyl fluoride with DMC.  
Under analogous conditions, propylene carbonate (PC) leads to 
quantitative yields in short reaction times (Table 1), significantly 
improving the results obtained with CH2Cl2 and DMC. 
Interestingly, at prolonged reaction times the initial solution 

solidifies, thus suggesting that the polymerization of PC may 
occur.22-24 This behaviour was detected for all the substrates to 
some degree, but it is more noticeable for isovaleryl chloride 
(Entries 4 and 5, Table 1), in which case full conversion cannot 
be achieved. However, the use of PC allows for the 
straightforward isolation of the fluoride via vacuum distillation 
(see preparative synthesis of isovaleryl fluoride in the ESI). 

Table 1. Fluorination of acyl chlorides with 3 (5 mol%). 

 

Entry Substrate 

Yields % (time in h)[a] 
CH2Cl2b DMCc PCc 

2.5 eq. 
AgF 

1.1 eq. 
AgF 

1 Cl

O

 

>99 (2.5) 100 (6) 
93 (3.5) 

>99 (0.25) 
>99 (24) 

2 
Cl

O

Cl

 

>99 (2.5) 48 (24) 

80 (4) 

>99 (0.25) 
96 (6) 

3 
Cl

O

MeO

 

>99 (4.5) 100 (7) >99 (5) >99 (0.25) 

4 
Cl

O

O2N

 

>99 (1.5) 100 (24) 98 (4) >99 (0.25) 

5 
Cl

O

 
96 (24) 46 (24) >99 (5) 92 (1) 

a Yields calculated by 19F NMR using fluorobenzene as internal standard. b Room 
temperature (2.5 or 1.1 eq. AgF). [c] 80 oC, (2.5 eq. AgF). 

Finally, the substrate scope was expanded to aliphatic halides, 
i.e., 1-iodooctane, benzyl bromide, benzyl chloride and 
iodoacetamide (Table 2). The conversions in CH2Cl2 at room 
temperature are relatively low except in the case of 
benzylbromide (Entry 2, Table 2), and long reaction times are 
required. The use of a high boiling point polar solvent such as 
DMF led to a 41 % conversion of 1-iodooctane in 4 h at 80 oC, 
while PC, under analogous conditions, renders quantitative 
yields after 3 h. The use of benzyl bromide and benzyl chloride 
as substrates results in lower yields (Entry 2 and 3, Table 2) 
because PC polymerization is significant before full conversion 
is achieved. In order to probe the functional group tolerance for 
this reaction, the fluorination of iodoacetamide was explored, 
giving rise to quantitative conversions in 1 h (Table 2, Entry 4).‡ 
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Table 2. Fluorination of alkyl halides with 3 (5 mol%). 

 

Entry Substrate 
Yields % (time in h)[a] 

CH2Cl2b DMFc PCc 

1 I
6  

19 (24) 41 (4) 100 (3) 

2 
Br

 
76 (24) 56 (4) 83 (2) 

3 
Cl

 
0 (24) 11 (4) 53 (4) 

4 I
NH2

O  
- - 100 (1) 

5  - - 3 (3) 

a Yields calculated by 19F NMR using fluorobenzene as internal standard. b Room 
temperature (2.5 eq. AgF). c 80 oC (2.5 eq. AgF). 

The reaction with a 1-bromoalkane; namely, 1-bromooctane, 
was evaluated in PC at 80 oC, resulting in very low conversions 
(Table 2, Entry 5). 
In order to evaluate the influence of the triazol moiety in 3, we 
explored the activity of the related complex 
[CoCp*(I)2(PMePh2)]I in a series of representative reactions. In 
all cases, 3 leads to better yields than [CoCp*(I)2(PMePh2)]I 
under the same reaction conditions. This effect is especially 
noticeable in the case of 1-iodooctane (Table 3, Entry 2 and 
Table 3, Entry 1), plausibly due to the fact that the stabilizing 
effect of the triazol moiety becomes more significant under 
harsher conditions.  

Table 3. Fluorination of alkyl halides with CoCp*(I)2(PMePh2)]I (5 mol%). 

Entry Substrate Solvent Yields % (time in h)[a] 

1[b] Cl

O

 

CH2Cl2 91 (2.5) 

3[c] I
6  PC 41 (3) 

4[c] 
Br

 
PC 70 (2) 

a Yields calculated by 19F NMR using fluorobenzene as internal standard. b Room 
temperature (2.5 eq. AgF). c 80 oC (2.5 eq. AgF). 

