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ABSTRACT
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40-100°C, 15-24 h

A new Pd-catalyzed reaction for the coupling between perfluoroalkyl iodides (Rel) and simple aromatic substrates is described. The
perfluoroalkylated arene products are obtained in good to excellent yields in the presence of a phosphine-ligated Pd catalyst and Cs,CO; as
a base. The development, optimization, scope, and preliminary mechanistic studies of these transformations are reported.

The introduction of fluorine-containing functional groups
can drastically change both the biological and physical
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properties of organic molecules.! In particular, trifluoro-
methyl and perfluoroalkyl (Rf) substituents are important
structural features of many commercial agrochemicals,
pharmaceuticals, and materials.” There are numerous meth-
ods for the construction of alkyl—Rg bonds.>* In contrast,
the generation of aryl— Ry linkages (particularly aryl—CF3)
remains synthetically challenging,>® particularly via tran-
sition metal catalysis.®®?~'> Several recent reports have
demonstrated Cu- or Pd-catalyzed reactions for the trifluoro-
methylation of C—H bonds and/or aryl halides using, for
example, [(S-trifluoromethyl)dibenzothiophene][BF,] (1),
TESCF; (2),!' and TMSCF; (3)'** as CF5 sources. While
these transformations represent very exciting advances, they
are limited by the high cost of the reagents,'* the requirement
for forcing reaction conditions, and/or have a modest sub-
strate scope.gf12
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We aimed to develop a mild Pd-catalyzed method for the
perfluoroalkylation of simple arenes. In addition, our goal
was to utilize relatively inexpensive perfluoroalkyl iodides as
Ry precursors.**!* We report herein that a variety of
aromatic substrates undergo facile perfluoroalkylation with
Ryl in the presence of a Pd° catalyst, a phosphine ligand, and
a base. The development, optimization, scope, site-selectivity,
and mechanism of this transformation are discussed herein.

Initial studies focused on the Pd-catalyzed C—H perfluoro-
alkylation of benzene with CF5I (Table 1).*'> We noted
that aryl iodides can participate in Pd(OAc),/PCy;-catalyzed
C—C coupling reactions with simple arenes.'®!” Fagnou and
co-workers have proposed that these transformations pro-
ceed via a Pd”™ mechanism initiated by oxidative addition of
the aryl iodide to Pd”'® Since perfluoroalkyl iodides are
known to undergo related oxidative addition reactions at Pd’
centers,'® we reasoned that a similar transformation might be
feasible with these substrates. To test this possibility, we first
examined the coupling of CgF 31 with benzene under Fag-
nou’s conditions for Arl/arene coupling (10 mol % of Pd-
(OAC),/20 mol % phosphine and 2 equiv of K,CO3). We
initially selected BrettPhos as our phosphine ligand, since it is
known to facilitate Aryl—CF5 bond-forming reductive elim-
ination from Pd" centers.!' We were pleased to find that this
reaction provided 9% yield of the desired C—H perfluoro-
alkylation product 4 (Table 1, entry 1)."

The C—H perfluoroalkylation reaction was optimized
with respect to Pd precursor, phosphine ligand, and base.
As shown in Table 1, Pd,dbas provided significantly higher
yield than Pd(OAc), (entries 2 and 1, respectively). An
evaluation of different phosphines revealed that BINAP
was the optimal ligand examined, and the combination of
10 mol % of BINAP and 5 mol % of Pd,dbas provided 57%
yield of 4 under an N, atmosphere (entry 7). Interestingly,
when the analogous transformation was conducted in air,
only 2% yield of 4 was detected (entry 8). Under these
conditions, *'P NMR spectroscopic analysis showed the
formation of significant quantities of phosphine oxide. Thus,
we reasoned that the use of an excess of BINAP relative to Pd
might provide improved results by maintaining ligated Pd
species throughout the reaction. Indeed, a 2:1 ratio of
BINAP/Pd afforded significantly higher yields, without the
need to exclude O, (entry 9). Carbonate salts were the best
bases of this reaction, with Cs,COs proving optimal (entry 10).
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This effect may be due to the higher solubility of Cs,CO3
compared to other alkali metal carbonates.® The final
optimized conditions (5 mol % of Pd,dbas;, 20 mol % of
BINAP, 2 equiv of Cs,COj5 at 80 °C for 15 h), provided
perfluoroalkylated product 4 in 81% yield (entry 10).

