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We report the synergistic combination of Pd(OAc), and Ag,O for
the oxidative C—H arylation of (poly)fluoroarenes with aryl
pinacol boronates (Ar-Bpin) in DMF as the solvent. This
procedure can be conducted easily in air, and without using
additional ligands, to afford the fluorinated unsymmetrical
biaryl products in up to 98% yield. Experimental studies
suggest that the formation of [PdL,(C¢Fs),] in DMF as coordinat-
ing solvent does not take place under the reaction conditions
as it is stable to reductive elimination and thus would

Introduction

An increasing number of applications of fluoroaryl-containing
compounds in materials,™ agrochemicals,”” and
pharmaceuticals® encourages the development of new strat-
egies to synthesize such classes of compounds. Procedures to
functionalize fluorinated arenes and the conversion of fluoroar-
enes into more complex organic molecules has been reported
using fluoroaryl boronates,””" magnesium,® lithium,”® zinc,®'?
or silicon reagents" as well as halides,"” and carboxylic
acids."¥ However, the development of synthetic procedures to
modify fluoroarenes via direct C—F"¥ or C—H"® functionalization
is highly desirable as it decreases the number of synthetic steps,
waste, cost, and energy usage.

The acidities of C—H bonds in polyfluoroarenes and their
reactions with transition metals were reviewed by Eisenstein
and Perutz et al"**® and Gorelsky et al™ It was concluded
that the fluorination of arenes decreases the pKa, with the
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deactivate the catalyst. Thus, the intermediate [Pd-
(DMF),(Ar:)(Ar)] must be formed selectively to give desired
arylation products. DFT calculations predict a low barrier
(5.87 kcal/mol) for the concerted metalation deprotonation
(CMD) process between C;FsH and the Pd(ll) species formed
after transmetalation between the Pd(I)X, complex and aryl-
Bpin which forms a Pd-Ar,,, species. Thus a Pd(Arq)(Are)
complex is generated selectively which undergoes reductive
elimination to generate the unsymmetrical biaryl product.

greatest effect being for a C—H ortho-to-fluorine. The reductions
of the pKa by ortho, meta, and para fluorines are 5.2, 3, and 1.4,
respectively.'® In addition, the M—C bond strength is increased
by the number of ortho-fluorine substituents, thus generating
stronger M—C bonds as intermediates in transition metal-
catalyzed processes."™" In a recent example, Chirik etal.
studied, in detail the cobalt-catalyzed borylation of 1-fluoro-3-
trifluoromethylbenzene. Their DFT calculations and experiments
showed the preference for C—H oxidative addition ortho-to-
fluorine rather than meta-to-fluorine to form the strongest
Co—C bond in the intermediate, leading to ortho-to-fluorine
borylation as the major product.™”

The involvement of silver(l) reagents in Pd-catalyzed C—H
functionalizations of (poly)fluoroarenes with aryl halides typi-
cally requires phosphine ligands (Scheme 1A and B). In addition,
DFT calculations and experimental studies by Larrosa et al. and
Hartwig et al. showed that phosphine ligated silver(l) functions
to cleave the C—H bond ortho-to-fluorine instead of, or in
competition with, palladium.'>*'® Notably, they reported that
silver-mediated C—H activations failed in the absence of
phosphine ligands. Perutz et al. reported that even though a
silver salt such as Ag,CO; is highly insoluble in all common
solvents, interestingly, the solubility can be increased in the
presence of bulky phosphine ligand such as XPhos, cleaving the
C—H bond of CiFsH to form the isolable complex [Ag-
(Xphos)(C4Fs)1."® Nitrogen-based coordinating solvents such as
pyridine can also increase the solubility of Ag,O. Recently,
cluster complexes [{Ag,L,(Arg),}.] (Are=CgFs, 3-Br-C¢F,, and 4-H-
CF, L=pyridine) have been synthesized via C—H activation of
polyfluoroarenes with Ag,0 in pyridine as the solvent."