Finally, the fact that the reactions are carried out in a polar 
aprotic media, i.e., organic carbonate solvents, and the fluoride 
is a strong nucleophile, prompted us to verify whether direct 
substitution without the catalyst could take place. Therefore, 
the reactions of NaF or AgF with benzoyl chloride and 
iodooctane was explored in the absence of the Co catalyst in PC 
under otherwise analogous conditions to those described 
above. No conversion was observed with NaF, and, in the case 
of AgF, yields below 30% were observed, even at long reaction 
times. 
To better understand the reaction mechanism of Co(III)-based 
nucleophilic fluorination, we performed a DFT-based study of 
the reaction mechanism. In this regard, we note that, as it will 
be shown below, all the intermediates and transitions states 

bear a Co(III) in a pseudo-octahedral saturated coordination 
environment, with a d6 valence electron configuration that is 
generally considered to be in the singlet low-spin configuration. 
Nonetheless, there are some examples reported in the 
literature in which higher spin states of octahedral Co(III) 
complexes are found to be relevant,25-30 in general, in lower 
coordination environments.31-36 Even so, the possibility of the 
Co(III) catalysts being in the triplet state, which could open the 
door to multi-state reactivity,37,38 has been generally 
overlooked in the literature, with very few exceptions, 
especially when considering octahedral coordination 
environments.39,40,41 
In this context, in order to select a method suitable for both, 
energy barriers and spin states, we considered a series of 
exchange-correlation functionals, which include pure 
functionals: M06-L42 and TPSS,43 as well as hybrid ones: M06,44 
B3LYP,45,46 and TPSSh.47,48 The method selection was made on 
the following basis: TPSS and TPSSh have been ranked in the top 
of several benchmark studies on the spin state of Co 
complexes;39,49 in addition, TPSSh has also been applied to 
describe the spin state of a dinuclear Co-catalyst for the 
semireduction of alkynes,50 and TPSS has been applied to C–H 
bond activation by cobalt-imido complexes.51 This way, even 
though they are not commonly employed for chemical 
reactivity, they are valuable to explore the possibility of Co(III)-
triplet state structures. M06-L has also been shown to perform 
reasonably well in predicting the spin state of Co complexes,39,49 
and has demonstrated a good performance on catalytic studies 
of related systems.52-54 M06 and B3LYP are hybrid functionals 
very commonly used in catalysis, and have also been applied to 
related processes.40,55-58 The Gibbs energy results for the 
reaction mechanism of the Co-F assisted nucleophilic 
fluorination reaction of benzoyl chloride (vide infra) are 
provided in Table S2, and, as somehow expected, there is a 
relatively big dispersion in the results, B3LYP and M06-L 
providing similar activation barriers (15.3 and 16.7 kcal·mol-1, 
respectively), while M06 predicts an intermediate value (23.7 
kcal·mol-1), and TPSS and TPSSh provide the highest one (29.1 
and 30.7 kcal·mol-1, respectively). The electronic and Gibbs 
energy difference between singlet and triplet states is shown in 
Table S3.§ As can be seen in all cases, the singlet state is the 
most stable spin state, although the singlet-triplet gap is 
strongly dependent on the functional. Namely, TPSS and M06-L 
predict an electronic energy difference between the singlet and 
the triplet state higher than 12 kcal·mol-1 in all cases. This 
difference decreases for TPSSh, which correlates with the well-
known over-stabilization of high spin states characteristic of 
hybrid functionals. In this line, the singlet-triplet gap keeps 
decreasing when M06 and B3LYP are considered, the singlet 
state being about 5 kcal·mol-1 more stable for B3LYP and 4 
kcal·mol-1 for M06. The effect is more pronounced when Gibbs 
energies are taken into account, both systems having very close 
stabilities in some cases. Nonetheless, both functionals (M06 
and B3LYP) have been ranked as poor performers in predicting 
the spin state of Co(III) complexes,38 and were thus discarded. 
On the other hand, TPSSh has been shown to be the best hybrid 
functional for predicting the spin state of Co(III) complexes,39 
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and TPSS and M06-L have, as previously explained, also been 
shown to exhibit a good performance in this task.39,49 Therefore, 
we are confident that all the structures involved in the reaction 
pathways correspond to Co(III) low spin singlet states. 
Moreover, in operando 31P NMR, spectra show exclusively the 
presence of 3. This way, given its reported good performance in 
the study of reaction mechanisms,52-54 we consider the M06-L 
functional for the proposal and discussion of the reaction 
mechanism. 
A previous study proposed that the first step entails the 
substitution of the iodido ligand by a fluoride.16,17 Therefore, we 
considered an analogous first step for our reaction. 
Subsequently, given the potential lability of the triazol moiety 
of the P-N ligand, its substitution by a second fluoride would 
render the difluoride species AC-F, which we propose as the 
active species (see Figure 2a). Note that the Co-F subindex 
highlights the fact that this species bears a Co–F bond that is 
active in nucleophilic fluorination reactions. DFT calculations 
point towards the reaction proceeding by means of a concerted 
nucleophilic fluorine attack at the carbonyl carbon of the acyl 

