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Tuning the regioselective functionalization of trifluoromethylated 

dienes via lanthanum-mediated single C-F bond activation  

Tarun Kumar,[a][b] Yan Yang,[c] Sirine Sghaier,[a] Yassir Zaid,[a] Xavier F. Le Goff,[d] Elodie Rousset,[b] 

Fabien Massicot,[b] Dominique Harakat,[b] Agathe Martinez,[b] Marc Taillefer,[a] Laurent Maron,[c] Jean-

Bernard Behr,[b] Florian Jaroschik*[a] 

 

Abstract: The development of new fluorine containing building 

blocks and their efficient synthetic access is currently a 

challenging research field. We herein present the highly regio 

and stereoselective addition of a large range of aldehydes onto 

trifluoromethylated benzofulvenes using a simple La/I2/DIBAL-

Cl system via a selective C-F bond activation process. This 

versatile methodology provides homodienyl alcohols bearing a 

terminal CF2-alkene with potential further applications, as 

shown by the dehydration to the first benzofulvenes carrying a 

difluorovinyl group. In addition, for certain electron-poor 

aldehydes, unprecedented ipso substitution of the CF3 group in 

a diene has been observed, which according to DFT studies, is 

related to the presence of the large, Lewis acidic lanthanum 

metal. 

The increasing demand of fluorinated materials in many 

technological areas as well as in the pharmaceutical and 

agrochemical domains requires the search for new F-containing 

building blocks and their efficient synthetic access.1 Selective C-

F bond activation in readily available polyfluorinated substrates 

is currently investigated as a powerful alternative to diverse 

fluorination procedures.2 Polyfluorinated arenes have been at 

the center of research for a long time,3 however, recent years 

have seen the development of efficient and selective C-F bond 

cleavage in aromatic, aliphatic or vinylic CF3 groups as well.4 

Among the latter, 2-trifluoromethyl-1-alkenes are versatile 

substrates which can readily provide a wide range of 

difluoroalkenes either through rather common SN2’ reactions 

with a variety of nucleophiles or photochemically generated 

radicals, or via Lewis acid mediated/catalyzed SN1’ processes 

(Scheme 1a).5 Very recently, ipso-substitution has also been 

achieved on vinylic CF3 substrates, offering an alternative for the 

regioselective functionalization of such compounds (Scheme 

1a).6 In the meanwhile, trifluoromethyl-1,3-dienes are much less 

investigated because of their limited synthetic access.7 A 

selective photochemical process has recently shown a 

promising radical addition of alkyl groups on such substrates 

providing new 1,1-difluorodienes (Scheme 1b).8 In 2017, we 

reported on the selective transformation of CF3-benzofulvenes 

into 1,1-indenyl species using a Dy/AlCl3 system. In this 

preliminary work, initial metal-mediated C-F activation afforded a 

conjugated ε,ε-difluoropentadienyl nucleophilic species with a 

high tendency to react regioselectively with a series of 

aldehydes, affording the quaternary, branched product (Scheme 

1c).9 

 

Scheme 1. Recent progress in selective single C-F bond activation in CF3-

alkenes and dienes (past and present work). 
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We herein present how further investigations on these 

substrates provided regio and diastereoselective access to the 

linear product, which can be readily transformed to a new family 

of benzofulvenes carrying a difluoroalkene moiety. Most 

intriguingly, in the course of these studies we also observed the 

first ipso-substitution of the CF3 group in a CF3-diene moiety 

(Scheme 1d). In addition, DFT calculations were carried out to 

rationalize the regioselectivity of this transformation in light of the 

structures of the putative organometallic intermediate A 

(Scheme 1d). 

 

In our previous study on the addition of CF3-benzofulvene 1a 

onto p-bromobenzaldehyde 2a in the presence of lanthanoids, 

we have shown that the regiochemical outcome depends on the 

nature of the metal (Table 1, entries 1-2).9 Whereas specific γ-

addition could be observed with Dy/AlCl3 affording the branched 

isomer 3aa in very high yield, a combination of La with AlCl3 

provided a significant amount of the linear by-product 4aa via α-

addition. However, under the tested conditions we were not able 

to switch the selectivity towards the sole linear isomer. By 

varying the electrophilic partner, we also found that steric factors 

could mediate the reaction outcome.9,10 The bulky 

mesitaldehyde and t-butylaldehyde furnished mixtures of linear 

and branched products even when using the Dy/AlCl3 system. 