Reports on C—H arylation of (poly)fluoroarenes have been
reviewed by Doucet,"* and by Budiman, Perutz, Steel, Radius,
and Marder™ C—H bonds of polyfluoroarenes have been
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Scheme 1. Pd/Ag systems involved in C—H arylation of (poly)fluoroarenes.

reported to undergo arylation with electrophiles such as aryl
halides,"*?% or pseusohalides such as, aryl sulfonates,?"
mesylates,”™™ and tosylates,”®™" or sulfides.*” On the other
hand, oxidative C—H arylation of (poly)fluoroarenes with
nucleophilic organometallic reagents is more challenging due
to the possible generation of homocoupling byproducts.
Organometallic reagents that are able to be polyfluoroarylated
include aryl boronates,*"*® germanes,”'? silanes,”'? and sulfinic
acid sodium salts.?'9 C—H arylation of arenes with aryl-B(OH),
was initially reported by Itami et al.?’? in 2008. The reaction is
mediated by a stoichiometric amount of Cu(OCOCF;), and
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CF,CO,H, at 80°C, in air. However, this method is limited to
electron rich arene substrates and 5-membered N-heteroarenes
and, notably, simple substrates such as benzene, and toluene
cannot be employed. In 2009, Su et al.?" reported the Pd/Ag-
catalyzed C—H arylation of polyfluoroarenes with electron-rich
aryl-B(OH), (Scheme 1C). Although fluoroarene bearing 2-5
fluorines could be employed, efficiency was low when difluor-
oarenes were used or when the C—H bond was not flanked by
two ortho-fluorines. However, in addition to the use of 2 equiv.
of silver salts, both bases and acids were also added.
Interestingly, similar conditions to those of Su etal. were



utilized by Shi etal. in 2011, to fluoroarylate aryl C—H bonds;
that process requires the addition of acid (HOAc) and iPr,S, but
showed good scope of both (poly)fluoroarenes and arenes.
However, mono-substituted arenes gave multiple products.
They proposed a mechanism involving initial activation/trans-
metalation of the fluoroarene C—H bond. In 2013, Weng et al.*'®
reported the Pd/Ag-catalyzed C—H arylation of polyfluoroarenes
with nucleophilic aryl-BF;K reagents using N-methylpyrrolidone
(NMP) as the solvent (Scheme 1D). However, the reason under-
lying its selectivity was not investigated and the reaction
required an inert atmosphere. To the best of our knowledge,
DFT calculations to examine the reasons behind the selectivity
of Pd/Ag catalyzed polyfluoroarylations of aryl boronates or
boronic acids as well as the employment of Ar-Bpin compounds
for the C—H arylation of (poly)fluoroarenes have not previously
been reported.

Recently, we reported the generation of the stable complex
[Pd(MeCN),(C4Fs),] via direct C—H activation of CiF;H with a
synergistic combination of Pd(OAc), and Ag,0.*® However, we
also described the palladium-catalyzed homocoupling of
(poly)fluorinated aryl boronates Ar—Bpin, which proceeds
smoothly in a “weakly-coordinating” arene solvent as long as
no ancillary ligands or strongly coordinating solvents are
present. Otherwise, the reaction typically stops at the
[PdL,(Ar;),] stage after two transmetalation steps when more
strongly coordinating solvents or ligands are present. The silver
oxide Ag,O0 likely assists the transmetalation process generating
palladium hydroxides and also re-oxidizes Pd(0) to Pd(ll) after
reductive elimination of the biaryl product to restart the
catalytic cycle. As the reductive elimination from [Pd-
(MeCN),(Ar),] is difficult due to the high barrier when both aryl
rings have two ortho-fluorines, we hypothesized that reductive
elimination might be more facile from a mixed bis(aryl) Pd
complex [PdL,(Ar)(Ar,,)] containing one electron-poor Ar; and
one electron-rich aryl moiety. This would allow the develop-
ment of processes leading to selective formation of hetero-
biaryls containing one fluoroaryl moiety. The advantage of this
strategy is that the possible competitive homocoupling of
arenes containing two ortho-fluorines can be eliminated as long
as the ligands are sufficiently good donors.*®*?

