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ABSTRACT: Fluorine containing molecules are central motifs in pharmaceuticals, agrochemicals and functional materials
owing to the unique properties engendered by carbon–fluorine bonds. However, the chemoselective synthesis of multifluor-
inated biaryls, a motif extensively exploited in drug discovery, is challenging because of the difficulty in controlling selective
fluorination. Herein, we report a site-selective arylation of C–F bonds in polyfluoroarenes enabled by a ruthenium catalyst
system. The present C–F bond arylation proceeds exclusively at the ortho-position of polyfluorinated arenes through ruthe-
nium(0) chelation to a readily modifiable directing group. A variety of broadly available polyfluoroarenes and organoboranes
are applicable to this C–F bond functionalization, furnishing polyfluorinated biaryls featuring readily removable aldehyde
functional handle. Notably, the present conditions enable a programmed synthesis of multifluorinated biaryls by integrated C–
F/C–H functionalization by the same ruthenium catalyst. This approach is characterized by broad scope and functional group
tolerance to build complex multifluorinated biaryls. The synthetic utility of this approach is highlighted by the synthesis of
polyfluorinated ligands, heterocycles, pharmaceuticals and porphyrin analogues. DFT studies provide insight into the key
selectivity of C–F bond activation. We fully expect that this approach will facilitate the implementation of C–F defluorination in
the synthesis of polyfluorinated molecules utilizing molecules with high fluorine content.
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Introduction
The unique properties of carbon–fluorine bonds render

them critical in pharmaceuticals, agrochemicals and func-
tional materials.1 In particular, the incorporation of fluorine
in drugs has a large impact on many of the essential chemi-
cal, physical and biological properties, such as adsorption,
distribution and metabolism.2 At present, >300 fluorinated
pharmaceuticals have been developed, with blockbusters
Lipitor, Prozac and Januvia (Figure 1A).3 A major proportion
of the fluorinated drug candidates feature aromatic C(sp2)–
F bonds. Despite significant efforts expanding the access to
carbon–fluorine bonds, it is widely accepted that a signifi-
cantly broader applicability of fluorinated molecules in
drug discovery and development is limited only by the lack
of synthetic access to fluorinated compounds.4

In general, the selective activation of C–F bonds repre-
sents a formidable challenge due to the strong dissociation
energy of C–F bonds (Figure 1B).5 The strength of C–F bonds
makes them desirable to extend me tabolic stability and is
responsible for the long lifetime of C–F bonds in the envi-
ronment. Conversely, direct oxidative addition of C–F bonds
to transition-metals requires highly reactive metals that
render the process less selective.6 Thus, the development of
chemoselective C–F bond activation methods with less nu-
cleophilic metals remains a major challenge that has pre-
vented the area of C–F activation from broad applicability
for the development of new pharmaceutical agents.



Figure 1. Context of the present work. (A) Examples of blockbuster
drugs containing fluorine; (B) Bond strength of C-X bonds (X = halide,
H); (C) Transition-metal-catalyzed reactions to access multifluorinated
biaryls; (D) Present study: Ru(0)-catalyzed C-F bond arylation of
polyfluoroarenes.

The synthesis of multifluorinated biaryls, a motif exten-
sively exploited in drug discovery, by direct C–H or C–X
fluorination is hampered by the in site-selective fluorina-
tion and the access to prefunctionalized precursors. Further,
electrophilic and nucleophilic fluorination methods are lim-
ited by the lack of generality and practicality (Figure 1C).7
In contrast, the availability of polyfluorinated arenes by ex-
haustive fluorination methods makes them uniquely suited
for C–F bond functionalization to access mutifluorinated

