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ABSTRACT: We report the site-selective C–F magnesiation of multi-fluorinated arenes catalyzed by Rh–Al bimetallic complexes 
to prepare synthetically important fluorine-containing organomagnesium reagents. We clarified that the catalyst-control site-selectiv-
ity stems from the steric and electronic environments of the substrates. The protocol can be applied to the efficient synthesis of 
fluorine-containing pharmaceuticals and liquid crystal molecules. 

INTRODUCTION 
Fluorine is the most electronegative atom and can form the 

strongest single bond with carbon.1 These special features pro-
vide fluorine-containing compounds with unique properties. 
Fluoroarenes are often found as key structural motifs in phar-
maceuticals,2 agrochemicals,3 and organic materials4 (Scheme 
1A). 22% of small-molecule drugs registered globally in the 
past three decades contain at least one fluorine atom,2a and the 
percentages are getting higher in recent years (2015: 34%, 
2019: 43%).2a Hence, efficient methods to prepare substituted 
fluoroarenes are highly desired in modern organic synthesis.5 

Fluorine-containing organometallic reagents are useful tools 
for the synthesis of fluorine-containing compounds thanks to 
the available diverse transformations with their carbon–metal 
bonds.6 Two complementary routes are potentially available to 
access these reagents (Scheme 1B). Conventionally, fluorine-
containing organometallics are prepared by the Balz–Schie-
mann reaction (step a)7 followed by halogenation8 (step b) and 
subsequent oxidative insertion,9 halogen/metal exchange reac-
tion (step c),10 or C–H bond metalation reactions.11 However, 
harsh reaction conditions for the Balz–Schiemann reaction and 
an issue of site-selectivity in the C–H bond metalation reaction 
have hampered their practical use. 

The other route starting from perfluoroarenes can be more at-
tractive according to the following reasons: 1) Perfluoroarenes 
such as hexafluorobenzene (C6F6) and pentafluoropyridine 
(C5F5N) can be transformed by aromatic nucleophilic substitu-
tion (SNAr) reactions12 and transition-metal catalyzed cross-
coupling reactions13 in a site-selective manner thanks to the rel-
atively weakened C–F bonds in perfluoroarenes14 (step d). 2) 
Perfluoroarenes can be prepared from upstream fluorine feed-
stocks such as F2/CoF2 or KF through direct perfluorination of 
arenes using CoF3 (Fowler process)15 or perchlorination with 
Cl2 followed by SNAr reaction with metal fluorides (Halex pro-
cess)16 (step e). However, this route has been hampered by a 
lack of site-selective C–F bond metalation (step f) of multi-
fluoroarenes (C6FnX6-n: n = 2–4). 

 
Scheme 1. Importance and synthetic strategies of function-
alized aryl fluorides. 

Although site-selective C–F bond metalation reactions of 
multi-fluoroarenes have been achieved with coordinating di-
recting groups (Scheme 2A)17 or the ortho-fluorine effect,13g the 
site-selectivity in their absence has been difficult to be con-
trolled. Recently, Crimmin and coworkers developed the site-
selective magnesiation of fluoroarenes using a dimeric Mg(I)–
Mg(I) reagent (Scheme 2B)18 and the alumination of multi-
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fluoroarenes using an Al(I) reagent by Pd catalysis (Scheme 
2C).19 However, these systems require stoichiometric amounts 
of reactive Mg(I) or Al(I) reagents, which are prepared from 
alkaline metals. Marder and Radius group reported the site-se-
lective C–F bond borylation of multi-fluoroarenes by Rh/Ni 
dual catalysis (Scheme 2D).20 They have achieved high site-se-
lectivity by promoting the rate-determining transmetalation step 
with the Rh photocatalyst at room temperature to afford fluo-
rine-containing organoboron compounds.6 Nevertheless, mod-
est catalyst efficiency, especially for di- or tri-fluoroarenes, has 
been noted. 

 

 
Scheme 2. Selected reports of site-selective C–F bond meta-
lation of multi-fluorinated arenes. 

 
Previously, we have developed the magnesiation of aryl fluo-

rides catalyzed by Rh–Al bimetallic complexes through C–F 
bond activation cooperatively by the Rh–Al bond (Scheme 
3A).21 The cooperative activation of C–F bond by the Rh–Al 
bond proceeds under very mild conditions, which can be bene-
ficial for controlling the site-selectivity with multi-fluoroarenes. 
Taking advantage of steric repulsion between arene substituents 
and the ligand backbone of the Rh–Al complex,22 we report here 
the undirected site-selective magnesiation of less hindered C–F 
bonds of multi-fluoroarenes catalyzed by the Rh–Al bimetallic 
complexes (Scheme 3B).  

