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Palladium-catalyzed direct pB-arylation of ketones
with diaryliodonium salts: a stoichiometric heavy
metal-free and user-friendly approacht

Zhongxing Huang, Quynh P. Sam and Guangbin Dong*

We herein report a new protocol for the Pd-catalyzed B-arylation of ketones without stoichiometric heavy
metals. Widely accessible diaryliodonium salts are used as both the oxidant and aryl source. This tandem
redox catalysis merges ketone dehydrogenation and conjugate addition without an additional oxidant or
reductant. This transformation features the use of a unique bis-N-tosylsulfilimine ligand and the
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combination of potassium trifluoroacetate/trifluoroacetic acid to maintain an appropriate acidity of the

reaction medium. The reaction tolerates both air and moisture, and shows a broad substrate scope.

DOI: 10.1039/c5sc01636¢

www.rsc.org/chemicalscience nanoparticles in the catalysis.

Introduction

The transformation and functionalization of carbonyl
compounds are of fundamental importance in organic
synthesis. While conventional approaches mainly involve the
electrophilic ipso carbon and acidic a-C-H bond of carbonyl
compounds, recent advances have moved beyond the intrinsic
reactivity allowing functionalization of the unactivated B-C-H
bonds.* Among all of these B-functionalization methods, ary-
lation reactions have received particular attention due to the
prevalence of B-aryl carbonyl moieties in a large collection of
bioactive compounds, including drug candidates, anti-oxidants
and pesticides (Fig. 1).

Traditionally, B-aryl carbonyl compounds are prepared via
conjugate addition of aryl nucleophiles to a,B-unsaturated
carbonyl compounds.® During the past decade, several B-aryla-
tion strategies that can directly employ saturated carbonyl
compounds have emerged. The palladium-catalyzed direct B-
arylation of amides was first achieved with a bidentate directing
auxiliary.® This strategy was pioneered by Daugulis,** Corey*”
and Chen,* and further extended with the use of iron and
nickel catalysts.® Yu and coworkers also reported successful -
arylation reactions of weakly coordinating carboxylic acids and
N-aryl amides.® The B-arylation of esters via a migratory
coupling pathway was first discovered by Hartwig,” and later
systematically developed by Baudoin and coworkers.””* The f'-
arylation of 1,3-dicarbonyl compounds has also been reported
using palladium catalysis, albeit with limited substrate scope.®
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Kinetics studies, along with filtration and poisoning tests, support the involvement of palladium

While carboxylic acid derivatives have been extensively
studied as substrates, the direct B-arylation of normal ketones,
in contrast, remained an unknown transformation until 2013.
Combining photo-redox and enamine catalysis, MacMillan
and coworkers disclosed a novel B-arylation of cyclic ketones
with electron-deficient arylnitriles (ArCN) as the aryl source
(Scheme 1, eqn (1)).° In the same year, our group devised a
palladium tandem catalysis protocol to achieve B-arylation of
ketones with aryl iodides (eqn (2)).'* This approach merged
palladium-catalyzed ketone dehydrogenation,'* aryl-halogen
bond activation, and conjugate addition®** (Scheme 2, catalytic
cycle AB'C'D).

However, three major limitations exist with our previous
method. Firstly, to extract the halide ligand from the palla-
dium intermediate and restore the active dicarboxylate cata-
lyst (PdL,Y,, Scheme 2), a stoichiometric amount of silver salt
was required (step C’). Besides the cost and environmental
issues, the addition of silver salts also complicates the reaction
mechanism due to the possibility of serving as a potential
oxidant for the Pd(0) species.'? Secondly, the practicality of the
reaction conditions is hampered by the use of the air-sensitive
P(i-Pr); ligand, which necessitates air-free operations and
highly purified reagents. Thirdly, a- or B-substituted cyclic
substrates were found to be unreactive under the previously
reported conditions. To address the aforementioned chal-
lenges, we herein describe the detailed development and
mechanistic exploration of an alternative approach for p-ary-
lation of simple ketones, in which a Pd(OAc),/bis-N-tosylsul-
filimine combination is used as the precatalyst and
diaryliodonium salts are employed as the arylation reagent
(Scheme 1, eqn (3)). This new method is free of stoichiometric
heavy metals; moreover, it tolerates both air and water, and shows
a broader substrate scope.
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Scheme 1 Direct B-arylation of ketones.