molecules.8 The cleavage of C–F bonds in polyfluoroarenes
is significantly more challenging than that of other aryl hal-
ides (I, Br, Cl) or equivalents (OTf). In this context, the C–H
bond in polyfluoroarenes is typically weaker than the C–F
bond, and the preference for selectivity in activation is
heavily guided by the catalyst system.9 The use of directing
groups is an attractive method to overcome the notoriously
slow oxidative addition of the C–F bond to a transition
metal.10 The feasibility of directing groups to coordinate to a
metal is further desirable due to promoting the reactivity at
the less reactive C–F bond with the activation selectivity
opposite to SNAr and radical mechanisms. Chemo- and regi-
oselective C–F arylation methods for the synthesis of mu-
tiarylated biaryls are of considerable interest. The C–F vs.
C–H bond activation selectivity is a fundamental process
due to kinetic and thermodynamic properties of inert bond
activation.4b,11 It should be noted that the C–F/C–H activa-
tion at transition metals is a complex process involving ki-
netic and thermodynamic factors as well as a significant
contribution from the effect of adjacent functional
groups.4b,11b-c

Herein, we report a site-selective arylation of C–F bonds
in polyfluoroarenes enabled by a ruthenium catalyst system
(Figure 1C). The present C–F bond arylation proceeds exclu-
sively at the ortho-position of polyfluorinated arenes
through ruthenium(0) chelation to a readily modifiable di-
recting group. This approach is highlighted by (1) broad
scope and functional group tolerance to build complex mul-
tifluorinated biaryls and terphenyls by exploiting mildly nu-
cleophilic ruthenium(0) catalyst system12b,13m,n and (2) es-
tablishing a programmed access to integrated C–F/C–H
functionalization by the same ruthenium catalyst system
that is not available by other methods. We demonstrate the
prospective utility of this approach in drug discovery re-
search by the synthesis of polyfluorinated ligands, hetero-
cycles, pharmaceuticals and porphyrin analogues. We pre-
sent DFT studies that give fundamental insight into the se-
lectivity of C–F bond activation and the implementation of
C–F defluorination utilizing molecules with high fluorine
content. Collectively, the present method significantly ad-
vances nucleophilic ruthenium(0) catalysis for C(sp2)–F
bond activation.

Notable features of our study include (1) catalyst system
that is the mildest reported to date for C–F activation of
fluoroarenes owing to the mild nucleophilic nature of
Ru(0); (2) the resulting broad scope and functional group
tolerance to build complex multifluorinated biaryls unac-
cessible by other methods; (3) the programmed synthesis
of multifluorinated biaryls by integrated C–F/C–H function-
alization by the same ruthenium catalyst system.

Our laboratory has been interested in ruthenium cataly-
sis as a versatile catalysis manifold for activation of inert
bonds.12 Despite the impressive advances in electrophilic,
radical and nucleophilic mechanisms in ruthenium cataly-
sis,13 the activation of C–F bonds remains a significant chal-
lenge owing to the high bond dissociation energy of the car-
bon-fluorine bonds. We considered an approach based on
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the relatively low nucleophilicity of ruthenium in the ab-
sence of strongly nucleophilic ligands that could interfere
with selective bond activation in polyfluorinated sub-
strates.14 We hypothesized that using readily removable
imine directing group in combination with an exceedingly
selective ruthenium carbonyl Ru3(CO)12 would provide a
mild and functional group tolerant strategy to C(sp2)–F ac-
tivation. The key feature of this design is the use of simple
polyfluorinated benzaldehydes that are readily available by
fluorination methods, while the products are amenable for
synthetic manipulations by exploiting the traceless alde-
hyde handle or nucleophilic ipso substitution at the –CHO
formyl group. The catalyst coordination to an auxiliary en-
sures high chemoselectivity15 in C–F bond activation in that
weaker C–F bonds at the remote sites are not susceptible to
oxidative addition, an unselective process that is plagued by
using more nucleophilic metals.