We report herein the synergistic Pd(OAc),/Ag,0 mediated
oxidative C—H arylation of polyfluoroarenes with aryl-Bpin and
experimental and, importantly, theoretical studies of the
reaction mechanism. This reaction is not sensitive towards air or
moisture. We compared the selectivity using aryl-B(OR), (B-
(OR),=B(0OH), and Bpin), noting that the C—H arylation occurs
selectively with the more electron-rich Bpin moiety. The key
issue regarding selectivity was studied via DFT calculations to
gain additional insight into why [Pd(DMF),(Ar)(C¢Fs)] is formed
selectively, thus leading to the desired cross-coupling product.
Importantly, we note that the presence of an electron-rich aryl
ligand on the Pd(ll) intermediate reduces the energy barrier for
the CMD process with C¢F5H.

Results and Discussion

We previously reported that reductive elimination from [Pd-
(L)5(CgF5),] to give C4Fs-CoFs is difficult as the energy barrier is
too high.®¥ This energy barrier can be reduced by employing
very weakly donating/coordinating solvents such as arenes in
the absence of any added ligands. Computations indicated that
coupling reactions carried out in aromatic solvents, which are,
in general, weak ¢ donors and m-acceptors, are feasible, as the
reductive elimination process is exergonic and the overall
barrier for reductive elimination is reduced. The lower barrier
for the reductive elimination process from [(M"™Ar)Pd(C¢Fs),]
intermediates is the result of favorable © back-bonding from
Pd(Arg), to the arene ligand in the transition state and of arene
ligand ring slippage, i.e., the adjustment of the arene ring to
the developing charge in the reductive elimination transition
state.

Thus, to develop a cross-coupling procedure for electron-
poor partially fluorinated arenes with electron rich aryl
boronates Ar-Bpin, the formation of cis-[PdL,(Arg),] has to be
avoided and cis-[PdL,(Arg)(Ar)] has to be formed selectively to
result in the reductive elimination of Ar-Ar.. Widely commer-
cially available aryl pinacol boronates (aryl-Bpin) and boronic
acids (aryl-B(OH),) were chosen as nucleophilic aryl sources.

In the hope that the homocoupling side-product Arc-Arg
would not be generated, we started our investigations using
the same conditions as employed for our fluoroaryl
homocoupling,*¥ but now in the presence of aryl boronates
(Ar-Bpin). The reaction of 0.6 mmol of C,FsH with 0.4 mmol of 4-
MeO—C,H,-Bpin was chosen as a model (Table 1). In the first
screening, 10 mol% of Pd(OAc), was used as the catalyst and
0.6 mmol of Ag,0 as an additive in MeCN as the solvent at
80°C. These standard conditions afforded the arylated product
3a in 64% isolated yield (Table 1, entry 1) and homocoupling
product 2a was detected in yields lower than 30%. Interest-
ingly, the selectivity toward the formation of 3a increased
significantly when DMF was used as the solvent at 100°C, and
3a was isolated in an excellent yield of 93% (entry 2).
Homocoupling was not detected under these conditions by
GCMS. This better performance might be due to the better
ability of DMF to coordinate with silver, thus increasing the
solubility of the silver salt.”” It must be noted that previous
work on Pd/Ag catalyzed C—H arylation of (poly)fluoroarenes
with aryl halides required phosphine ligands to enhance the
reactivity;">'® however, employing [Pd(PPh),] in this reaction
led to very poor yields of the desired product (entry 3). The best
performance was obtained when decreasing the catalyst
loading to 5 mol% (entry 4). It must be noted that this reaction
is quite tolerant to oxygen and moisture as open-air reaction
led to 92% yield (entry5), whereas Weng’s method for the
arylation of (poly)fluoroarenes with aryl-BF;K employs an inert
atmosphere.?" Bases such as CsF were found to generate
(poly)fluorobiphenyls in copper-catalyzed Suzuki-Miyaua cross-
coupling reactions; however, adding CsF to our process led to
poor performance (entry 6). Using another coordinating solvent
such as DMSO decreased the yield to 48% (entry 7). An
excellent yield was also obtained using PdCl, as the catalyst