chloride, via TSA-B (see Figure 2b). This process is affordable 
from an energetic point of view, as it bears a Gibbs energy 
barrier of 16.6 kcal·mol–1, and directly leads to the acyl fluoride 
and the formation of intermediate BCo-Cl, which is 16.8 kcal·mol-
1 more stable than ACo-F. Then, we expect that the chlorido 
ligand in BCo-Cl will be substituted by a fluoride anion via reaction 
with AgF, producing AgCl as by-product. Note that the energy 
barrier of this process is very similar to that recently reported 
for a Rh-catalysed nucleophilic fluorination reaction (16.6 vs 
16.7 kcal·mol-1).17 In this regard, we also explored a stepwise 
reaction mechanism, in which the fluoride anion is transferred 
first, leading to an anionic quaternary intermediate 
[C(O)(Cl)(F)(R)]–, similar to that proposed by Baker et al.15 
Nevertheless, we could not locate either the transition state or 
the intermediate on the Potential Energy Surface. On the 
contrary, we found an alternative reaction pathway in which the 
fluoride-chloride exchange takes place by means of a 
sigma-bond metathesis. However, the associated transition 
state (TSA-B-meta in Figure S53) was 30.2 kcal·mol–1 higher in 
Gibbs energy than TSA-B, and was thus discarded. 

 

Figure 2. (a) Proposed catalytic cycle for the 3-catalyzed nucleophilic fluorination reaction and the basis of DFT calculations (R = 1-methylenebenzoimidazole). Gibbs energies are 
expressed in kcal·mol-1, and are calculated with respect to ACo-F and isolated molecules. (b) DFT-optimized structures for transition structure TSA-B; hydrogen atoms have been omitted 
for clarity

 

Figure 3. DFT-computed reaction profile for the Co–F assisted SN2 fluorination reaction of benzyl bromide (blue) and 1-iodooctane (pink). Energy values are provided in kcal·mol-1 
and calculated with respect to ACo-F and isolated molecules. The geometrical structure of TSA-B’-SN2 for benzyl bromide substrate is shown in the insert; note that non-relevant 
hydrogen atoms have been omitted for clarity. 
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Encouraged by these results, we extended the mechanistic 
exploration to the fluorination of aliphatic halides. Namely, we 
considered benzyl bromide and 1-iodooctane as substrates (see 
Table 2). The calculations suggest that the reaction proceeds via 
an SN2 reaction mechanism assisted by the Co–F bond (see 
Figure 3). For the sake of clarity, we refer to the transition 
structure as TSA-B’-SN2 (shown in Figure 3 for benzyl bromide 
and in Figure S54 for 1-iodooctane), which shows the Y-shaped 
carbon atom characteristic of SN2 reactions. It is remarkable 
that the Gibbs energy barrier for this process is higher than that 
obtained for the nucleophilic fluorination of acyl chloride, i.e., 
22.8 kcal·mol-1 for benzyl bromide and 19.6 kcal·mol-1 for 1-
iodooctane, 6.2 and 3.0 kcal·mol-1 higher than that obtained for 
TSA-B, respectively. This result is in agreement with the lower 
reaction rates experimentally observed for the latter substrates 
in comparison with acyl chlorides.In order to find support for 
the proposed mechanism, the initial TOF was calculated for 
various p-substituted acyl chlorides with electron-withdrawing 
and electron-donating groups. The presence of an electron-
withdrawing group gives rise to a more electrophilic carbonyl 
carbon, which should lead to an increase of the initial TOF if the 
reaction operates by an SN2 mechanism. The opposite effect is 
expected for electron-donating groups. The initial TOF values 
calculated for X = OCH3, H and NO2 at 5 min are 14.4, 40.8 and 
62.4 h–1, respectively. The kinetic profiles of the reactions are 
shown in Figure 4a, while the TOF vs νCO (cm–1) plot is displayed 
in Figure 4b. In the case of the latter, a linear relationship is 
observed between the carbonyl vibration frequency of the 
different acyl chlorides—which is proportionally related with 
the electrophilicity of the carbon atom—and their 
corresponding TOF values. 