Combining these two observations we set out to adjust the 

experimental conditions to secure specific alpha addition. As 

shown in Table 1, changing the amount, size and the electronic 

properties of the aluminum Lewis acid in combination with La 

metal provided a significant increase in the yield of the linear 

product (entries 2-6). Addition of only one equivalent of AlCl3 

(entry 3) or the use of EtAlCl2 (entry 4) lowered the overall yield, 

however, a better diastereoselectivity (78 % de) was observed 

for 4aa compared to the initial conditions (44% de, entry 2). 

Interestingly, compound 4aa became predominant in the 

presence of Et2AlCl or iBu2AlCl and the diastereoselectivity 

improved significantly with the dialkylaluminium chlorides. The 

increased de values in entries 3-6 might be related to a shift in 

the equilibrium between the lanthanum and aluminium 

intermediates in the reaction process (see below and 

mechanistic studies in the SI, section III). Nevertheless, even 

with such bulky Lewis acids some branched product formed (9% 

of 3aa vs 74% of 4aa with iBu2AlCl). In the literature, allyl 

lanthanide complexes are known to provide high selectivity 

towards the linear product in the reaction with carbonyl 

compounds.11 We therefore attempted to carry out this reaction 

in the absence of any aluminum source. Reaction of an excess 

of lanthanum metal with some iodine in THF provided in situ 

LaI3(THF)x which served as Lewis acid in this case. After stirring 

for one hour, the benzofulvene 1a (one equivalent with respect 

to Lewis acid) was added and the reaction was quenched with p-

bromobenzaldehyde 2a. The linear product 4aa was obtained as 

the sole product with high diastereoselectivity (entry 7). However, 

difficulties were encountered in the purification procedures and a 

further optimization step was required. Addition of iBu2AlCl at the 

end of the reduction step and before addition of the aldehyde 

provided very good results in terms of yield, diastereoselectivity 

and purification (entries 8-9). It is worth noting that a catalytic 

amount (0.2 equiv) of aluminium salt was sufficient to retain its 

favourable impact. 

Table 1. Optimization studiesa 

 

Entry Ln LA (equiv.) %Yieldb 

3aa 

% Yieldb 

4aa(% de)c 

1 Dy AlCl3 (3) 93 n.o. 

2 La AlCl3 (2) 46 19 (44) 

3 La AlCl3 (1) 20 25 (78) 

4 La EtAlCl2 (2) 26 22 (79) 

5 La Et2AlCl (2) 33 43 (94) 

6 La iBu2AlCl (2) 9 74 (94) 

7d La [LaI3] (1) n.o. 77 (90) 

8d La [LaI3 (1)]; iBu2AlCl (2) n.o. 81 (94) 

9d La [LaI3 (1)]; iBu2AlCl (0.2) n.o. 82 (94) 

a) Reaction conditions: Benzofulvene 1a 0.55 mmol, aldehyde 2a 0.5 mmol, 

Ln 0.5 mmol and catalytic amount of iodine (20 mg) in THF at room 

temperature. b) Isolated yields after silica gel column chromatography. c) de 

was determined from 19F NMR of crude reaction mixture. d) in situ preparation 

of LaI3 from La and I2. 

 

With these optimized conditions in hand, we set out to 

investigate the scope of the reaction. A large range of aldehydes 

was compatible with these reaction conditions, including various 

substituted benzaldehydes, naphthyl and heteroaromatic 

aldehydes as well as linear and branched aliphatic aldehydes 

(Table 2). The use of benzaldehydes with strong electron-

donating or withdrawing groups was compatible, although 

providing additional reaction outcomes that will be discussed 

below. The aryl group on the fulvene moiety could also be varied, 

showing good results with p-tolyl, p-chloro and p-

dimethylaminophenyl or 2-thienyl groups (Table 2). It is 

interesting to note that p-dimethylaminophenylbenzofulvene 1d 

was completely unreactive when using the previously published 

Dy/AlCl3 system, impeding any C-F activation in this case. 