The resulting organomagnesium compounds afforded a di-
verse array of compounds, making them highly promising for 
applications in organic synthesis. While the oxidative insertion 
of metallic magnesium into organic halides is a well-established 
method,9 recent years have witnessed numerous reports of mag-
nesiation reactions catalyzed by transition metals.23 However, 
there remains a strong demand for methodologies that enable 
the selective generation of fluorine-containing organomagne-
sium reagents from readily accessible precursors. 

 
 
 

 
Scheme 3. Previous work and this work. 

 

METHODS 
We examined the reaction of 2,4-difluorotoluene (2a, 0.50 

mmol, 1.0 equiv.) with Mg powder (1.5 mmol, 3.0 equiv.), 
which was preactivated upon treatment with 1,2-dibromoethane 
(5.0 mol%), in the presence of Rh–Al complex 1a (5.0 mol% 
Rh) in THF (1.5 mL, 0.33 M) at –15 °C (Scheme 4). 3-Fluoro-
4-toluic acid (3a) was selectively obtained in 78% yield through 
C(4)–F functionalization without formation of C2-carboxylated 
product 4a after quenching the reaction with CO2 followed by 
3 M HCl aq. This result indicated that the less sterically hin-
dered C4-position underwent the magnesiation exclusively over 
the C2-position to give the corresponding diarylmagnesium 
Ar2Mg.21 Rh–Al complex 1b, which bears i-Pr groups on the 
phosphorus atoms instead of phenyl groups, also gave 3a in a 
site-selective manner, albeit in a moderate yield. When the re-
action was carried out with Rieke Mg24 in the absence of the 
catalyst, a mixture of 2-fluorotoluene (3a’) and 4-fluorotoluene 
(4a’) was obtained in low yield in a ratio of 3a’:4a’ = 1:2 after 
protonation with NH4Cl aq. The observed site-selectivities were 
thus governed by the Rh–Al complexes. These results demon-
strate the potential of the present catalytic method for the selec-
tive preparation of fluorine-containing building blocks from 
readily available multi-fluoroarenes. 
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a 2a (1.0 equiv.), Mg powder (1.5 or 3.0 equiv.), 1,2-dibromo-

ethane (5.0 mol%), and 1 (5.0 mol% Rh) in THF at –15 °C for 22 
h. 3-Fluoro-4-toluic acid was obtained after carboxylation with 
CO2. b Isolated yield. c The yield and site-selectivity were con-
firmed by 1H NMR spectroscopy. d 2a (1.0 equiv.) and Rieke Mg 
(1.0 equiv.) in THF at 80 °C for 3 h. The yield and site-selectivity 
were confirmed by 19F NMR spectroscopy after protonation with 
NH4Cl aq. 

Scheme 4. Magnesiation of 2a with 1 or Rieke Mg. 

 

Next, we investigated the scope of substrates on a 0.50 mmol 
scale under the optimized conditions using 1a (Scheme 5). 2,4-
Difluorobiphenyl (2b) afforded the C4-carboxylated product 3b 
as a sole product in 50% yield. Again, the Rieke conditions gave 
a mixture of isomers (C4:C2 = 1:2) in 5% yield. Electron-rich 
or sterically demanding 2,4-difluorobiaryls 2c–2h participated 
in the reaction to afford corresponding products 3c–3h through 
the C–F functionalization at the less hindered C4-position in 
good to high yield. It was worth noting that the electron-rich 
arenes and hetero-atoms did not affect the site-selectivity. This 
protocol could also be applied to the C5-selective magnesiation 
of 2,5-difluoroarenes 2i and 2j. Although 2,5-difluoro-1-iso-
propoxybenzene (2l) was preferentially magnesiated at the C5-
position (C5:C2 = 11:1), 2,4-difluoro-1-iso-propoxybenzene 
(2k) showed markedly decreased selectivity to give a mixture 
of isomers (C4:C2 = 1.7:1). In the case of 2k, the reaction pro-
ceeded at the sterically demanding C2-position probably due to 
coordination of the iso-propoxy group to the Lewis acidic Al 
center. However, in the case of 2l, the C5-position was magne-
siated predominantly. This was probably because the C–F bond 
at the C5-position of 2l was electronically activated by the neg-
ative inductive effect of the Oi-Pr group (Hammett parameter; 
sm = 0.10, sp = –0.45),25 whereas the C–F bond at the C4-posi-
tion of 2k was electronically deactivated by a positive reso-
nance effect of Oi-Pr. The reactions of di- and tri-fluoroben-
zenes 2m–2p proceeded in a mono-selective manner. For ex-
ample, 4-fluorobenzoic acid (3m) was selectively formed in 
87% yield without forming products derived from further mag-
nesiation. 1,3-Difluorobenzene (2n) and 1,3,5-trifluorobenzene 
(2p) afforded 3-fluorobenzoic acid (3n) in 99% yield and me-
thyl 3,5-difluorobenzoate (3p) in 60% yield, respectively. On 
the other hand, 1,2-difluorobenzene (2o) gave a complex mix-
ture and did not form the desired product. 