would hold a key advantage for the B-arylation reaction, because
during the oxidation step the diaryliodonium salts would
transfer an aryl and non-halide anionic ligand to the palladium
center (Scheme 2, step B). Thus, stoichiometric halide scaven-

Results and discussion
Research hypothesis

Due to their good benchtop stability, low toxicity and easy

accessibility from various aromatic compounds,”® diary- gers (e.g. silver salts) would not be necessary to regenerate the

liodonium salts have been widely applied in cross-coupling and
C-H arylation reactions as an important aryl source.*'* We
envisioned that replacing aryl iodides with diaryliodonium salts

5492 | Chem. Sci., 2015, 6, 5491-5498

active palladium catalyst (catalytic cycle ABCD). Also, due to the
enhanced reactivity of diaryliodonium salts, the use of tri-
alkylphosphines could be avoided, and inert substrates might
participate in the reaction.

This journal is © The Royal Society of Chemistry 2015
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Scheme 2 Proposed strategies for the B-arylation of ketones.

Optimization studies

We initiated our study by using cyclohexanone 1a and mesityl-
phenyliodonium triflate 2a as the standard substrates. The
mesitylaryliodonium salt was chosen for two reasons. Firstly,
the use of bulky mesityl as one of the aryl groups is known to
alleviate chemoselectivity issues, since the less sterically
hindered aryl group would be transferred preferably.’¥
Secondly, iodomesitylene, a byproduct after the oxidative
addition (Scheme 2, step B), would barely interfere with the
reaction, e.g. competitive reaction with the Pd(0) intermediate,
also due to its steric hindrance.

After a thorough survey of the reaction parameters (e.g. catalyst,
ligand, additive and solvent), the coupling between cyclohexanone
1a and iodonium salt 2a afforded the desired B-arylation product
3a in 70% yield (Table 1). Our optimized reaction conditions
utilize Pd(OAc), as the catalyst and bis-N-tosylsulfilimine L1 as the
ligand. A weak base, potassium trifluoroacetate (KTFA), and an
acidic medium consisting of 1,4-dioxane, trifluoroacetic acid (TFA)
and water were employed in the reaction. While 2.5 equiv. of
ketone 1a was used to ensure fast initiation,"* most of the extra
ketone remained intact during the reaction. The over-oxidation
was insignificant, and only a trace amount of diarylation was
observed. In addition, this new B-arylation reaction proved to be
robust and user-friendly: all of the reagents can be added in one
batch without glovebox or Schlenk techniques, and no inert atmo-
Sphere is necessary.

Next, a set of control experiments were performed to gain a
deeper understanding of the reaction (Table 1). Common
mesitylphenyliodonium salts with other counteranions are also
suitable arylation reagents under the reaction conditions
(entries 1 and 2). However, the diphenyliodonium salt led to a
greatly decreased yield (entry 3). The poor efficiency can be
attributed to the iodobenzene (PhI) byproduct released during
the reaction, since oxidative addition of iodobenzene to Pd(0) is
facile, and the resulting iodide ligand would poison the palla-
dium catalyst. Such a hypothesis was also supported by the
marginal yield when 2a was directly replaced by PhI (entry 4).
The reaction was completely terminated without the palladium

This journal is © The Royal Society of Chemistry 2015
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catalyst, indicating its pivotal role in this tandem catalysis
(entry 5).

The choice of the ligand is crucial. The reaction without any
ligand only gave a trace amount of product 3a (entry 6). Among
all of the ligands examined, the bis-N-tosylsulfilimine ligand L1,
easily prepared in one step from 1,2-bis(phenylthio)ethane and
chloramine-T, gave the highest yield. Although sulfur-based
ligands (e.g. sulfides and sulfoxides) are widely used, to the
best of our knowledge, the family of bis-sulfilimines has not
been previously employed as ligands for transition-metal
catalysis. The reaction was found to be sensitive to the structure
of the sulfilimine ligand. Mono-dentate sulfilimine ligands (L2-
L4) and the bis-sulfilimine ligand with an elongated backbone
(L5) are found to be inferior to L1. The corresponding bis-
sulfide and bis-sulfoxide ligands (L6, L7) were effective, albeit
giving lower yields. While also providing the product, phenyl-
vinylsulfoxide (L8),* 4,5-diazafluoren-9-one (L9)**#¢ and dime-
thylsulfoxide (L10) proved less efficient than L1.

