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Pd-catalyzed decarboxylative cross coupling of potassium polyfluorobenzoates with aryl bromides, chlorides, and triflates is achieved by
using diglyme as the solvent. The reaction is useful for synthesis of polyfluorobiaryls from readily accessible and nonvolatile polyfluorobenzoate
salts. Unlike the Cu-catalyzed decarboxylation cross coupling where oxidative addition is the rate-limiting step, in the Pd-catalyzed version

decarboxylation is the rate-limiting step.

Transition-metal-catalyzed decarboxylative coupling reac-
tions using carboxylic acids as aryl sources have unique
advantages. They do not use expensive and/or sensitive
organometallic reagents and generate CO, without producing
toxic metal halides. Goossen et a. showed that through a
Pd/Cu bimetallic catalysis they could accomplish decarboxy-
lative coupling of certain benzoic acids and a-oxo carboxy-
lates with aryl halides and triflates.? Myers,® Forgione,* and
other groups® found that Pd could catalyze the decarboxy-
lative cross coupling of some carboxylic acids with olefins
and aryl iodides or bromides. Other recent studies by Tunge,
Li, Miura, Chruma, and other groups also highlighted the
synthetic utility of related decarboxylative reactions.®
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We recently found that some Cu-only catalysts could
catalyze the decarboxylative coupling of potassium poly-
fluorobenzoates with aryl iodides and bromides.” Here we
report that certain Pd-only systems can a so catalyze the same
decarboxylative cross couplings, but importantly, with aryl
bromides, chlorides, and even triflates. Like the Cu-catalyzed
versions,” the new Pd-catalyzed reactions can replace the
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use of expensive but often less reactive® fluorobenzene
organometallics in the synthesis of polyfluorobiaryls useful
to material® and medicinal ™ sciences. The new reactions aso
provide a practical method complementary to Fagnou’ s™ and
Daugulis s' fluorobiaryl synthesis through direct C—H
arylation of polyfluoroarene. Furthermore, through compu-
tational analysis we show that the Pd-catalyzed decarboxy-
lative cross coupling has a major mechanistic difference as
compared to the Cu-catalyzed versions.

Our work started with the decarboxylative coupling of
potassium pentafl uorobenzoate with aryl chlorides. Note that
there were two literature examples®®? for Pd-catalyzed
decarboxylative coupling of pentafluorobenzoic acid with
4-iodoanisole. Through tests (Table 1) it is found that in
many solvents (entries 1—4) the desired coupling reaction
does not proceed well. Only when diglyme is used as the
solvent (entry 5), the reaction takes place readily (yield =
88%) with asimple ligand (PCys). The use of more popular
Ar—Cl activation ligands such as 'BugP, S-Phos, and Dave-
Phos™® does not produce a higher yield (entries 6—9),
whereas the use of other Pd salts (entries 10—12) gives good
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results comparable to that of Pd(OAc),. Decrease of the Pd
loading to 1 mol % (entry 13) affords a slightly lower yield
of 86%. Moreover, the same catalyst system can aso be
applied to o-tolylbromide (entry 14). It is interesting that a
less electron-rich ligand (i.e., P(0-Tol)s) is more effective
for o-tolylbromide than PCy; (entry 15).

Table 1. Pd-Catalyzed Decarboxylative Cross Coupling of
Potassium Pentafluorobenzoate with o-Tolylhalide®

F F
oK e i X W S + KX + CO,4
F F ~130°C,24h ||
1.5 equiv 1fequty ;
entry X Pd source ligand solvent yield %°
1 Cl Pd(OAc), P(Cy)s NMP trace
2 Cl Pd(OAc), P(Cy)s DMA trace
3 Cl Pd(OAc) P(Cy)s DMF 11
4 Cl Pd(OAc), P(Cy)s Mesitylene n.r.
5 Cl Pd(OAc), P(Cy)s diglyme 88
6 Cl Pd(OAc) P(t-Bu)s diglyme 79
7 Cl Pd(OAc), S-Phos diglyme 85
8 Cl Pd(OAc), Dave-Phos diglyme 28
9 Cl Pd(OAc), JohnPhos diglyme 15
10 Cl Pd, (dba)s P(Cy)s diglyme 84
11 Cl Pd(TFA), P(Cy)s diglyme 85

12 Cl Pd(MeCN),Cl, P(Cy)s diglyme 73

13 Cl Pd(OAc), P(Cy)s diglyme 86
14 Br Pd(OAc), P(Cy)s diglyme 87
15 Br Pd(OAc), P(o-Tol)s diglyme 91

2 All the reactions were carried out at 0.25 mmol scale in 0.5 mL of
solvent. ® GC yields using bipheny! as the internal standard. ¢ 1 mol % of
Pd(OAc), and 2 mol % of ligand were used.