Results and Discussion
Reaction of perfluorinated benzaldehyde aldimine (1)

was investigated as our model system (Table 1). After ex-
tensive optimization, we determined that the optimal re-
sults were obtained using N-Ph imine (1) as C–F functional-
ization substrate, neopentyl aryl boronate (2) as nucleo-
phile in the presence of stoichiometric amount of K2CO3 (1
equiv) in toluene at 140 °C, providing the desired arylation
product in 94% yield (Table 1, entry 1). Several optimiza-
tion results are worth point out. Various imines were tested,
and sterically non-demanding N-Ph imine is the preferred
imine auxiliary with aliphatic imines leading to lower effi-
ciency due to imine decomposition and bulky aromatic
imines leading to lower conversions (Table 1, entries 2-5).
Various catalysts were screened, and Ru3(CO)12 proved sin-
gularly effective, in agreement with our mechanistic design
on chelation of ruthenium carbonyl to the imine auxiliary
(Table 1, entries 6-15). Of note, related Ru(0) catalysts, such
as RuH2(CO)(PPh3)3 and RuH2(PPh3)4 were completely in-
effective (Table 1, entries 6-7) as were other Ru, Rh and Ni
catalysts (Table 1, entries 8-15). Neopentyl boronate is the
preferred nucleophile (Table 1, entries 16-18). Note that the
use of pinacol boronate and boronic acid is also feasible (Ta-
ble 1, entries 16-17), however the reaction is less efficient
due to decomposition and slower transmetallation. The
choice of temperature is a critical parameter in this C–F ac-
tivation (Table 1, entries 19-20) with the reaction possible at
120 °C and lower temperatures resulting in incomplete
conversions. Note that di-arylation product is observed as
the only product at lower temperatures (di-F:mono-F
>95:5), indicating coordination of the catalyst to the imine
auxiliary after the first C–F activation. Optimal results are
obtained using 2.5 equiv of the nucleophile (Table 1, entry
1). The reaction results in arylation of both C–F ortho-posi-
tions, indicating that the second C–F functionalization is
faster than catalyst de-coordination (vide infra). In agree-
ment with this finding, the use of 1.0 equiv of aryl boronate
results in incomplete conversion with the di-arylation as
the major product (di-F:mono-F = 87:13) (Table 1, entry 21).

A critical parameter is the use of base as minimal conver-
sions are observed in its absence (Table 1, entry 22). Vari-
ous bases were tested and K2CO3 proved to be the most ef-
fective (Table 1, entries 23-28). Interestingly, the base can
be used in substoichiometric amount to significantly im-
prove the yield (Table 1, entries 29-30). Hydrogen accep-
tors can be used in lieu of the base (Table 1, entries 30-31),
however, these additives are less effective. The role of the
base is not clear at this point; we hypothesize that the base
might play a role in activating the catalyst to the active
Ru(CO)4 or act as a scavenger of residual fluoride. The main
driving force for the C–F activation reaction is the formation
of strong B–F bonds enabled by the efficient combination of
ruthenium carbonyl and versatile auxiliary in the presence
of the activator (vide infra). It should be noted that the cat-
alyst coordinates to the imine auxiliary after the first C–F
activation, which results in selective di-arylation. At present
stage, the selective C−F bond modification through per-
fluorobenzaldehyde is not feasible due to decomposition
under the reaction conditions.

With the optimized conditions in hand, we next investi-
gated the capacity of this C–F activation protocol to deliver
polyfluorinated biaryls (Scheme 1). As shown, a wide range
of aryl organoboronates decorated with various sensitive
functional groups is amenable to this reaction. It is of note
that only ortho-C–F functionalization takes place, which is
in contrast to radical or SNAr protocols that result in unse-
lective cleavage of remote C–F bonds. The reaction results
in fluorinated meta-terphenyls that are important interme-
diates in drug discovery and functional materials owing to

Table 1. Optimization of reaction conditionsa

En- Variation from the standard Conver- Yieldb

try                           conditions                         sionb (%)         (%)

1                             no change                               >98               94
2                 N-tBu instead of N-Ph                    >98               83
3                  N-Me instead of N-Ph                    >98               69
4                  N-Xy instead of N-Ph                     >98               80
5                N-Dipp instead of N-Ph                    73                60
6                      RuH2(CO)(PPh3)3                                      16                <5
7                          RuH2(PPh3)4                                             10                <5
8                                 RuCl3                                                       15                <5
9                          Ru(PPh3)2Cl2                                            32                <5

