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Calcium(II)-Catalyzed Intermolecular Hydroarylation of 

Deactivated Styrenes in Hexafluoroisopropanol 

Chenxiao Qi,[a] Vincent Gandon,*[a,b] and David Lebœuf*[a] 

 

Abstract: A challenging catalytic hydroarylation of highly electron-
deficient styrenes has been developed thanks to an efficient 
cooperation between a calcium(II) triflimide salt and 
hexafluoroisopropanol (HFIP). This method affords a large variety of 
diarylalkanes, notably diarylethanes, in good to excellent yields, while 
being simple to implement and tolerant to various functional groups. 
In addition, density functional theory (DFT) computations and 
deuterium labelling experiments were conducted to uncover the 
functioning of this promoter system. 

In the last decades, diarylalkanes have attracted much attention 
because of their unique structural and physical properties, leading 
to manifold applications in medicinal chemistry, material and crop 
science.[1] Currently, the hydroarylation of styrenes and the 
Friedel-Crafts alkylation of benzylic alcohols are among the 
methods of choice to synthesize diarylalkanes.[2] However, these 
approaches are fraught with a major drawback: the presence of 
electron-donating groups or, at best, moderately electron-
withdrawing groups on the aromatic ring is usually necessary to 
trigger the reaction, which can be overcome, in some cases, with 
tailor-made transition metal-based systems.[3] As a result, the 
synthesis of diarylalkanes incorporating strongly electron-
withdrawing groups is difficult to achieve, denying access to 
potentially useful compounds. In this context, only a handful of 
methods to generate these types of frameworks can be found in 
the literature, all of which bearing their own limitations.[4-8] As an 
example, McCubbin and Hall reported an elegant Friedel-Crafts 
alkylation of deactivated benzylic alcohols featuring the use of a 
ferroceniumboronic acid as a catalyst (Scheme 1),[4] while 
focusing mainly on the preparation of diarylmethanes. In terms of 
reactivity, a major advance was accomplished by the Moran group, 
using TfOH (Tf = trifluoromethylsulfonyl) as a catalyst in HFIP, 
which enables the Friedel-Crafts reaction of highly deactivated 
benzylic alcohols.[5] However, their transformation could not be 
conducted in the presence of heteroaromatic and anisole 
derivatives. Another variant based on the preactivation of a 
quinone derivative was disclosed by Liu and Pan,[6] but the 
reaction is limited to a trifluoromethyl substituent and requires a 
large amount of Lewis acid as a promoter. Surprisingly, a strategy 
relying on the activation of electron-poor styrenes has remained 
unprecedented, while it would have the advantage of being 
completely atom economical when compared to the reactions 
shown in Scheme 1. The lack of reactivity of electron-deficient 
styrenes is likely the reason why the development of such has not 

been achieved so far. Recently, our group has depicted several 
different reactions that employ HFIP[9,10] working hand in hand 
with calcium salts[11] to enable otherwise difficult transformations 
that involve the activation of alcohols and alkenes.[12] Herein, we 
demonstrate that the combination Ca2+/HFIP can be a powerful 
tool to promote hydroarylations featuring highly deactivated 
styrenes as electrophiles.[13] The reaction proved to be general 
and compatible with a wide range of styrenes and aromatic 
nucleophiles. DFT computations and deuterium labelling 
experiments were also performed to address the mechanism of 
this new reaction. 

 

Scheme 1. Synthesis of Diarylalkanes Bearing Strong Electron-Withdrawing 
Groups. EWG = electron-withdrawing group, TMS = trimethylsilyl. 

We started our investigations by using a combination of 

Ca(NTf2)2/nBu4NPF6 (10 mol%) in HFIP as a solvent at 80 °C in 

order to achieve the hydroarylation of 4-(trifluoromethyl)styrene 1 
with m-xylene 2a (3 equiv) (Table 1). Gratifyingly, the desired 
product 3a was obtained in 51% yield (Entry 1), which could then 
be increased to 75% with 4 equiv of 2a (Entry 2). However, a 
larger proportion of 2a (5 equiv) did not improve the yield (Entry 
3). The reaction could also be performed at a lower temperature, 
but we observed in this case a significant drop in the yield (Entry 
4). While the aforementioned reactions involved a 10 mol% 
catalyst loading, it is noteworthy that the reaction is still efficient 
in the presence of 5 mol% (Entry 5). Additional control 
experiments were also carried out to emphasize the role of each 
component (solvent, ligand on the calcium, additive and catalyst) 
of our system (Entries 6-9 and Supporting Information). As 
anticipated, little or no reaction was observed in most cases. On 
the other hand, the reaction could be conducted in the presence 
of HNTf2 with a similar reactivity (Entry 9). However, we discarded 
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its use as the reaction proved to be far less efficient with other 
substrates.[14] 