Extending the model reaction to a variety of substrates
showed that both electron-rich and electron-poor aryl bro-
mides and chlorides can be successfully converted tolerating
a range of functional groups (Table 2). In several cases
(entries 1, 4, and 15), aryl triflates (but not aryl tosylates,
see entry 13) can aso be successfully converted. Ortho-
substitution can be tolerated in the transformation (entries
3, 5, 7, and 8). In addition, some heteroaryl bromides and
chlorides can be used to produce the corresponding poly-
fluorobiaryls (entries 21 and 22).

The scope of the reaction with respect to fluoroarene is
shown in Table 3, where a higher loading of Pd catalyst is
required. Under the optimized conditions, potassium monof-
luorobenzoate cannot be efficiently converted, unless an
ortho-Cl or ortho-CF; group is added (entries 1—3). Once
two ortho-F atoms are added, decarboxylative coupling of
potassium bisfluorobenzoate can proceed smoothly with both
4-methoxyphenyl bromide and chloride (entries 4—7). Simi-
lar reactions are aso observed with tri- and tetrafluoroben-
zoates carrying two ortho-F atoms (entries 9—12), but not
with a trifluorobenzoate carrying a single ortho-F (entry 8).
Notethat in entries 9 and 10 some di- or triarylated byproduct
are observed. For entry 9, the yields for mono-, di-, and
triarylated products are 14%, 21%, and 49%, respectively.
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For entry 10, the yields for mono- and diarylated products
are 31% and 58%. Thus, the direct arylation of acidic C—H
bonds of polyfluoroarenes*™? is a side reaction in Pd-
catalyzed decarboxylative coupling of polyfluorobenzoates.

Table 2. Pd-Catalyzed Decarboxylative Cross Coupling of
CsFsCOOK with Aryl Bromides, Chlorides, and Triflates®

R F 1-2mol % Pd(OAc), F,  F
o] 2-4 mol % PCy,
F + Arx _OPlotoy | f Ar + COy + KX
OK 130°C, 24 h

F F (X=CI, Br, OTf)  diglyme £ £
1.2-1.5 equiv 1.0 equiv
entry substrate yield”ientry substrate yield®

cl o1 X
1 @—x Br 89 |12 \©\ cl 86
OoTf 76 F

» Br 06 1. Br 88
X TsO

O cl 92 O X o e
. Cl 84 P

3 14 )—@—x Br 93
Br 86 d

oTf 79 | 3 OTf 89
i iy T B
Cl 85! Br 97
X E
5 @:/ Cl 9416 XQCFS cl 83
Me ; N
6 {; cl 9 |17 _d cl 99
X [ X
¢ |

Br 81

8 Q”‘ cl 83
CN
&
g9 8 Xx Br 93
- Cl 89
"“@“x Br 84 N
X S 2-Cl 75
11 Br 87 ! 22 by
\C[Z) J [?Kx 3Cl 52
2 All the reactions were carried out at 0.25 mmol scale in 0.5 mL of

diglyme. For more details, see the Supporting Information. ® Isolated yields
were calculated based on the quantity of aryl halide.

18 x No, ClI 97

19 x—@—cn cl o8
20 Etozc@x Cl 85
-

3-Br 81

21 l # 2-Br trace

To understand the mechanism of the Pd-catalyzed decar-
boxylative cross coupling, we carried out DFT calculations
(Figure 1).** Through the analysis, we first concluded that
itisPd(I1), but not Pd(0), that promotes the decarboxylation
of the carboxylic acid. Accordingly, we proposed that in a
catalytic cycle a monocoordinated Pd(0) complex first
activates the aryl halide.*>'° When PMe; is used as a model
ligand, the Pd(0) complex forms a complex with PhCl (IN1),
which undergoes oxidative addition through T S1 to produce
aPd(I) intermediate (IN2). The energy barrier for oxidative
addition is +14.5 kcal/mol. N2 then exchanges the anionic

(14) For the previous theoretical analysis on the related subject, see:
(a) Goossen, L. J.; Thiel, W. R.; Rodriguez, N.; Linder, C.; Melzer, B.
Adv. Synth. Catal. 2007, 349, 2241. (b) Zhang, S-L.; Fu, Y.; Shang, R.;
Guo, Q.-X.; Liu, L. J. Am. Chem. Soc. 2010, 132, 638.
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ligand to form IN3 and its coordination isomer |N4. Note
that the barrier between IN3 and IN4 is only +16.8 kcal/
mol meaning that they can readily isomerize to each other.
From IN4, the decarboxylation transition state (TS3) is
indentified as a four-coordinate Pd(l1) species. From IN3 to
TS3, the free energy increases by +24.0 kcal/mol, and
therefore, decarboxylation is the rate-limiting step. The
immediate product of decarboxylation is a three-coordinate
Pd(11) complex (IN5), which undergoes reductive elimination
readily to form the biaryl product through TS4 with a low
barrier of +11.7 kcal/mol.