10                      [RuCl2(p-cym)]2                                        15                <5
11                        [Ru(cod)Cl2]n                                            18                <5
12                          [Cp*RuCl2]n                                              17                <5
13                          [RhCp*Cl2]2                                              18                <5
14c                                     Ni(PPh3)2Cl2                                             39                <5
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15d

16

17

18e

19
20

21f

22
23
24
25
26
27
28

29

30

31
32

Ni(cod)2

Ph-Bpin instead of Ph-Bnep
Ph-B(OH)2 instead of Ph-

Bnep
Ph-Si(OMe)3 instead of Ph-

Bnep
120 °C instead of 140 °C
100 °C instead of 140 °C

Ph-Bnep 1.0 equiv instead of
2.5 equiv

without K2CO3

KHCO3 instead of K2CO3

K3PO4 instead of K2CO3

Na2CO3 instead of
K2CO3

NaHCO3 instead of K2CO3

Cs2CO3 instead of K2CO3

CsF instead of K2CO3

K2CO3 0.5 equiv instead of 1.0
equiv

K2CO3 0.1 equiv instead of 1.0
equiv

acrylonitrile instead of K2CO3

norbornene instead of K2CO3

85                <5
>98               72

>98 65

85 <5

>98               75
41                13

91 37

>98 <10
>98               74
>98               46
>98               57
>98               65
>98                5
64 23

>98 70

>98 58

>98 65
>98 71

aConditions: imine (1.0 equiv), PhBnep (2.5 equiv), catalyst (5 mol%),
additive (1 equiv), toluene (0.5 M), 140 °C, 20 h. bDetermined by 1H
NMR and GC. cNi(PPh3)2Cl2 (10 mol%), K2CO3 (3 equiv). dNi(cod)2 (10
mol%), PCy3 (40 mol%), NaF (2.5 equiv). eCsF (1.0 equiv) instead of
K2CO3. fdi-F:mono-F selectivity (87:13). Bnep = 5,5-dimethyl-1,3,2-di-
oxaborolane. See SI for details.

the properties of carbon–fluorine bonds. Electronically-di-
verse organoboronates are well compatible as demon-
strated by the cross-coupling of neutral (3a), electron-rich
(3b) and electron-deficient arenes (3c–3d). It is of note that
benzylic defluorination of the CF3 moiety is not observed,
providing access to medicinally-relevant trifluoromethyl
substitution. Furthermore, organoboronates with sensitive
functional groups, such as chloride (3e) and ester (3f) un-
derwent C–F bond functionalization in good yields, provid-
ing handles for further functionalization and distinguishing
this protocol from more nucleophilic metals. Of note, all
products contain aldehyde functional handle ready for ipso
functionalization. Furthermore, heterocyclic aryl boronates
are compatible as demonstrated by the cross-coupling of 3-
pyridylboronate (3g), resulting in the synthesis of medici-
nally-relevant polyfluorinated pyridyl-terphenyls. Moreo-
ver, fluorinated boronates can be readily employed (3h–3i),
providing access to differentially polyfluorinated terphen-
yls that would be challenging to prepare by other methods.
Polyaromatic organoboronataes, such as naphthyl (3j), are
competent substrates, generating conjugated polyfluori-
nated terphenyls that have found intensive applications in
materials science. Finally, substitutions relevant in drug dis-
covery, such as amino (3k) and dioxolane (3l), can also be
used with high efficiency, establishing a pathway to
polyfluorinated substitution patterns found in medicinal
chemistry research.

Scheme 1. Substrate scope with respect to the aryl organoboronates.
Reaction conditions: Imine (1.0 equiv), Ph-Bnep (2.5 equiv), Ru3(CO)12

(5 mol%), K2CO3 (1.0 equiv), toluene (0.5 M), 140 °C, 20 h, then acidic
work-up. Isolated yield.
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Scheme 2. Substrate scope with respect to the polyfluoroarenes. Reac-
tion conditions: Imine (1.0 equiv), Ph-Bnep (2.5 equiv), Ru3(CO)12 (5
mol%), K2CO3 (1.0 equiv), toluene (0.5 M), 140 °C, 20 h, then acidic
work-up. Isolated yield.