Table 1. Screening of the reaction conditions for the Pd-catalyzed C—H Arylation of C¢FsH with MeO-C¢H,-Bpin.”!
‘ndaitue
itive
/ Solvent, T
o 18 h
1a 2a 3a
Entry Catalyst Additive Solvent T(°0Q) Yield (%)™
1 Pd(OAC) Ag,0 MeCN 80 64
2 Pd(OAC), Ag,0 DMF 100 93
3 Pd(PPh.), Ag,0 DMF 100 13
4 Pd(OAC), Ag,0 DMF 100 08
5 Pd(OAC),“ Ag,0 DMF 100 92
6 Pd(OAC), Ag,0 -+ CsF® DMF 100 35
7 Pd(OAC), Ag,0 DMSO 100 48
8 Pdcl, Ag,0 DMF 100 92
9 Cu(OAq), Ag,0 DMF 100 0
10 Pd(OAC), AgOAC"” DMF 100 50
1 Pd(OAC), AgNO," DMF 100 40
12 Pd(OAc),“ 0, DMF 100 30
FiGeneral conditions: 1a (0.6 mmol), 2a (0.4 mmol), catalyst (10 mol%), additive (1.5 equiv). ®Isolated yield after column chromatography. 5 mol% of
catalyst. @in air. 2 equiv. of CsF. 3 equiv. of additive.
(entry 8). It must be noted that, under Weng's conditions, atom,”****¥ making Ar—B(OH), more reactive than Ar-Bpin and,

employing PdCl, with as Ar—BF;K led to a poor yield.?" Arylated
product was not observed when using Cu(OAc), as the catalyst
(entry 9). Other types of oxidants such as AgOAc and AgNO;
gave fair yields (entry 10,11), and O, as the oxidant in the
absence of Ag salts led to poor performance (entry 12). We
chose the conditions in air as stated in entry 5 for further
investigations.

Furthermore, we tried to employ aryl boronic acids (Ar—B-
(OH),) as substrates for the C—H arylation of C¢FsH. In general,
the cross-coupling failed when using aryl boronic acids 2/3/4-
H,C—C¢H,-B(OH), and no arylation product was detected
(Scheme 2). In this case, homocoupling prevailed and the
homocoupling product of the electron-rich aryl Ar—Ar (not of
the fluorinated aryl Ar—Ary) was the only product detected.
Thus, the reactivity of organoboron compounds is substantially
influenced by the substituents attached to the boron

F F
F H
Pd(OAc), (5 mol%)
F F AgZO (1.5 equiv)
+

g o
THODY, DMF, 100 °C
. s/ = 18 h, in air
Y / I‘ —
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as a result, double transmetalation of aryl-B(OH), at palladium
was faster than the introduction of the CiFs ring to the Pd
center. Thus, the correct choice of boronate ester is crucial for
this chemistry.

Having determined the optimal conditions for the C—H
arylation, we next investigated the scope of the reactions of
CsFsH with different aryl-Bpin substrates (Scheme 3). Those
bearing electron-donating groups (EDG), such as methoxy and
methyl, at the para-position (3a, 3b) gave excellent yields,
better than phenyl-Bpin (3¢) and the one bearing electron-
withdrawing substituent (3h). The presence of EDG methyl or
dimethyl groups at the meta-positions gave fair to moderate
yields (3d, e), whereas employing a sterically more hindered
substrate such as 2-methyl-phenyl-Bpin was not viable (3f).
Naphthalene derivatives are of great interest in blue organic
light-emitting  diodes  (OLED),*”® thus we employed

Q@o{/

(3,ND) (4, homocoupling products)
R = p-CHj (90%)
m-CHjz (75%)

0-CHj (50%)

Scheme 2. Attempted C—H arylation of C¢FsH with Ar—B(OH), instead of Ar-Bpin analogues.
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Scheme 3. Scope of the Pd-catalyzed C—H arylation of ArF, with Ar-Bpin.”

naphthalene-2-Bpin in our reaction, and 85% of the arylated
product was isolated (3 g).