Table 3. Pd-Catalyzed Decarboxylative Cross Coupling of
Various Potassium Polyfluorobenzoates®
KOSt

4 mol % Pd(OAc);
8 mol % PCy;, or P(o-Tol)y

F v
s
/ ‘OMe 140-160°C,24 h

(X=Cl, Br) e *+C0 + KX
1.2-1.5 equiv 1.0 equiv
entry product yield“ientry product yield"
; F
E Ar
1 At Cl trace: 7 Br 73
F
cl
F Ar
2 @:’” Br 68! 8 FJ@F Cl trace
Cl E
] co @ % i
3 9 /@:’ el 14
pr, o W F F
F
F Cl 85

4 C[Ar
Br 82
F

F Ar
10° cl 3t
F
F
F
cl 9 . W Cl 89
5 ,C[Ar 11
i . Br 92 T F Br 96
3 F
F Ar
12 cl 85
HaN F
F

2 All the reactions were carried out at 0.25 mmol scale in 0.5 mL of
diglyme. For more details, see the Supporting Information. ° Isolated yields
were calculated based on the quantity of aryl halide. © Di- and triarylations
were observed.

The above results reveal a major difference between Cu-
and Pd-catalyzed decarboxylative couplings. In Cu-catalyzed

(15) Oxideative addition is not arate-limiting step in the decarboxylative
cross coupling because a mechanistic related Pd-catalyzed cross coupling
reaction (e.g. Suzuki coupling) does not require a high temperature to
proceed. Therefore, we do not discuss the detailed mechanism of the
oxidative addition step, which may be complicated by many factors. For
oxidative addition of an aryl halide to monoligated Pd(0), see: (a) Ahlquist,
M.; Fristrup, P.; Tanner, D.; Norrby, P.-O. Organometallics 2006, 26, 2066.
(b) Li, Z.; Fu, Y.; Guo, Q.-X.; Liu, L. Organometallics 2008, 27, 4043.

(16) For oxidative addition to an anionic Pd(0) species, see: (a) Amatore,
C.; Jutand, A.; Suarez, A. J. Am. Chem. Soc. 1993, 115, 9531. (b) Amatore,
C.; Jutand, A. Acc. Chem. Res. 2000, 33, 314.
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Figure 1. Proposed mechanism for Pd-catalyzed decarboxylative cross-coupling.

versions, the rate-limiting step is oxidative addition of the
Cu(l) intermediate to aryl halide® This conclusion is
consistent with the observation that aryl chlorides cannot be
converted by the Cu catalyst. By comparison, in Pd-catalyzed
versions the rate-limiting step should be decarboxylation. To
support this mechanistic proposal, we compared the Pd-
catalyzed decarboxylative couplings of potassium 2,6-
difluorobenzoate with 4-methoxyphenyl bromide and chloride
(Scheme 1). For the bromide, the more electron-rich ligand
(PCy,) affords a worse result due to the side reaction,
whereas the less electron-rich ligand P(o-Tol); does not show

Scheme 1. Effects of the Ligands on the Cross Coupling

X F =~_~0
4 mol % Pd(OAc), = &
o) -2mol%ligand, g Sl
N L Diglyme Skt i o

2 T 160%, 240 s ~ A

O~ 9
1.5 equi .
SR (X=Cl, Br) X =Br, ligand = P(o-Tol)y, 1(82%]), 2 (trace)

1.0 equiv X = Br, ligand = P(Cy)s, 1(40%), 1:2=4.8:1
X =Cl, ligand =P(Cy)s,  1(85%), 2 (trace)

this problem. The explanation is presumably that the more
electron-rich ligand causes a faster oxidative addition and
therefore produces the aryl-Pd(I1) intermediate too rapidly
to be effectively consumed by the benzoate. On the other
hand, for the aryl chloride that will undergo oxidative
addition less rapidly, the use of the PCy; ligand does not
cause much side reaction. Thus, a good balance between the
decarboxylation and oxidative addition steps is critical to
the success of decarboxylative cross couplings. One method
to control the balance was to use a bimetallic catalyst (e.g.,
Pd for oxidative addition and Cu for decarboxylation).> We
showed here that under some circumstances a strategic
change of ligand can also control the balance.

Org. Lett, Vol. 12, No. 5, 2010

Note that the ligand effects can be used for selective
decarboxylative cross couplings. A good example is shown
in Scheme 2, where two different polyfluorophenyl groups
are sequentially coupled to an aryl halide.

Scheme 2. Selective Decarboxylative Cross Couplings

cl
cl 4 mol % Pd(OAG), £ @
COOK /@’ 8 mol % P(o-Tol)s
+ —_—
o, SO EERE,

160°C, 24 h o F

R COOK
— M
' -
4 mol % Pd(OAc),

8 mol % P(Cy)s
diglyme, 140 °C, 24 h

In summary, we report Pd-catalyzed decarboxylative cross
coupling of potassium polyfluorobenzoates with aryl bro-
mides, chlorides, and triflates. The reaction is practical for
synthesis of polyfluorobiaryls from readily accessible and
nonvolatile polyfluorobenzoate salts. Unlike the Cu-catalyzed
decarboxylation cross coupling where oxidative addition is
the rate-limiting step, in the Pd-catalyzed version decar-
boxylation is the rate-limiting step.
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