Next, we investigated the C–F activation capacity of vari-
ous polyfluorinated substrates (Scheme 2). Since it is estab-
lished that the bond dissociation energy of the C–F bond in
perfluorinated arenes is lower than in the substrates con-
taining 3F, 2F and 1F (vide infra),16 it was unclear at the out-
set if the mildly nucleophilic ruthenium(0) catalyst system
would be capable of activating C–F bonds in unactivated
polyfluorinated arenes. Pleasingly, we found that present
catalyst system is general and can be used for C–F activation
of even unactivated polyfluoroarenes. As such, the ortho-
CF3-substrate proved that mono- C–F activation is feasible
in this system (3m), providing access to trifluoromethyl-
biaryl aldehyde building block. Furthermore, C–F activation
of tetra-fluoro-substituted (3n) and tri-fluoro-substituted
(3o) arenes proceeded in good yields and with full selectiv-
ity for the ortho-C–F activation. In the extreme case, even
the least activated in this series di-fluoro-benzaldehyde
(3p) proved to be excellent substrate, demonstrating high
reactivity of the ruthenium carbonyl catalyst system. We
also used this screening to investigate functional group tol-
erance towards an aryl bromide (3q) and found that the sys-
tem promotes C–F cleavage in the presence of

Scheme 3. The integrated C–F/C–H bond activations mediated by the same ruthenium carbonyl catalyst. (A) 2,4,5-F3 substitution. (B) 2,3,4-F3

substitution. (C) 2,3,5-F3 substitution. (D) 2-F monosubstitution. BA = benzylideneacetone.
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a much weaker C–Br bond. To our knowledge this is the first
instance of selective C–F activation in the presence of ar-
ylbromides, reversing the traditional bond activation selec-
tivity (Ph–Br, BDE = 80 kcal/mol; Ph–F, BDE = 126
kcal/mol) and demonstrating significant potential of ruthe-
nium(0) catalysis in highly chemoselective C–F bond activa-
tion. Likewise, it was of interest to test the unsymmetrical
tri-fluorinated arene (3r) since this substrate is poised for
unselective defluorination via benzyne mechanism. Gratify-
ingly, full C–F activation selectivity for ortho-C–F bonds was
observed, again showing high regioselectivity of this aryla-
tion.

The real power of this method is in the integrated C–F/C–
H bond activations mediated by the same ruthenium car-
bonyl catalyst (Scheme 3). This unique reactivity is enabled
by exploiting the differential energetics of C–H/C–F activa-
tion at Ru(0) merged with dehydrogenative C–H arylation
under neutral conditions in the presence of benzylideneace-
tone as a mild Ru–H acceptor.12g The process provides expe-
dient route to polyfluorinated terphenyls by single or two
bond activation events. As shown in Scheme 3A (top),
mono-C–H arylation of readily available 2,4,6-trifluoro-sub-
situted arene can be accomplished with full C–H arylation
selectivity to furnish multifluorinated biaryl (4a). As shown
in Scheme 3A (bottom), this process can be combined in situ
with C–F activation to deliver unsymmetrical polyfluori-
nated terphenyl (5a). Of note, the reaction sequence exploits
the same ruthenium carbonyl catalyst by the use of olefin ac-
ceptor and base for C–H and C–F activation, respectively. This
integrated C–F/C–H activation can be extended to other
substitution patterns of polyfluorinated arenes, such as
2,3,4-tri- substitution (4a–5a) and 2,3,5-tri-substitution
(4b–5b), providing polyfluorinated terphenyls that have
important applications in electronics and materials science.
Finally, even the least activated mono-substitution (4c–4d)
is amenable to this integrated C–F/C–H functionalization
process, attesting to the high reactivity and exquisite
chemoselectivity of the ruthenium carbonyl system.