 

 
a The methyl esters were isolated after reacting with TMSCHN2. 

b Aryl fluoride (1.0 mmol) and Rieke Mg (1.0 mmol) without 1a in 
THF (30 mL) at 80 °C for 3 h. Yield and site-selectivity were con-
firmed by gas chromatography after protonation with NH4Cl aq. c 
The reactions are carried out at –20 °C. The site-selectivity was es-
timated based on 1H NMR analysis of the crude products. 

Scheme 5. Substrate scope. 

 
We then studied the reactions of trifluorobiphenyls 2q and 2r 

(Scheme 6). 2,4,4'-Trifluorobiphenyl (2q) was preferentially re-
acted at the C4-position to give 3q, accompanied by isomer 3q’ 
and double magnesiation product 3q” in a ratio of 67:6:27, as 
determined by 19F NMR spectroscopies of the crude mixture. 
The subsequent purification gave a mixture of 3q and 3q’ in 
58% yield (3q:3q’ = 6.2:1), and 3q” in 17% yield. A slightly 
better site-selectivity was observed (3r:3r’:3r” = 83:13:4) 
when 2,3’,4-trifluorobiphenyl (2r) was reacted. In both cases, 
the less sterically demanding and electron-deficient C–F bonds 
were activated.  
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and 1a (5.0 mol% Rh) in THF (1.5 mL) at –30 °C for 22 h. The 
resulting mixture treated with CO2 (1 atm). The methyl esters were 
isolated after reacting with TMSCHN2. b The site-selectivity was 
estimated from 19F NMR spectroscopy of the crude mixture. c The 
ratio was estimated from 1H NMR spectroscopy of the purified 
mixture of 3q and 3q’.  

Scheme 6. Site-selectivity of trifluorobiphenyl. 

 
To elucidate the key factors governing site-selectivity, we 

conducted theoretical study of the C–F bond cleavage processes 
using 2q and the Rh–Al complex I (Scheme 7). Our findings 
are summarized as follows: 1) The binding energies of 2q and 
I follow the order: ADC2 (ΔG°

AD-C2 = –16.4 kcal mol–1) > ADC4 
(ΔG°

AD-C4 = –11.8 kcal mol–1) > ADC4' (ΔG°
AD-C4’ = –7.9 kcal 

mol–1). 2) The C–F bond cleavage steps are nearly barrierless 
and are similar across different sites (ΔG°⧧C4’ = 0.2 kcal mol–1, 
ΔG°⧧C4 = 1.4 kcal mol–1, ΔG°⧧C2 = 1.3 kcal mol–1). 3) The C–F 
bond cleavage steps are highly exergonic (ΔG°

TM-C4’ = –55.3 
kcal mol–1, ΔG°

TM-C4 = –57.7 kcal mol–1, ΔG°
TM-C2 = –60.0 kcal 

mol–1), indicating that these processes are likely irreversible. 
These results suggest that the coordination step is crucial in de-
termining the site-selectivity. Although the C2-coordination is 
thermodynamically feasible, the corresponding product was not 
observed. This suggests that C2-coordination is kinetically un-
favorable, likely due to the steric hindrance at the C2-position 
preventing effective interaction with the hindered Rh–Al 
bond.22 

We further investigated why the C4-position preferentially 
coordinates to the Rh center, despite a similar steric environ-
ment to the C4’-position. Calculations of the electrostatic po-
tential (ESP) map and the natural population analysis (NPA) of 
2q revealed that C4-position is relatively more electropositive 
(NPA of 2q: +0.421 for C4 vs +0.409 for C4’). Moreover, Fukui 
indices of Cipso-positions indicated the C4-position is the most 
electrophilic site (f- of 2q: 0.111 for C4 vs 0.107 for C4’).26 In 
contrast, the Rh center in I exhibited a negative character due to 
strong σ-donation from the X-type Al ligand,27a while the Al 
center showed a positive character (NPA of I: –0.645 for Rh, 
+1.566 for Al). Consequently, the coordination of 2q to the Rh 
center is driven by electrostatic interactions favoring the more 
electrophilic position. The Fukui function analysis of 2r also 
indicated that the C4-position is the most electrophilic site (f- of 
2r: 0.109 for C4 vs –0.019 for C3’), which is where the reaction 
predominantly proceeded.  