Furthermore, we varied the number of fluorine atoms on
the fluorinated arene in coupling reactions with aryl-Bpin. While
1,2,/4,5-tetrafluorobenzene has two equivalent C—H bonds,
interestingly, C—H arylation of 1,2,4,5-tetrafluorobenzene with
4-methoxy-phenyl-Bpin and naphthalene-2-Bpin, using 1 equiv.

of Ag,0, led to moderate to good yields of the monocoupling
products (3i, 3j) and no dual arylation products were detected
by GCMS (3ii, 3jj). Notably, C—H arylation of 1,2,4,5-tetrafluor-
obenzene was only observed in trace amounts if the amount of
silver oxide was in excess (1.5 equiv). These conditions cannot
be applied to arenes containing less than 4 fluorine substituents
(Scheme 4).

To explore the mechanism, two step reactions were
conducted in a one-pot process (Scheme 5). First, reacting
CeFsH with Pd(OAc), and Ag,0 in DMF for 18 h at 100°C
resulted in the formation of the complex cis-[Pd(DMF),(C4Fs),]
according to 'F NMR spectroscopy; however, we did not
observe formation of an Ag-C,F; complex (see Figure S1 in the
Supporting Information). Afterwards, phenyl-Bpin was added
and stirring was continued for 18 h. Interestingly, neither cross-
coupling products nor homocoupling of CsFsH or phenyl-Bpin
were observed (Scheme 5). We repeated the reaction with
0.6 mmol of C¢FsH (1a), with 0.2 mmol of Pd(OAc), and
1.2 mmol of Ag,0 in 4 mL of DMF for 15 h at 100°C, and again
obtained cis-[Pd(DMF),(C¢Fs),], indicating that the reaction
stopped after the double CMD steps (Scheme 5 and Figure 1).
Thus, cis-[Pd(DMF),(C¢F:),] is not a viable intermediate in the
cross-coupling reaction. As a consequence, transfer of aryl
groups from both aryl-Bpin and C,FsH must occur to form
[PA(DMF),(Ar)(C4F5)] as an intermediate.

Next, we investigated the role of 1.5 equiv. of Ag,0, with
regard to whether it activates both aryl-Bpin and C¢FsH or only
one of them. When Ag,0 was introduced to p-MeO-C4H,-Bpin in
a wet and air atmosphere or in anhydrous DMF under an inert
atmosphere, at 100°C, for 18 h, without addition of the Pd
catalyst, we observed that under both conditions, the p-MeO-
C¢H,-Bpin remained nearly quantitatively with only traces of p-
MeO—C¢H; being formed by protodeborylation (Scheme 6, and
see FiguresS2 and S3 in the Supporting Information). This
implies that Ag,0 does not cleave the C—B bond of the aryl-
Bpin.

Hartwig reported H/D exchange experiments suggesting
that Ag,0 needs an ancillary phosphine ligand to be able to
cleave a C—H bond ortho to two fluorines whereas, in the

Pd(OAC), (5 mol%)

AgZO (1.5 equiv) Fp

S

\ 7/
DMF, 100 °C
18 h, in air Not Detected
F, = 2.3,6-trifluoro
2,6-difluoro
2,6-bis(trifluoromethyl)
Scheme 4. Attempted C—H arylation of other fluorinated arenes.
Step 1.
E F Pd(OAc), (5 mol%) DMF. C.F Step 2.
Ag,0 (1.5 equiv) N /98 2pn- Bpm
L S 1R O OO
DMF, 100 °C / \C .
F F 18h DMF 65| 100°C, 18 h

la

Nol Dctcctcd Not Detected

Scheme 5. Attempts at sequential Pd-catalyzed C—H arylation divided into two steps.
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Figure 1. Molecular structure of 5a [Pd(DMF),(C¢F),] determined by single-
crystal X-ray diffraction at 100 K. Ellipsoids are drawn at the 50% probability
level, and H atoms are omitted for clarity. Colors: purple (palladium), green
(fluorine), red (oxygen), blue (nitrogen), white (carbon). Pd—C, (CsFs)-
=1.972(4), 1.987(4) A; Pd—0y,,,=2.107(3), 2.118(3) A; Cipo(CeF5)Cipeo(CeFs) -
=2.706(5) A ; CpeyPd—Cipeo =86.21(17)° Oppe—Pd—0,peo = 84.34(11)°;
Cipso—Pd—Oyps0 = 90.60(14)°, 98.78(13)°; / Ar—Ar=102.95(14)°.