To demonstrate the prospective utility of this C–F activa-
tion protocol, we showed that this process is applicable to
the synthesis of polyfluorinated ligands, heterocycles, phar-
maceuticals and porphyrin analogues (Scheme 4). Thus,
subjecting the polyfluorinated terphenyl (3a) to a standard
condensation protocol with 2-aminophenol delivered fluor-
inated imino ligand (6a). The aldehyde functional handle
can     be     readily     removed     by     de-formylation     using
[Ir(cod)Cl]2/PPh3     (6b), serving as a traceless directing
group. Furthermore, the aldehyde functional handle is a val-
uable precursor for the synthesis of medicinally-privileged
heterocycles, such as 2-arylbenzimidazoles (6c). Most im-
portantly, the C–F activation products can be exploited in
the direct conjugation with pharmaceuticals owing to the
presence of the aldehyde moiety as demonstrated in the
condensation with an antiarrhythmic drug, Mexiletine (6d).
Finally, fluorinated porphyrins have received considerable
interest as biomimetic enzyme analogues. We were pleased

that the polyfluorinated terphenyls can be applied to the
synthesis of fluorinated corroles (6e), which have been
used in oxygen-rebound pathway.17 The presented exam-
ples highlight the potential impact of this ruthenium(0)-cat-
alyzed C–F activation in medicinal chemistry research.

Another advantage of using imine auxiliary in ruthe-
nium(0) catalysis is facile installation and compatibility
with the reaction conditions, which permits to perform the
C(sp2)–F activation directly from the carbonyl group by in
situ imine synthesis (Scheme 5).

We conducted intermolecular competition studies bet-
ween differently substituted arenes to gain insight into the
relative reactivity of the C–F bonds and organoboronates
(Scheme 6). As shown, electron-deficient fluorinated arenes
are inherently more reactive (Scheme 6A; 2,3,4,5,6-F5:2,4,6-
F3 = 75:25), consistent with the relative strength of the C–F
bonds. Furthermore, electron-rich nucleophiles are more
reactive (Scheme 6B, 4-MeO:4-CF3 = 74:26), consistent with
transmetallation between Ar–Ru–F and Ar–Bnep as a kinet-
ically relevant step (vide infra).

Scheme 4. Synthetic transformations. Reagents and conditions: (a) 2-
aminophenol, PhMe, 140 °C, 15 h, 80%; (b) [Ir(cod)Cl]2, PPh3, dioxane,
140 °C, 36 h, 61%; (c) 4-(tert-butyl)benzene-1,2-diamine, DMA, 100 °C,
18 h, 71%; (d) Mexiletine Hydrochloride, EtOH, triethylamine, sodium
cyanoborohydride, methanol, tetrahydrofuran, 78 °C, 41 h, 55%; (e)
pyrrole, trifluoroacetic acid, triethylamine, DDQ, THF, DCM, rt, 8 h,
11.5%.

Scheme 5. Ru(0)-catalyzed in situ C-F activation.
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Scheme 6. Selectivity studies. (A) Intermolecular competition: imines. (B) Intermolecular competition: nucleophiles.
In consideration of the high efficiency of this C–F activa-            found that the free energy of activation is 45.8 kcal/mol,

tion process, DFT studies were conducted to provide into           which is much larger than the design of our calculations.
the reaction mechanism and selectivity of C–F bond activa-            Based on the work of Eisenstein and Chirik,14,11b the effect of
tion utilizing molecules with high fluorine content.                             replacement of the meta and para C–F bonds by hydrogen