Table 1. Optimization of Perfluoroalkylation Reaction”

5 mol % Pd,dbay

© + CoFy phosphine CeF13
2 equiv base
80°C,15h 4)

entry phosphine base yield (%)°
1 20 mol % BrettPhos K,CO4 9o
2 20 mol % BrettPhos K5CO;4 387
3 20 mol % RuPhos K,CO;4 134
4 20 mol % PPhy KyCO4 247
5 10 mol % dppf K,CO,4 474
6 20 mol % P'Bug K,CO4 234
7 10 mol % BINAP K5CO;4 574
8 10 mol % BINAP K5CO4 2
9 20 mol % BINAP K5CO4 67
10 20 mol % BINAP Cs,CO3 81

! OMe
MeO’ PCy, O

PCy,

| |

Pr O Pr iPro ] oPr
Pr

BrettPhos RuPhos

“General conditions: CgF131 (1 equiv), Pd,dbas (5 mol %), base (2
equiv) in C¢Hg at 80 °C for 15 h. ® Yields determined by GC analysis.
“Pd(OAc), (10 mol %). “Under N,.

The scope of this transformation was evaluated using a
variety of different aromatic substrates (Table 2). A longer
chain perfluoroalkyl iodide (CioF,;I) was used to facilitate
isolation of the products. Arenes containing electron-donat-
ing methyl and alkoxy substituents generally reacted to
provide perfluoroalkylated products in good to excellent
yields (entries 2—8). In substrates containing benzylic C—H
sites, these transformations were highly selective for function-
alization on the aromatic ring. In general, significantly lower
reactivity was observed with aromatic substrates containing
electron withdrawing substituents; however, 1,2-dichloro-
benzene did undergo perfluoroalkylation in modest yield
(entry 10). In addition, N-methylpyrrole afforded the 2-per-
fluoroalkylated product 15 as a single detectable isomer
(entry 11).

The site selectivity of these transformations was
dictated by the substitution patterns on the aromatic
substrate. All of the 1,2-disubstituted arenes afforded
high selectivity for functionalization at the 4-position.
The 1,3-substituted substrates underwent preferential
functionalization at the 4-position, which is the kineti-
cally preferred site for electrophilic substitution.?' Si-
milarly, naphthalene perfluoroalkylation proceeded
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Table 2. Substrate Scope of Pd-Catalyzed Perfluoroalkylation

5 mol % Pdydbag

S 20 mol % BINAP - CroF2
R7— +  Cyofpl —————» R
] H 1
P 2 equiv Cs,CO3 P>
15-24 h

NMR yield (%)@ isomer
(isolated yield) _ratiol®!

entry substrate major product

10F21
1 © ©/ 79 (60)
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2 Kj :©/ 79 (76) >20:1
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“NMR yields obtained by '’F NMR analysis of the crude reaction
mixtures. ” Selectivity determined by '’F NMR analysis of the crude
reacion mixture. ¢ Selectivity determined from isolated product.

85@@

76 (34) 4.0:1

Q

o

1"

<
zZ
S [

with modest selectivity for the kinetically preferred
o.-position.