 

Table 2. Substrate scopea 

 

Entry Ar, 1 R, 2 % Yieldb 4 

(% de)c 

1 C6H5, 1a C6H5, 2b 4ab,78 (94) 

2 C6H5,1a 4-Me-C6H4, 2c 4ac, 83 (94) 

3 C6H5,1a Mesitaldehyde, 2d 4ad, 89 (86) 

4 C6H5,1a 4-MeO-C6H4, 2e 4ae, 83 (94) 

5 C6H5,1a 1-Naphthyl, 2f 4af, 89 (96) 

6 C6H5,1a 2-Furyl, 2g 4ag, 81 (95) 

7 C6H5,1a 2-Thienyl, 2h 4ah, 68 (97) 

8 C6H5,1a C7H15, 2i 4ai, 63 (100) 



   

 

 

 

 

9 C6H5,1a -C(CH3)3, 2j 4aj, 76 (100) 

10 4-Me-C6H4, 1b 4-Br-C6H4, 2a 4ba, 74 (96) 

11 4-Cl-C6H4, 1c 4-Br-C6H4, 2a 4ca, 66 (90) 

12 4-N(Me)2-C6H4, 1d 4-Br-C6H4, 2a 4da, 65 (90) 

13 2-Thienyl, 1e 4-Br-C6H4, 2a 4ea, 68 (97) 

a) Reaction conditions: Benzofulvene 1 0.55 mmol, aldehyde 2 0.5 mmol, La 

1.0 mmol, iodine 0.5 mmol and DIBAL-Cl 0.1 mmol in THF at room 

temperature. b) Isolated yields after silica gel column chromatography. c) de 

was determined from 19F NMR of crude reaction mixture. 

 

Single-crystals of the major diastereoisomer of the linear product 

4ak could be obtained from the reaction with p-CN-

benzaldehyde 2k and the structure was determined by X-Ray 

diffraction analysis (Table 3 and Figure 1). Most notably, it 

shows an angle of 61° between the plane of the indenyl moiety 

and the plane containing the difluorovinyl part, revealing poor 

conjugation between both sub-structures, hence the absence of 

a conjugated planar diene structure. Further evidence, that the 

CF2-alkene is not conjugated with the indenyl part can be 

observed from the C=CF2 bond length, which is identical to the 

previously reported structure on the unconjugated branched 

product 3 derived from benzaldehyde.9 The phenyl group in 4ak 

is tilted out of the plane containing the difluorovinyl part by 34°. 

The bending of the cyano-substituted phenyl ring on the alcohol 

moiety towards the CF2 group leads to relatively short C-F and 

C-H distances. However, this is probably due to packing effects, 

as no interaction between the F atoms and the protons on the 

aromatic ring could be determined in solution by 1H-19F hetero 

nOe-experiments. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Single crystal X-ray structure of linear product 4ak. 

 

A closer inspection of the crude 19F NMR spectra of the 

experiments involving strongly electron-withdrawing groups such 

as p-CF3, p-nitro or p-CN on the aldehyde (2k,l,m), revealed the 

presence of a second product characterized by two additional 

doublets at around -100 ppm, a typical feature of a 

diastereotopic aliphatic CF2 system. These unexpected products 

could be isolated by column chromatography in 15-30% yields 

depending on the electron-withdrawing character of the aromatic 

ring and were identified as the unprecedented ipso-substitution 

products 5 (Table 3). In addition, crystals suitable for XRD 

analysis were obtained for 5am (Figure 2). A comparison of 

crystal structures of 5am and starting fulvene 1a shows that the 

only difference is a slight elongation of the C(exo)-CF3 to C(exo)-

CF2R (R = CH(OH)(C6H4-p-NO2)) bond from 1.5043(16) to 

1.515(3) Å in agreement with the less electron-withdrawing 

character of the CF2R group. 