/O—@—Bpin

2a (99%)P<]

Ag,0 (1.5 equiv)
o] -@— Bpin o
/ DMF, 100 °C

2a 15h

lEiConditions: 2a (0.2 mmol), Ag,0 (1.5 equiv), in DMF (2 mL), 100 °C, 15 h.
GC yield is reported with mesitylene as an internal standard. P'The reaction
was conducted in anhydrous DMF under an inert atmosphere (see also
Figure S2, in the Supporting Information). “IThe reaction was conducted in
wet DMF in air (see also Figure S3, in Supporting Information).

Scheme 6. Possibility of C—B activation of aryl-Bpin with Ag,0.”

absence of a ligand, Ag,0 failed to cleave the C—H bond."*"

With that in mind, and in the absence of a phosphine ligand,
we reacted C¢FsH with D,O (20 equiv) and Ag,O (0.1 equiv) in
DMF or DMF-d, at 100°C for 18 h and, interestingly, we
observed C,FsD in 87% conversion based on 'F NMR spectro-
scopy (Scheme 7A, and Figures S5-12 in the Supporting In-
formation). Importantly, no hydroxyaryl species were detected
by NMR or GCMS, and no reaction or H/D exchange was
observed in the absence of D,O. Recently, Junk et al. reported
that reaction of Ag,0 with CcFsH in pyridine led to the
formation of [{Ag,(py),(CsFs),}.1"” Following Junk’s procedure,
but using DMF as the solvent instead of pyridine (Scheme 7B),
we did not observe any '°F NMR chemical shifts arising from an
Ag—C4Fs complex (Figure S4 in the Supporting Information).
Similarly, Perutz and Fairlamb reported that a reaction of
[Ag(PPh;)(OAc)] with CFsH and D,O in DMF gave 37%
deuteration."®™ However, they showed that when AgOAc and
PPh; were reacted with C¢FsH and, notably, without D,O,
interestingly, no Ag—CcF; was detected. While we have not
observed any Ag-C¢Fs complex directly (Schemes 7A and 7B),
we cannot completely rule out its presence in extremely low
concentrations or with a very short lifetime, and do not know
exactly what form Ag,0O takes in wet DMF. Clearly, though, it
does catalyze H/D exchange in C¢FsH.

F D20 (20 equiv) F F F F
Ag,0 (0.1 equiv)
—» F

DMF-d5, 100 °C
F 18 h

13:87

19F NMR spectrum of the ortho-F atoms
CsFsD

CeFsH

FF
Ag,0 (1.5 equiv
. {3 g B S e [AG(DMF)(CeFs)]
DMF, 100 °C Not Detected via
F 1a F 18h 19F NMR Spectroscopy

Scheme 7. Possibility of C—H activation of C¢FsH with Ag,0.

We were interested in investigating the selectivity of our
cross-coupling process using density functional theory (DFT) at
the B3LYP/def2-TZVP/vdW-D3BJ/SMD-level of theory (Figure 2).
Previously, several groups have reported the ability of Ag,O to
accelerate the rate of Suzuki-Miyaura coupling.”® DFT computa-
tions and experiments by Korenaga etal®® and Osakada
et al.”*® assumed that the acceleration by Ag,0 in the presence
of moisture results from the replacement of halide ligands on
the Pd(ll) complex to generate hydroxy-palladium species with
higher ability for transmetalation with aryl boronates. Therefore,
we assumed that the good catalytic performance using
combinations of either PdCl, or Pd(OAc), with Ag,0 in wet DMF
solvents is due to the replacement of X ligands to form the
highly reactive Pd complex [Pd(DMF),(OH),]. Thus, our calcu-
lations started with Rxn | from [Pd(DMF),(OH),]. Farina, Hartwig,
and Amatore reported kinetic studies indicating that trans-
metalation occurs at a three-coordinate Pd(ll) complex.”*!
Espinet reported the dissociation of moderately coordinating
solvents such as MeCN,B” or THF®" from [PdL,R,] to form three-
coordinate [PdLR,] during catalytic coupling processes. Thus, in
Rxn |, the formation of a three-coordinate Pd-complex occurs
from [Pd(DMF),(OH),] by dissociating a single molecule of a
moderately coordinating solvent DMF and, subsequently, [Pd-
(DMF)(OH),] interacts with aryl-Bpin to form Intermediate 2 with
a total reaction free energy (AG) of 4.17 kcal/mol.