 

Figure 4. a) Kinetic profiles for the fluorination of acyl chlorides (X = OCH3, H 
and NO2); b) νCO (cm–1) vs TOF plot. 

The experimental activation energy (Ea) for the fluorination of 
1-ioodooctane in PC employing 3 as catalyst was calculated 
using the initial reaction rates measured at 60, 80, 100, and 120 
°C to afford a value of 16.2 ± 0.5 kcal mol−1 (Figure 5). 

 

Figure 5. Arrhenius plot for the fluorination of 1-iodooctane with a 5 mol% of 3 in 
propylenecarbonate. 

The experimental Ea agrees well with that obtained by 
theoretical calculations (19.6 kcal mol−1). Note that the 
relatively small deviation between the experimental and 
theoretical values can be attributed to the fact that the former 
was obtained from reactions performed in PC, while the latter 
was calculated considering CH2Cl2 as the solvent (in the 
framework of the implicit SMD solvation model).59 In this 
regard, non-protic polar solvents are known to promote SN2 
reactions; thus, the fluorination reaction is expected to be 
favoured in PC due to its higher polarity—the molecular dipole 
moment of PC is 4.9 D while that of CH2Cl2 is 1.7 D. Note that 
the dipole moment of DMC is 0.9 D, which accounts for the 
lower rates observed in this solvent relative to PC, despite the 
fact that the reaction temperatures are the same. To obtain 
further support for the SN2 mechanism, we studied the 
fluorination of a secondary iodide (iodocyclohexane), which 
results in no conversion under the conditions described above 
for the fluorination of 1-iodooctane in PC (Table 1; Entry 1). The 
stark difference between the reactivity of the primary and 
secondary alkyl iodide agrees with an SN2 mechanism. 
Finally, complex 3 was reacted with excess AgF (12 equivalents) 
in CD2Cl2. The 1H NMR spectrum shows that the characteristic 
resonances of the diastereotopic methylenic protons in 3 
disappear to give rise to a doublet at δ 5.71 ppm (2JH-P = 5.7 Hz), 
as expected for the P-bound ligand with a dangling triazole. In 
the 31P{1H} NMR spectrum, a new peak emerges at δ 25.1 ppm 
while the peak of 3 at δ 62.1 ppm disappears. These data point 
to the dissociation of the triazole moiety due to the 
coordination of two fluoride ligands. It must be noted that Baker 
et al. reported a broad signal in the 19F NMR spectrum at around 
–710 to –760 ppm for a related complex;16 however, we were 
not able to detect the 19F NMR signal expected for two fluoride 
ligands, perhaps due to a large peak width. 

Conclusions 
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We have developed a straightforward method for the synthesis 
of a novel P-N ligand based on a benzotriazole scaffold. The 
coordination chemistry of this ligand was explored with 
Co(III)Cp* precursors, i.e., [CoCp*(CH3CN)3][BF4]2 and 
[CoCp*(I)2]2, which led to the preparation of complexes 2 and 3, 
respectively. Complex 3 shows good catalytic activities in the 
nucleophilic fluorination of aromatic and aliphatic acyl chlorides 
in CH2Cl2. However, 2 was found to perform markedly worse, 
plausibly due to the lower concentration of the active species in 
solution due to the equilibrium [Co]BF4 + AgF  [Co]-F + AgBF4, 
which highlights the importance of the choice of counter anion 
in these processes. Moreover, the use of 3 as catalyst leads to 
improved yields compared to the related complex 
[CoCp*(I)2(PMePh2)]I, especially for substrates that require 
harsher reaction conditions. This behaviour might be ascribed 
to the higher stability conferred by the hemilabile triazol 
moiety. 
The use of organic carbonates as solvents, namely, DMC and PC, 
allowed not only the substitution of a chlorinated solvent by a 
more sustainable alternative, but also the expansion of the 
substrate scope to aliphatic halides. Moreover, the use of PC as 
solvent proved to bring about shorter reaction times and better 
yields. DFT calculations and experimental data suggest that the 
reaction mechanism entails the formation of a cobalt fluoride 
species that reacts via a nucleophilic attack at the acyl chloride 
or alkyl halide to render the fluorinated compound, with all 
Co(III)-species involved in the reaction mechanism being in the 
low-spin singlet state. 