Tuning the selectivity towards the ipso product has proved 

elusive so far by varying the temperature and/or employing 

additives, and further work is in progress. 

 

Table 3. Scope of ipso substitutiona 

 

 

 

 

Entry Ar, 1 R, 2 % Yieldb 4 

(% de)c 

%Yieldb 5 

1 C6H5,1a 4-CN-C6H4, 2k 4ak, 57 (90) 5ak, 16 

2 C6H5,1a 4-CF3-C6H4, 2l 4al, 46 (96) 5al, 14 

3 C6H5,1a 4-NO2-C6H4, 2m 4am, 54 (86) 5am, 30 

a) Reaction conditions: Benzofulvene 1 0.55 mmol, aldehyde 2 0.5 mmol, La 

1.0 mmol, iodine 0.5 mmol and DIBAL-Cl 0.1 mmol in THF at room 

temperature. b) Isolated yields after silica gel column chromatography. c) de 

was determined from 19F NMR of crude reaction mixture. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Single crystal X-ray structure of ipso product 5am. 

 

We previously observed that with the Dy/AlCl3 system the linear 

adduct of 1a with p-dimethylaminobenzaldehyde underwent 

spontaneous dehydration to yield the corresponding Z-alkene 

6an in good yield and with high diastereoselectivity (Scheme 2).9 

When we repeated this reaction with the new La/LaI3 system we 

could observe the linear homoallylic alcohol product 4an in the 

crude 19F NMR spectrum. However, during purification on silica 

gel, dehydration of 4an was observed, yielding the dark red 

benzofulvene 6an. A similar result was obtained with the 2-

thienyl-substituted benzofulvene 1e, which yielded 6en in good 

yield (Scheme 2). In contrast, the linear alcohols obtained with 

other aldehydes were stable under these conditions. In order to 

trigger the dehydration of compounds 4 in a more general 

fashion, different bases were tested. Only the reaction of 4aa 

with LDA provided benzofulvene 6aa exclusively as the Z isomer, 



   

 

 

 

 

however in low 25 % yields, probably due to side reactions on 

the difluoroalkene moiety. Nevertheless, dehydration could be 

triggered by treatment with mesyl chloride and NEt3 to furnish 

efficiently a range of new difluorovinyl appended benzofulvenes 

6, albeit with lower stereoselectivity (Table 4). Steric effects 

seem to drive the stereoselectivity of the formed alkenes, 

leading to lower de values for the more substituted aryl moieties 

in 6ba and 6ca. 

 

Scheme 2. Reaction with electron-donating aldehyde leading to dehydration of 

intermediate linear product. 

Table 4. Scope of new benzofulvenes obtained by dehydrationa 

 

 

 

 

 

 

 

Entry 4 Ar R %Yieldb (de)c 6 

1 4aa C6H5 4-Br-C6H4 6aa, 45 (70) 

2 4ac C6H5 4-Me-C6H4 6ac, 75 (76) 

3 4ah C6H5 2-Thiophene 6ah, 68 (84) 

4 4ba 4-Me-C6H4 4-Br-C6H4 6ba, 75 (52) 

5 4ca 4-Cl-C6H4 4-Br-C6H4 6ca, 85 (20) 

a) Reaction conditions: Difluorovinylindene alcohol 4 0.2 mmol, Et3N 0.26 

mmol, methanesulfonyl chloride 0.22 mmol in CH2Cl2 4 mL. b) Isolated yields 

after silica gel column chromatography. c) de was determined from 19F NMR of 

crude reaction mixture. 

 

Benzofulvenes are interesting starting compounds in 

organometallic chemistry and have recently been investigated 

for material applications, such as chromophores for solar cells 

and OLEDs.12 These new compounds may therefore find useful 

applications. In addition, from a chemical point of view, these 

compounds have two reactive sites, the exocyclic fulvene double 

bond and the difluoroalkene moiety,13 so a large number of 

further transformations can be envisaged and are currently 

under investigation. 

 

We then carried out some experiments towards the 

understanding of these highly regioselective processes. 