Afterwards, as the catalytic reaction involves two different
nucleophilic aryls, the question is which aryl moiety trans-
metalates to the Pd(ll) first? DFT computations imply that
transmetalation of [Pd(DMF)(OH),] with aryl-Bpin to form [Pd-



H

?v,.OH
DMF—P4- _/o
L R -
20 Q \ci
d o~ N
N
10 DU TS23 )
omF—pd—on  OMF AG*z4.58 F F
| + 7\
OH Rxn II \ | g o P
417 2 1 ° \ N F & H I F.
5} 3 Q . C .
0 ] g5 N ¥/ TS45
1 L Rxn e 7 AG: =587
=2 B~0 1 3 /4 3]
= c. 10.98 — ,, \
S N ' ! t
— 8-0 Xn |
= , Rxn Il 1 i
= g 051 ) 4 1 0 F g
= X~ W N 1Rxn IV o)
o 12572 Ny
Y4 1 Pd
— _20 O\B oM : . DMF
Q 7 1o i TS67
nd Wl u 5 L8 £
3 I F AG: =15.24
1 N
F L - F £ , 'I \
F ln.c Pd d T < > 1\
-30 : éMF RxnV MF 'l 1
5 0.52 _
! - d RxnviI 7
1 1.63 I:I\MF
i . F FPd
—-40 v
H,0 ~ A
FoF
-50

Figure 2. DFT calculations at the B3LYP/def2-TZVP/vdW—D3BJ/SMD-level of theory for the mechanism of the Pd-catalyzed direct C—H arylation of
polyfluoroarenes with aryl-Bpin in Scheme 8 (for details see the Supporting Information).

(DMF)(Ar)(OH)] and Bpin(OH) (Intermediate 3) in Rxn Il occurs
first. From our simulation, the computed reaction free energy
(AG) and energy barrier (AG*) are —10.98 kcal/mol and
4.58 kcal/mol, respectively. This transmetalation reaction has a
slightly higher reaction free energy than a CMD reaction with
CeFsH (AG=-11.21 kcal/mol), but the energy barrier for the
CMD reaction with CsFsH is much higher than that for the
transmetalation reaction with aryl-Bpin which is 27.38 kcal/mol
(see the Supporting Information). Thus, transmetalation with
aryl-Bpin is favored in the first arylation process over the CMD
reaction with C4FsH.

After [Pd(DMF)(Ar)(OH)] and Bpin(OH) are formed, the
reaction path continues by Rxn lll, i.e., dissociation of Bpin(OH)
and interaction between C¢FsH and [Pd(DMF)(Ar)(OH)] to form
Intermediate 4. The total reaction free energy of Rxn Il is
—0.51 kcal/mol. The reaction is followed by the CMD reaction
between [Pd(DMF)(Ar)(OH)] and CgFsH to form [Pd-
(DMF)(Ar)(C¢Fs)] and H,O (Intermediate 5, see Rxn IV in Figure 2).
According to our DFT calculations, Rxn IV occurs with a AG of
—25.72 kcal/mol and an AG™ of 5.87 kcal/mol. Interestingly, this
CMD reaction has a very low barrier and is more exergonic
compared to the CMD reaction of C,FsH with [Pd(DMF)(OH),]
(27.38 kcal/mol) (vide supra). On the other hand, the trans-
metalation reaction between [Pd(DMF)(Ar)(OH)] and ArBpin has
a higher energy barrier of 18.55 kcal/mol, with a reaction energy
relatively similar to the CMD reaction, which is —26.73 kcal/mol
(see the Supporting Information). Therefore, the first trans-
metalation reaction between [(DMF)Pd(OH),] and aryl-Bpin

contributes to decreasing both the reaction free energy and,
especially, the energy barrier, as an electron-rich Ar moiety on
Pd helps to activate the electron-poor, CF H.5?