There are several potential mechanisms for these reactions.
One possibility is similar to that proposed by Fagnou for
Pd-catalyzed C—H arylation with aryl iodides. This mech-
anism would involve: (i) oxidative addition of RgI to Pd° to
generate Pd" intermediate A, (ii) arene activation at A to form
the diorgano Pd" species B, and (iii) C—C bond-form-
ing reductive elimination to release the product and regene-
rate the Pd° catalyst (Scheme 1). Notably, each step of this
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Zhao, C.-X; Qiu, Z.-M. J. Chem. Soc., Perkin Trans. 1 1988, 563. (e)
Rossi, R. A. Tetrahedron Lett. 2006, 47, 3511. (f) Uberman, P. M.;
Lanteri, M. N.; Martin, S. E. Organometallics 2009, 28, 6927.
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catalytic cycle has precedent in the literature for related
systems;™!' 11722 however, step iii is known to be challenging
at most phosphine Pd"(Aryl)(CF;) intermediates.®'"*

Scheme 1. C—H Activation Mechanism

0] (if) (i)

R ~Re Ph-H R
[LPdY] ——» [LnPd”]\lF T [LnPd”],P; —1—> Ph-Re¢
4 *) ®)

An alternative mechanistic possibility would involve Pd/
phosphine/base-promoted generation of free perfluoroalkyl
radicals (Rpe) that could react directly with the aromatic
substrates. Such transformations also have precedent in the
literature, but typically occur under quite different reaction
conditions and proceed with different selectivity than the
current transformations.*’ For example, free radical per-
fluoroalkylation of veratrol via the oxidation of sodium
perfluoroalkanesulfinates with Mn(OAc),-H»O affords a
1:1 ratio of regioisomeric products.** In contrast, this
Pd-catalyzed reaction affords >20:1 selectivity (Table 2,
entry 2). Caged and/or “Pd-associated” radical interme-
diates are a final mechanistic possibility.

Table 3. Effect of Additives on Pd-Catalyzed Perfluoroalkyla-
tion of Benzene

© + CGF13|

5 mol % Pd,dbas
20 mol % BINAP
ADDITIVE

B
2 equiv Cs,CO;

©/CGF13

80°C,15h
entry additive yield
1 none (ambient light) 81%
2 none (dark) 87%
3 10 mol % AIBN 71%
4 1 equiv BHT 74%
5 20 mol % hydroquinone 76%
6 20 mol % 1,4-dinitrobenzene 73%

Experimental studies showed that the yield of Pd-cata-
lyzed benzene perfluoroalkylation is identical in the pre-
sence and absence of ambient light (Table 3, entries 1 and 2).
Furthermore, the addition of azobisisobutyronitrile
(AIBN) (a radical initiator), butylhydroxytoluene (BHT)
or hydroquinone (radical inhibitors), and 1,4-dinitroben-
zene (an ET scavenger)’® all had negligible impact on the
yield of this reaction (entries 3—6). This latter result is in
particular contrast to Ni’-catalyzed free radical addi-
tions of perfluoroalkyl halides to olefins, which were
dramatically inhibited by 1,4-dinitrobenzene.”®?’
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creased the yield from 90 to 0%. See ref 9b.
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These preliminary studies suggest against a purely free
radical pathway, and implicate the formation of either caged
radical or organometallic intermediates. Further details of
the mechanism are the subject of ongoing investigations.

The most synthetically valuable perfluoroalkyl group to
introduce is CF;,> and we have conducted preliminary
studies to establish the viability of arene trifluoromethyla-
tion with the Pd,dba;/BINAP catalyst system. Under our
standard conditions benzene reacts with CF;I to afford
trifluorotoluene (16) in 26% yield as determined by gas
chromatography (eq 1). This result provides promising
precedent for the viability of Pd-catalyzed trifluoromethy-
lation with CF;l. The scope of this trifluoromethylation
reaction is currently under investigation.

20 mol % BINAP

CF3
© + CFjl (1)
2 equiv Cs,C03

100°C,15h (26%)
(16)

5 mol % Pd,dba,
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In conclusion, this communication describes Pd-cata-
lyzed coupling of perfluoroalkyl iodides with simple are-
nes. Preliminary mechanistic investigations suggest that
the reaction is not proceeding via free perfluoroalkyl radicals.
The optimized conditions for C—H perfluoroalkylation
were also effective for C—H trifluoromethylation. Ongoing
studies are focused on probing both the mechanism and
scope of this transformation in more detail.
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