Despite the tendency of typical Rh(I)28a and Rh(III)28b com-
plexes to strongly coordinate with less-fluorinated arenes rather 
than multi-fluorinated (electron-deficient) arenes, the Rh–Al 
complex I preferentially coordinates to electron-deficient 
arenes due to strong π-back-donation from the electron-rich Rh 
center.27b Indeed, our group previously reported that the eth-
ylene-coordinating Rh–Al complex exhibits greater π-back-do-
nation from Rh to the ethylene π* orbital than σ-donation from 
the ethylene π orbital to Rh.27b  

Hence, the site-selective η2-coordination of multi-
fluoroarenes to the electron-rich Rh center facilitated by elec-
trostatic interaction, promoting site-selective C–F bond magne-
siation. 

 
a Energy profiles of the C–F bond cleavage step were calculated 

at B3PW91-D3/SDD for Rh, 6-311+G(d2) for Al, 6-311G for oth-
ers with PCM(THF) level of theory. b The natural populations and 
ESP maps were calculated at B3PW91/SDD for Rh, 6-311+G(d) 
for others. I (–0.020000 au (red) to 0.150000 au (blue)). Isovalue 
is 0.020000 au. 2q (–0.005000 au (red) to 0.100000 au (blue)). 
Isovalue is 0.010000 au.  

Scheme 7. Theoretical study of the site-selectivity with 2q.  

 
The synthetic utility of the site-selective magnesiation reac-

tion can be demonstrated through the synthesis of a fluorine-
containing liquid crystal molecule and a drug molecule 
(Scheme 8). 2,5-Difluoro-1,3-dimethoxybenzene (2t) was pre-
pared through an aromatic nucleophilic substitution reaction 
(SNAr) of 1,2,3,5-tetrafluorobenzene (2s) with MeOH,12b and 
then was subjected to the present magnesiation reaction. The 
less hindered C–F bond was reacted in a site-selective manner 
to give a fluoroarylmagnesium species. It was successfully 
transformed to 3s, which can be found as a part of a liquid crys-
tal molecule,29 in 66% yield through the Kumada–Tamao–Cor-
riu (KTC) cross-coupling reaction catalyzed by 1a.30 The mag-
nesiation of 2b was followed by the Fe-catalyzed cross-cou-
pling reaction31 with tert-butyl 2-bromopropionate to give a 
synthetic precursor 3t for a non-steroidal anti-inflammatory 
drug, flurbiprofen,11g, 32 in 61% yield (44% in the absence of the 
Fe catalyst). 
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a 2s (12 mmol), MeOH (2.2 equiv.), KHMDS (2.2 equiv.), DMF 

(30 mL), 0 °C to rt, 48 h. b 2t (0.42 mmol), Mg powder (3.0 equiv.), 
1a (5.0 mol% Rh), BrCH2CH2Br (5.0 mol%), THF (1.5 mL), rt, 22 
h, then filtration with THF (1.0 mL). c PhCl (5.0 equiv.), 60 °C, 36 
h. d 2b (0.50 mmol), Mg powder (3.0 equiv.), 1a (5.0 mol% Rh), 
BrCH2CH2Br (5.0 mol%), THF (1.5 mL), rt, 22 h, then filtration 
with THF (1.0 mL). e Fe(acac)3 (3.0 mol%), (R,R)-BenzP* (6.0 
mol%), tert-butyl 2-bromopropionate (1.5 equiv.), 0 °C, 1 h. 

Scheme 8. Synthetic application of the present method to-
ward preparation of useful molecules. 

 

CONCLUSION 
We have developed the site-selective magnesiation of multi-

fluorinated arenes catalyzed by Rh–Al bimetallic complexes to 
prepare fluorinated arylmagnesium reagents, that allow rapid 
access to various fluoroarenes through diverse transformations 
of the Grignard reagents. It is worth mentioning that the catalyst 
could precisely recognize the steric and electronic environ-
ments of fluoroarene substrates to control the site-selectivity. 
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