The combination of KTFA/TFA proved to be indispensable: the
yield dropped significantly in the absence of one or both of the
reagents (Table 1, entries 8-10). It is likely that these two reagents
act as a ‘buffer pair’ to control the acidity of the reaction medium.
The strong acidity of TFA would facilitate the protonation of the
palladium enolate to give the product (Scheme 2, step D).
Nevertheless, triflic acid (HOTf) should be produced when 2a was
consumed (step A), which proved to be detrimental to the reac-
tion (entry 11). Although TFA and KTFA can be replaced by other
salts and acids, the yields dropped variably (entries 12-15). The
addition of water was found to be important to promote the
reaction, although the exact reason is unclear (entry 16, vide
infra). A control reaction that was fully degassed and run under a
nitrogen atmosphere gave a similar yield (73%, entry 17),
excluding the possibility of oxygen serving as a stoichiometric
oxidant. The B-arylation reaction also proceeded smoothly with a
high mass balance when an equimolar amount of the two reac-
tants was used (entry 18). Furthermore, we also discovered that
the reaction maintained its catalytic activity at lower tempera-
tures, although a prolonged reaction time was required (eqn (4)).

Chem. Sci,, 2015, 6, 5491-5498 | 5493
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Table 1 Selected optimization of reaction conditions®?
Pd(OAc), (10 mol%)
- TsN NTs
o Me T OoTf Ph’\S/ \SI‘Ph (10 mol%) o
\© L1 o
[ ] Me/E \:[Me KTFA (200 mol%) Ph
1,4-dioxane/TFA/H,0 20:2:1
1a 2a air, 80 °C, 12 h 3a
(250 mol%) (100 mol%) 'standard’ conditions 70% Yield
Me 0 o OH Me |
| é @ @ - \):\ @
Me/©iMe Me’ Me
la 3% 0% 18% 1%
9% 173% dehydrogenation of 1a decomposition of 2a
Entry Variations from the ‘standard’ conditions Yield of 3a (%) 1a (%)
1 [MesIPh]BF, instead of 2a 50 158
2 [MesIPh]TFA instead of 2a 56 168
3 [Ph,I]OTf instead of 2a 36 199
4 PhI instead 2a 5 240
5 w/o Pd(OAc), 0 244
6 w/o L1 8 235
7 L2-L10 instead of L1 Listed below —
8 w/o KTFA and TFA 13 128
9 w/o TFA 36 179
10 w/o KTFA 34 179
11 100 mol% HOT( instead of TFA 2 142
12 KOAc instead of KTFA 66 176
13 NaOAc instead of KTFA 59 167
14 HOAC instead of TFA 40 181
15 HFIP instead of TFA 43 195
16 w/o H,0 47 176
17 N, instead of air 73 170
18 la:2a=1:1 48 47
NTS NTS ISNTS Ve TsNQS(\S,,NTs
Me”>“Me Ph”>“Me Ph”N Ph” “Ph
L2 (20 mol%) L3 (20 mol%) L4 (20 mol%) L5 (10 mol%)
29% 22% 1% 47%
(o]
o
o) o) 0 o
s se Y sz ¢ W d
Ph Ph Ph Ph P NF o Me” S Me

L6 (10 mol%)
41%

L7 (10 mol%)
60%

L8 (10 mol%) L9 (10 mol%) L10 (20 mol%)
44%

42% 36%

“ Standard conditions: mesitylphenyliodonium salt 2a (0.2 mmol), cyclohexanone 1a (0.5 mmol), Pd(OAc), (0.02 mmol), L1 (0.02 mmol, d.r. >20 : 1
racemic/meso), KTFA (0.4 mmol), 1,4-dioxane (1 mL), TFA (100 puL), H,O (50 uL), 80 °C, 12 h. * All yields were determined via gas chromatography

using dodecane as the internal standard.