Once [Pd(DMF)(Ar)(C4Fs)] has been formed, reductive elimi-
nation gives Ar-C,Fs and Pd(0)-DMF, as shown in Rxn VI
(Figure 2), with a reaction free energy and energy barrier of
1.63 kcal/mol and 15.24 kcal/mol, respectively. Notably, it has
been reported that the highest rate of reductive elimination of
Ar—Ar’ from [PdL,(Ar)(Ar)] occurs when an electron-rich and an
electron-poor aryl group are involved.”*? Those factors may
also influence the selectivity of this Pd-catalyzed C—H arylation
of polyfluoroarenes.

Based on DFT calculations, experimental, and literature
studies, we propose the mechanism for the arylation of C.FsH
with aryl-Bpin depicted in Scheme 8. First, in the presence of a
trace amount of moisture in DMF as the coordinating solvent,
Ag,0 assists the generation of hydroxy palladium (A),*® which
is more reactive for transmetalation with aryl-Bpin to give
[Pd"(DMF),(Ar)(OH)] (B). This is followed by a CMD process with
CeFsH to transfer of CFs to Pd to give intermediate [Pd'-
(DMF),(Ar)(C4Fs)1 (C). Following reductive elimination of the
biaryl product from C, Ag,O oxidizes [(DMF),Pd’] (D) to
regenerate the catalytically active Pd(ll) complex (A). Impor-
tantly, the barrier for the reaction of [Pd°(DMF),(OH),] with
CeFsH is high, as reaction of two molecules of C,F;H to give
[Pd"(DMF),(C4F),] (E) would stop the catalytic cycle.
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Scheme 8. Proposed mechanism for the Pd-catalyzed direct C—H arylation of polyfluoroarenes with aryl-Bpin.

Conclusions

In summary, we report the synergistic combination of Pd(OAc),
with Ag,0 to mediate the C—H arylation of (poly)fluoroarenes
with aryl-Bpin. This reaction can be conducted in air, in contrast
to that reported by Weng etal. for the C—H arylation of
polyfluoroarenes with aryl-BF;K, in which the reaction was
carried out under an inert atmosphere. Ar—Ar homocoupling
dominates over Ar—Ar; cross-coupling using Ar—B(OH), in place
of Ar-Bpin, possibly due to the higher Lewis acidity of the boron
moiety in the former, leading to faster transmetalation of
Ar—B(OH), with [Pd(DMF)(Ar)(OH)]. Our experiments reveal that
C—B bond activation of aryl-Bpin by silver(l) did not occur. On
the other hand, even though H/D exchange of C¢FsH in the
presence of Ag,0 occurred to give C¢FsD, we did not observe
the formation of any Ag—CiF; complex via NMR spectroscopy.
Thus, C—H activation of CsFsH directly by a Pd(ll) complex was
calculated using DFT. These DFT calculations predict that
transmetalation of the Pd(ll) complex with aryl-Bpin occurrs first
and, interestingly, reduces the energy barrier for the CMD
process between the [Pd(Ar,,)(OH)] complex and C.FsH. It must
be noted that in the presence and/or with the assistance of
Ag,0O, transfer of 2 equiv. of C.F; to Pd(ll) leading to the
formation of [PdL,(C¢Fs),], must not occur under our catalytic
conditions as it would cause the reaction to stop. Thus, the
reaction must selectively generate the [Pd(Arg)(Ar)] intermedi-
ate. Therefore, the reductive elimination product, Ar-CgFs is
generated selectively. Additional applications of Pd/Ag systems
for C—H functionalizations are being explored in our laboratory.

Crystallographic Details

Crystal data collection and processing parameters are given in
the Supporting Information. CCDC-2327275 (5a) contains the
supplementary crystallographic data for this paper. These data

are provided free of charge by The Cambridge Crystallographic
Data Centre.
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