The computational free energy profiles for the Re1            were also calculated in our revised manuscript. The free en-
(2,3,4,5,6-F5 substituted imine) and Re3 (2,3,4,5-F4 substi-            ergies of activation were 23.1, 24.7, 25.3, 25.7, 28.6
tuted imine) are displayed in Figure 2 and Figure 3. Accord-           kcal/mol for 5F, 4F, 3F, 2F and 1F, respectively. This indi-
ing to our calculation results, the first step involves the co-            cates that replacement of the meta and para C-F bonds by
ordination of Re1 to Ru center, generating INT1; this step is            hydrogen has a significant effect on the free energies of ac-

endergonic by 10.8 kcal/mol. Subsequent C-F activation of tivation.
INT1 occurs via a transition state TS1 with a free energy It is interesting to note that the activation energy in TS1
barrier of 12.3 kcal/mol to give INT2, with a free energy re-           (pentafluorinated substrate) is 23.1 kcal/mol, while in lease
of -25.1 kcal/mol. After the formation of INT2, the re-            TS1# (tetrafluorinated substrate) is 24.7 kcal/mol. We have action
between INT2 and Re2 (neopentyl aryl boronate)            compared the activation energy with substrates containing would give,
via TS2, the corresponding intermediate INT3.            3F, 2F and 1F. The activation energy of 3F, 2F and 1F is 25.3, The free energy
of activation for this step is 22.1 kcal/mol            25.7, 28.6 kcal/mol, respectively. As expected, the fewer flu-(Figure 2), while the
free reaction energy for INT3 is -8.4            orine atoms, the higher the activation energy.
kcal/mol relatively to INT2. Subsequently, there is a migra-
tion of Ph to form INT4. This step is exergonic by -1.7 Conclusions
kcal/mol, and the free energy barrier is 16.7 kcal/mol. The                In conclusion, we have developed a site-selective aryla-
step for C-F activation is the rate-determining step for the            tion of C–F bonds in polyfluoroarenes by ruthenium cataly-
whole reaction, and the free energy barrier is 23.1            sis. This approach allows to access polyfluorinated biaryls.
kcal/mol.18 Overall, the step for C-F activation is the rate-            which are of significant interest in pharmaceuticals, agro-
determining step for the whole reaction. Based on the work            chemicals and advanced materials owing to the unique
of Macgregor and Braun at Rh,19 C–F bond breaking preced-            properties of carbon–fluorine bonds. This C–F arylation
ing interaction with the boronate ester was also calculated.            method is particularly notable for its exceptional functional
However, the boronate ester was used as reactant in our            group tolerance not achievable by other methods and the
work rather than a ligand. Due to the steric hindrance, we            capacity to be applied in a programmed access to integrated
haven't located this transition state despite many attempts.            C–F/C–H functionalization by the same ruthenium catalyst.
Furthermore, it should be noted that the computations as-            Mechanistically, DFT studies were conducted to provide in-
sume formation of Ru(CO)4 as the crucial intermediate. The            sight into the C–F vs. C–H bond activation selectivity as a
energy required to form Ru(CO)4 was calculated, and the G            fundamental process in ruthenium(0) catalysis for the syn-
from 1/3 Ru3(CO)12 to Ru(CO)4 is 4.5 kcal/mol. Ru(CO)4 was            thesis of polyfluorinated molecules utilizing molecules with
directly used in the recently work by Oble and Poli.20                                      high fluorine content. Considering the scarcity of methods

Furthermore, the selectivity of C-H and C-F activation            for chemoselective C–F activation of readily available mul-
were also calculated in our work (Figure 3). The calculation            tifluorinated substrates, we fully expect that this approach
results show that the activation energy of C-H activation            will facilitate further advances in mildly nucleophilic catal-
(TS1') is 14.2 kcal/mol lower than that of C-F activation           ysis in accessing diverse fluorinated chemical space. Studies
(TS1#). These calculated results are in agreement with the            to expand the scope of Ru3(CO)12-catalyzed C–X functionali-
experiments. Regarding the issue of ortho selectivity, the C-            zations, including photochemical initiation methods, are

F activation at the para position has been calculated. It was underway in our laboratories.
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Figure 2. Free energy profiles for the Ru(0)-catalyzed C-F bond activation.

Figure 3. Free energy profiles for the selectivity of C-H and C-F activation.
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