 

 

Table 1. Reaction Optimization for the Formation of Diarylethane 3a.[a] 

 

Entry Catalyst Additive Solvent X Yield 3a [%] 

1 Ca(NTf2)2 nBu4NPF6 HFIP 3 51 

2 Ca(NTf2)2 nBu4NPF6 HFIP 4 75 

3 Ca(NTf2)2 nBu4NPF6 HFIP 5 72 

4[b] Ca(NTf2)2 nBu4NPF6 HFIP 4 37 

5[c] Ca(NTf2)2 nBu4NPF6 HFIP 4 67 

6 Ca(NTf2)2 nBu4NBF4 1,2-DCE 4 < 10 

7 Ca(NTf2)2 nBu4NPF6 Toluene 4 < 10 

8 Ca(NTf2)2 nBu4NPF6 MeNO2 4 < 10 

9 HNTf2 nBu4NPF6 HFIP 4 72 

[a] Reactions performed in a sealed tube. [b] Reaction conducted at 60 °C. [c] 
Reaction in the presence of Ca(NTf2)2 (5 mol%) and nBu4NPF6 (5 mol%). 1,2-
DCE = 1,2-dichloroethane. 

With the optimized reaction conditions in hand, the reactivity of a 
large number of arenes bearing an electron-donating group was 
explored in the hydroarylation of styrene 1 (Table 2). Overall, the 
reaction afforded the corresponding diarylethanes in good to 
excellent yields (up to 98%). In several cases, mixtures of 
regioisomers were obtained, providing preferentially the para-
product (with the exception of phenol 2j), which is consistent with 
the usual pattern of hydroarylation reactions. Increasing the steric 
hindrance allowed, however, to deliver the corresponding 
diarylethane as a single regioisomer (3e vs 3f and 3g). In the case 
of anisole, the reaction could even be conducted at room 
temperature to provide, on this occasion, the ortho-compound as 
a major product. Interestingly, combining donor substituents with 
moderately (Cl) and strongly electron-withdrawing (CO2Me) 
groups did not preclude the reaction (3m-3o, 3q). On the other 
hand, with less nucleophilic compounds such as benzene itself 
(2h) or bromobenzene (2i), the formation of the desired 
compound competed with the dimerization of 4-
(trifluoromethyl)styrene 1, resulting in a significant drop in yields 
(3h and 3i). Of note, naphthalene derivatives and thiophene were 
also well-tolerated regarding this transformation (3s-3u). 

The scope of deactivated styrenes was then evaluated with the 
presence of various electron-withdrawing groups using m-xylene 
2a as a model nucleophile (Table 3). Even though the 
hydroarylation required longer reaction times at higher 
temperatures, it could give rise to the desired product in good to 
excellent yields (up to 97%), even with strongly deactivated 
styrenes (4d-4h). In the case of 5g and 5h, 20 mol% of catalyst 

had to be used to reach the full conversion. An interesting feature 
of this transformation revolved around the use of a stronger 
electron-withdrawing group than CF3, such as NO2. Indeed, 
styrene 4e did not generate a dimer under the reaction conditions, 
so that less nucleophilic arenes such as benzene or  

Table 2. Scope of Arenes 2b-2u with 1 as an Electrophile.[a] 

 

[a] Reactions performed in a sealed tube. [b] NMR yield using an external 
standard p-anisaldehyde. [c] Reaction conducted at 20 °C. 

bromobenzene could also be employed to afford the  
corresponding diarylethanes 5i and 5j in excellent yields (88% 
and 91%, respectively). The same applied to the even more 
deactivated pentafluorostyrene 4h, albeit in lower yields (5k-5m). 
The reaction was also attempted with a -methylstyrene 
derivative 4i. While the reaction was not successful with m-xylene 
2a, leading mainly to oligomeric products, the more nucleophilic 
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anisole gave the corresponding product 5n in 92% yield. In 
addition, due to the steric hindrance exhibited by the precursor, 
the para-compound could be obtained as a sole product (5n vs 
3k in Table 2). Interestingly, the reaction was also completely 
selective in the presence of naphthalene (5o vs 3s in Table 2). 
Finally, the reaction was not limited to terminal alkenes and could 
provide 5l in 83% yield for instance.  

Table 3. Scope of Deactivated Styrenes 4a-4j with 2 as an Arene Nucleophile. 

 
[a] Reactions performed in a sealed tube. [b] Reaction in the presence of 
Ca(NTf2)2 (20 mol%) and nBu4NPF6 (20 mol%). 