Experimental 
General information. All experiments were carried out under 
an inert atmosphere using the Schlenk technique. The 
complexes were stored under an inert atmosphere or in a 
MBraun dry box. The solvents were previously dried and 
distilled under argon or by means of a solvent purification 
system (SPS) and collected in an inert atmosphere. All other 
commercially available starting materials were purchased from 
Sigma-Aldrich and Acros Organics and were used without 
further purification. The NMR spectra were recorded at 298 K in 
the Bruker Avance 300 MHz, Bruker ARX 300 MHz and Bruker 
Avance 400 MHz spectrometers. Chemical shifts are expressed 
in ppm and the residual peaks of the solvent were taken as 
reference. Coupling constants J are given in Hz. Spectral 
assignments were achieved by combination of 1H-1H COSY, 13C 
APT, 1H-13C HSQC and 1H-13C HMBC experiments. 
1-(chloromethyl)-1H-benzo-1,2,3-triazole was synthesized 
according to a preparation previously described in literature.18 
Complexes [Co(Cp*)I2]2 was synthesized from Co2(CO)8 using a 
synthetic route reported in the literature.60 
Synthesis of 1-((diphenylphosphanyl)methyl)-1H-benzo-1,2,3-
triazole (1). tBuOK (338 mg, 3.00 mmol) was added to a solution 
of HPPh2 (524 μL, 3.00 mmol) in dry tetrahydrofuran (10 mL) 
and was stirred for 2 hours, acquiring a reddish colour. 
Subsequently, this solution was added dropwise to a solution of 
1-(chloromethyl)-1H-benzo-1,2,3-triazole (504 mg, 3.00 mmol) 
in dry tetrahydrofuran (10 mL) by cannula. The solution was 

stirred for 1 day. The mixture thus obtained was evaporated 
under reduced pressure, the precipitate was dissolved in 
dichloromethane and filtered through celite®, the solvent was 
evaporated under vacuum and the resulting beige oil was 
washed with diethyl ether (3 x 15 mL) to afford a yellowish 
powder corresponding to complex 1 (567 mg, 1.79 mmol, yield 
= 60 %). 1H NMR (CD3CN, 400 MHz): δ 7.96-7.91 (m, 1H, CHAr), 
7.63-7.58 (m, 1H, CHAr), 7.52-7.47 (m, 4H, CHAr), 7.46-7.41 (m, 
1H, CHAr), 7.40-7.32 (m, 7H, CHAr+PCHAr), 5.45 (d, 2JP-H = 5.0, 2H, 
CH2P). 13C{1H} NMR APT, 1H-13C HSQC, 1H-13C HMBC (CD3CN, 101 
MHz): δ 146.7 (s, CipsoN), 136.4 (d, 1JP-C = 13.2, CipsoP), 134.2 (s, 
CipsoN), 134.0 (d, 2JP-C = 19.7, CAr-ortoP), 130.6 (s, CAr-paraP), 129.8 
(d, 3JP-C = 7.0, CAr-metaP), 128.0 (s, CArN), 124.9 (s, CArN), 120.2 (s, 
CArN), 111.7 (d, 4JP-C = 3.6, CArN), 48.6 (d, 1JP-C = 17.3, CH2P). 
31P{1H} NMR (CD3CN, 162 MHz): δ -17.5 (s, PPh2). HRMS (ESI) 
Calcd for [M+Na]+ 340.0974, found 340.0967. 
Synthesis of 2: The complex [CoCp*I2]2 (145 mg, 0.31 mmol) 
was dissolved in acetonitrile (10 mL), AgBF4 (131 mg, 0.67 
mmol) were added and was stirred for 2 hours protected from 
light. The mixture was filtered through celite®, the solvent was 
evaporated under reduced pressure and the resulting purple oil 
was washed with diethyl ether (3 x 15 mL), obtaining the 
complex [CoCp*(CH3CN)3][BF4]2. Subsequently, the cobalt 
complex was dissolved in acetonitrile, 1-
((diphenylphosphanyl)methyl)-1H-benzo-1,2,3-triazole (194 
mg, 0.61 mmol) was added and the solution was stirred for 1 
day. The mixture thus obtained was evaporated under reduced 
pressure and the resulting red powder was washed with diethyl 
ether (3 x 15 mL) obtaining the corresponding complex 2 (275 
mg, 0.38 mmol, yield = 62 %). 1H NMR (CD3CN, 400 MHz): δ 8.34-
8.28 (m, 1H, CHAr), 7.94-7.88 (m, 3H, CHAr), 7.87-7.80 (m, 4H, 
CHAr+PCHAr), 7.73-7.66 (m, 2H, CHAr+PCHAr), 7.57-7.52 (m, 2H, 
PCHAr), 7.30-7.23 (m, 2H, PCHAr), 5.80 (at, 2J = 14.6, 1H, CH2P), 
4.55 (dd, 2JH-H = 14.6, 2JP-H = 1.7, 1H, CH2P), 1.40 (d, 4JP-H = 2.7, 
15H, C5(CH3)5). 13C{1H} NMR APT, 1H-13C HSQC, 1H-13C HMBC 
(CD3CN, 101 MHz): δ 149.8 (s, CipsoN), 136.8 (s, CipsoN), 135.8 (d, 
2JP-C = 11.1, CAr-ortoP), 135.2 (d, 4JP-C = 2.8, CAr-paraP), 134.4 (d, 4JP-C 