Preliminary mechanistic studies using 19F NMR on the Dy/AlCl3 

system had shown that transmetallation from Dy to Al was a 

plausible explanation for the selective formation of branched 

products.9 We have therefore studied the transmetallation from 

La to iBu2AlCl and found that this process was much less 

efficient according to 19F NMR (see SI, Figure F2). Despite 

several attempts, an intermediate La-species  could not be 

isolated and characterized by X-ray crystallography nor ESI-MS. 

We therefore turned our attention to DFT calculations to shine 

further light on the reaction mechanism. We initially calculated 

the structures of possible pentadienyllanthanum (pdl-La) 

intermediate complexes resulting from the C-F activation 

process. For [La(pdl)I2(THF)] and [La(pdl)2I(THF)] an η5 

coordination of the metal to the indenyl moiety was observed 

with no specific interaction between the metal and the CF2 group 

(see SI, section IV). The reactivity of these different pdl-La 

complexes with benzaldehyde was computed next. According to 

our modelisation, [La(pdl)I2(THF)] would provide both the linear 

product (black profile in Scheme 3) and the ipso product (pink 

profile in Scheme 3) as their formations involve energetically 

competitive transition states (12.6 kcal/mol vs. 17.6 kcal/mol 

which lies within the precision of the computational method), 

whereas the formation of the branched product was shown to be 

an unfavorable, reversible process (blue profile in Scheme 3). 

From these calculations, one would expect a mixture of the 

linear and ipso products. However, as a mixture is not observed 

experimentally, we studied the behavior of a possible 

[La(pdl)2I(THF)] species. In this case, although the two transition 

states are still competitive (8.0 vs. 9.5 kcal/mol), the linear 

product is favored thermodynamically over the ipso product by 

more than 7 kcal/mol (Scheme 4). In addition, introducing an 

electron-withdrawing p-NO2-benzaldehyde lowers the energy-

barrier for the epsilon attack and therefore provides better 

access to the ipso product, in agreement with experiments (see 

SI, Schemes S2 and S3). As several bis(indenyl)lanthanide 

complexes have been crystallographically characterized, such 

species seem to be plausible reaction intermediates.14 

 

Scheme 3. DFT analysis of reaction of benzaldehyde with [La(pdl)I2(THF)]. 



   

 

 

 

 

 

Scheme 4. DFT analysis of reaction of benzaldehyde with [La(pdl)2I(THF)]. 

In conclusion, we have shown that an appropriate combination 

of lanthanide metal and Lewis acid allows the regio and 

stereoselective transformation of trifluoromethylated dienes with 

a large range of aldehydes. Whereas the previously reported 

Dy/AlCl3 combination afforded selective access to the branched 

product, the La/I2/DIBAL-Cl system has now given rise to highly 

selective linear products with excellent diastereoselectivity. The 

unexpected observation of ipso-substitution products in 

combination with initial mechanistic understanding from DFT 

analysis opens up new pathways towards further 

functionalization of the CF3 group. The newly obtained 

benzofulvenes carrying difluoroalkenes are currently under 

investigation for their applications in organic and organometallic 

synthesis as well as material sciences. 

Experimental Section 

In a glovebox under argon atmosphere, a mixture of freshly filed 

lanthanum metal (139 mg, 1.0 mmol, 2.0 equiv.), iodine (127 mg, 0.5 

mmol, 1.0 equiv.) and benzofulvene 1 (0.55 mmol, 1.1 equiv.) was 

prepared in a Schlenk tube. THF (1.5 mL) was added slowly and the 

reaction was stirred for 1 h at room temperature. The reaction mixture 

turned to a dark brown/black solution, to which DIBAL-Cl (0.02 mL, 0.1 

mmol, 0.2 equiv.) was added and the resulting mixture was stirred for 

additional 10 min. Aldehyde 2 (0.5 mmol, 1.0 equiv.) was added and 

stirring continued for another 1 h. The reaction was quenched with aq. 

HCl (1 M, 5 mL) and extracted with diethyl ether (15 mL × 3) and the 

combined organic phase was dried over anhydrous MgSO4 and 

concentrated in vacuo. The crude product was purified by column 

chromatography (EA:PE/ 5:95 to 20:80).  
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