To gain some insights into the mode of activation of electron-poor 
styrenes by the calcium salt in HFIP, we carried out DFT 
computations at the M062X/6-311+G(d,p)//M06-2X/6-31G(d) 
level. The values presented are Gibbs free energies at 343.15 K 
including solvent correction (see the Supporting Information for 
details). The model studied is the reaction of 4-
(trifluoromethyl)styrene 1 with toluene (compound 3e, Table 2). 
The addition leading to the para adduct is presented in Scheme 
2. The ortho addition can be found in the Supporting Information. 
We started our investigations using the Ca(NTf2)+ ion as catalyst, 
as it is now generally accepted that the mixture of Ca(NTf2)2 and 
nBu4NPF6 generates the heteroleptic [Ca(NTf2)]+PF6

- complex,[15] 
in which the NTf2 ligand likely remains strongly coordinated to the 
calcium center through its oxygen atoms.[16] Importantly, attempts 
to directly activate 1 with the Ca(NTf2)+ ion failed. Then, we 
checked whether a calcium-coordinated HFIP molecule could 
become sufficiently acidic in order to transfer a proton to the 
alkene moiety. Thus, we introduced three molecules of HFIP in 

the coordination sphere of the metal, as well as two water 
molecules to saturate it, while saving computer time. This model 
led to adduct A, taken as free energy reference. The proton 
transfer generating carbocation B could be modeled through TSAB, 
lying at 22.5 kcal/mol on the potential energy surface (PES). The 
formation of B is markedly endergonic by 20.2 kcal/mol but is 
rapidly followed by the arene addition step, whose free energy of 
activation is as low as 1.7 kcal/mol from B (21.9 kcal/mol from the 
reactants). It leads to the Wheland-type intermediate C, lying at 
13.0 kcal/mol on the PES. The deprotonation of C requires the 
rotation of the protonated toluene fragment, so that it presents its 
acidic proton to the NTf2 ligand. Since the organic adduct and the 
calcium complex are chiral, this leads to two diastereomers D and 

D’, the latter being the most stable (16.5 vs 23.9 kcal/mol). The 

deprotonation is achieved through TSDE (blue pathway) or TSD’E’ 

(red pathway), found at 26.0 and 18.8 kcal/mol on the PES, 

respectively. The relative free energies of E and E ’  remain 

positive (17.0 and 13.9 kcal/mol, respectively), but the separation 
of the fragments is a strongly exergonic process. It implies an 
internal proton transfer from the NTf2 to the alkoxide moiety, which 
regenerates the active complex F. Overall, the formation of the 
hydroarylation product is exergonic by 24.1 kcal/mol. Of note, the 
deprotonation of the Wheland intermediate in C could not be 
modeled using the calcium alkoxide fragment. Only the NTf2 
ligand could be used as a base. A comparison with the values 
obtained in the ortho series indicates that the selection between 
the para and the ortho pathway is not achieved during the arene 
addition, but during the deprotonation step (product determining 
step, PDS). The best ortho deprotonation transition state lies at 
1.1 kcal/mol higher than the para one (19.9 vs 18.8 kcal/mol) on 
the PES because of a steric clash between the ortho methyl and 
benzylic methyl substituents. These calculations corroborate the 
idea of hidden proton catalysis in this chemistry.[17] The 
coordination of HFIP to the calcium ion increases its acidity to 
such an extent that it becomes able to protonate an electron-poor 
styrene derivative. Although this process is not energetically 
favorable, the acceptor properties of the NTf2 ligand allow to go 
further by displacing the equilibria. Thus, the [Ca(NTf2)(HFIP)n]+ 
complex acts as a metal templated bifunctional organocatalyst. 
Besides, this mechanism was corroborated by deuterium labelling 
experiments (See Supporting Information for details).[18] 

In summary, we have devised a simple and efficient method for 
the hydroarylation of deactivated styrenes, which was hitherto 
unprecedented. While using a combination of a calcium salt and 
HFIP, good to excellent yields were observed for a vast array of 
electron-poor styrenes and aromatic nucleophiles, paving the way 
for a more extensive access to new diarylalkanes. Additionally, a 
series of DFT computations has been carried out to study the 
detailed mechanism of this transformation. To date, it represents 
the first example of a Lewis acid-catalyzed hydroarylation process 
entirely deciphered by computations, including the deprotonation 
step. 
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Scheme 2. Free Energy Profile (G343, kcal/mol) of the Ca/HFIP-Catalyzed para-Addition of Toluene to 4-(Trifluoromethyl)styrene 1 (L3 = 1 HFIP and 2 H2O 

molecules as 1-O ligands) 
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