= 3.3, CAr-paraP), 133.5 (d, 2JP-C = 10.3, CAr-ortoP), 132.1 (s, CArN), 
131.5 (d, 3JP-C = 11.2, CAr-metaP), 130.9 (d, 3JP-C = 11.4, CAr-metaP), 
128.0 (s, CArN), 127.3 (d, 1JP-C = 47.2, CipsoP), 122.4 (d, 1JP-C = 52.5, 
CipsoP), 120.6 (s, CArN), 112.2 (s, CArN), 104.9 (d, 2JP-C = 1.7, 
C5(CH3)5), 49.6 (d, 1JP-C = 30.6, CH2P), 10.4 (s, C5(CH3)5). 31P{1H} 
NMR (CD3CN, 162 MHz): δ 62.1 (bs, PPh2). 19F NMR (CD3CN, 376 
MHz): δ –151.4 (s, BF4). HRMS (ESI) Calcd for [M‒CH3CN]2+ 
255.5797, found 255.5828. 
Synthesis of 3: The complex [CoCp*I2]2 (100 mg, 0.11 mmol) 
was dissolved in dichloromethane (10 mL), 
1-((diphenylphosphanyl)methyl)-1H-benzo-1,2,3-triazole (71 
mg, 0.22 mmol) was added and stirred for 1 day. The solution, 
previously dark green, turned to dark brown. The solvent was 
evaporated under reduced pressure, and the resulting brown oil 
was washed with diethyl ether (3 x 15 mL) to afford the title 
compound as a redish powder (113 mg, 0.15 mmol, yield = 
67%). 1H NMR (CD3CN, 400 MHz): δ 8.20-8.15 (m, 1H, CHAr), 
7.99-7.93 (m, 2H, PCHAr), 7.80-7.76 (m, 1H, PCHAr), 7.70-7.67 (m, 
3H, CHAr+PCHAr), 7.61-7.56 (m, 3H, CHAr+PCHAr), 7.46-7.41 (m, 
2H, PCHAr), 7.13-7.06 (m, 2H, PCHAr), 5.76 (at, 2JH-H = 13.6, 1H, 
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CH2P), 4.50 (dd, 2JH-H = 13.6, 2JP-H = 2.3, 1H, CH2P), 1.66 (d, 4JP-H = 
2.4, 15H, C5(CH3)5). 13C{1H} NMR APT, 1H-13C HSQC, 1H-13C HMBC 
(CD3CN, 101 MHz): δ 149.4 (s, CipsoN), 137.1 (d, JP-C = 9.9, CArP), 
135.3 (d, 3JP-C = 4.8, CipsoN), 134.1 (d, JP-C = 2.8, CArP), 133.2 (d, JP-

C = 2.8, CArP), 133.0 (d, JP-C = 9.6, CArP), 131.4 (d, 1JP-C = 39.9, 
CipsoP), 131.2 (s, CArN), 130.4 (d, JP-C = 9.9, CArN), 130.3 (d, JP-C = 
11.0, CArP), 127.2 (s, CArN), 126.1 (d, 1JP-C = 58.0, CipsoP), 119.8 (s, 
CArN), 111.6 (s, CArN), 100.7 (d, 2JP-C = 2.2, C5(CH3)5), 52.9 (d, 1JP-C 
= 35.6, CH2P), 11.4 (s, C5(CH3)5). 31P{1H} NMR (CD3CN, 162 MHz): 
δ 59.0 (bs, PPh2). HRMS (ESI) Calcd for [M]+ 638.0638, found 
638.0642. 
General protocol for the fluorination of acyl chlorides. A glass 
vial was charged with a magnetic stirring bar and the cobalt 
catalyst (0.006 mmol). Subsequently, the substrate (0.125 
mmol), fluorobencene (12 μL, 0.125 mmol), as internal 
standard, and 1 mL of solvent were added. AgF (40 mg, 0.312 
mmol) was added and the reaction vessel covered with 
aluminium foil. The reaction mixture was heated if required and 
samples were taken at given times to monitor the evolution of 
the reaction by 19F NMR. The NMR spectra are consistent with 
literature data.61 Isovaleryl fluoride has been isolated and 
characterized (see ESI). 
Computational Details. DFT calculations were carried out by 
using the Gaussian09 suite, revision D.01.62 The def2-SVP basis 
set was used for geometry optimizations and frequency 
calculations, and electronic energies were further refined via 
single point calculations with the triple-zeta def2-TZVP basis 
set.63 The “ultrafine” grid was used in all the calculations 
(optimizations and single points). For the calculations 
performed with B3LYP, we included D3BJ dispersion correction 
scheme64 in both, energies and gradient calculations. Note that 
we did not include additional dispersion corrections in TPSS and 
TPSSh because we intended to use them for assessing the 
singlet-triplet gap (which we expect not to be highly influenced 
by this effect) rather than for computing reaction barriers. 
Solvent corrections were also included in energies and gradient 
calculations; we considered the Polarizable Continuum Model 
(PCM) for B3LYP, TPSSh and TPSS calculations65 and the 
Solvation Model Based on Density (SMD) for M06-L and M06 
functionals.66 The nature of the stationary points was confirmed 
by analytical frequency analysis, which was also applied for the 
calculation of Gibbs energy corrections (at 298.15 K and 
considering a reference concentration of 1 M). Note that Gibbs 
energy corrections were calculated at the def2SVP level of 
theory. For M06-L, B3LYP, TPSSh and TPSS calculations, all 
structures were optimized by means of the same functional, 
while for the calculations performed by M06 functional, we 
considered the M06-L optimized geometry (and thus Gibbs 
energy corrections), as proposed by other authors.58 CylView 
software was used for structure graphical representations.67 
Crystal Structure Determination. Single crystals of 2 were 
obtained by slow diffusion of Et2O into a solution of 2 in CH3CN. 
X-ray diffraction data were collected at 100(2) K on a D8 
VENTURE Bruker diffractometers with graphite-
monochromated Mo−Kα radiation (λ = 0.71073 Å) using ω-scans 
and ϕ-scans. Intensities were integrated and corrected for 
absorption effects with SAINT–PLUS68 and SADABS69 programs, 

both included in APEX4 package. The structures were solved by 
the Patterson method with SHELXS-9770 and refined by full 
matrix least-squares on F2 with SHELXL-201471 under the WinGX 
suite.72 
Crystal data and structure refinement for 2. C31H34B2CoF8N4P, 
726.14 g mol–1, triclinic, P–1, a = 10.305(9) Å, b = 11.359(8) Å, c 
= 14.280(13) Å, α = 92.49(2)°, β = 100.62(3)°, γ = 99.13(2)°, V = 
1618(2) Å3, Z = 2, Dcalc = 1.491 g cm–3, µ = 0.655 mm–1, F(000) = 
744, prism, 0.40 x 0.20 x 0.14 mm, θmin/θmax 2.040/28.470°, 
index ranges –13≤h≤13, –15≤k≤13, –19≤l≤19, reflections 
collected/independent 28506/7904 [R(int) = 0.0447], Tmax/Tmin 
0.7457/0.5654, data/restraints/parameters 7904/0/430, 
GooF(F2) = 1.054, R1 = 0.0602 [I > 2σ(I)], wR2 = 0.1618 (all data), 
largest diff. peak/hole 1.560/–0.962 e·Å–3. CCDC deposition 
number 2193135. 
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