2 + OTf Pd(OAc), (10 mol%) 2
PR L1 (10 mol%)
Mes™ “Ph KTFA (200 mol%) on (4)
1,4-dioxane/TFA/H,0 20:2:1
1a 2a air, temp, time 3a

(250 mol%) (100 mol%)

55 °C, 3 days: 70% Yield
45 °C, 5 days: 65% Yield
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Substrate scope

The optimized conditions were then adopted to examine the
substrate scope of this B-arylation reaction (Table 2). Aryl
groups with a wide span of electronic properties (electron-rich
and -deficient) all participated to give the corresponding B-aryl
ketones (3a-b, 3d, 3f-i and 3k). The reaction is also compatible
with various para-, meta- and ortho- substituents on the arenes
(3¢, 3e, 3j and 3m). Base- and nucleophile-sensitive functional
groups (those that find it hard to survive under traditional

This journal is © The Royal Society of Chemistry 2015
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conjugate addition conditions), such as methyl ketone (31) and
aldehyde (3m), remained intact in the reaction. Note that aryl
bromide (30), not compatible with our previous system,'® can be
tolerated under these conditions, which serves as a handle for
further derivatization through cross couplings. It is also
encouraging to note that the diaryliodonium salt containing a
thiophene moiety also reacted to give the arylation product (3p).
A complex estrone-derived iodonium salt smoothly delivered
the product (3q). In this case, the cyclohexanone ring was
selectively arylated while the cyclopentanone motif of the
estrone remained intact.

Moreover, the ketone scope was greatly improved with this
new catalytic system (Table 3). Cyclic ketones with different
ring-sizes were arylated in good yields (4a and 4b). Unlike
our previous method, this new catalytic system enabled aryla-
tion of cyclohexanones containing a-, -, or y-substituents.
For example, 3,3-dimethylcyclohexanone proved to be a suitable
substrate (4c). Substituents at the C4 position yielded the
trans products (4d-f) with excellent diastereoselectivity (>20 : 1).
Sterically hindered 2,2-dimethylcyclohexanones were also
compatible. Interestingly, when the product 3a was subjected
to the reaction conditions, 3,3'-diarylcyclohexanone 4h was
formed with excellent site- and diastereoselectivity. The relatively

Table 2 Scope of diaryliodonium salts®

Pd(OAc), (10 mol%)

o] “oTf TsN_ /—\ NTs 9
4 Y o, (10 mol%)
Mes” SAr Ph Ph -
KTFA (200 mol%) - "

dioxane:TFA:H,0 20:2:1
air, 80 °C, 12 h

O, O O O

3b, 69%

(250 mol%) (100 mol%)

3a, 66%

3f, 70%

3c, 62% 3d, 49%

(o] o]

3h, 60%

3e, 64%

39, 60% 3i, 74%

o o o o o
i
cl
F Me OBn
o)

3j, 62% 3k, 66% 31, 53% 3m, 50% 3n, 46%
o o
| Ny—Me
Br Me’ S
30, 60% 3p, 50% 3q,51%

“ Reaction conditions: mesitylaryliodonium salt (0.4 mmol), 1a (1.0
mmol), Pd(OAc), (0.04 mmol), L1 (0.04 mmol, d.r. >20: 1 racemic/
meso), KTFA (0.8 mmol), 1,4-dioxane (2 mL), TFA (200 pL), H,O
(100 pL), 80 °C, 12 h.
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lower yields with 4g and 4h can be attributed to the competing
decomposition of the diaryliodonium salt. 4-Piperidinone deriv-
atives, a class of important pharmaceutical intermediates, can
also be B-arylated (4i). While linear ketones are more challenging
substrates, they still hold great promise under the new reaction
conditions. The use of trifluoromethyl ethyl ketone selectively
afforded the diarylation product (4j), indicating that, after the
aryl migratory insertion, the Pd(n)-enolate intermediate under-
went a faster B-hydrogen elimination instead of protonation.
Mono-B-arylation was observed for 4-phenyl-butan-2-one (4Kk),
and a considerable amount of the dehydrogenative B-arylation
product was also formed."”

Mechanistic studies

To gain a better understanding of the reaction, a set of kinetics
studies was first performed, where gas chromatography was
employed to monitor the reaction progress. Under the standard
conditions, the B-arylation of cyclohexanone 1a with the mesi-
tylphenyliodonium salt 2a exhibited an induction period that
varied from 30 minutes to an hour (Fig. 2). The initiation of the
product formation was usually marked by the formation of an

Table 3 Scope of ketones®?

Pd(OAc), (10 mol%)

- o)
).H . oTf ;—:E\\S/ \S’/El;: (10 mol%) )J\I\
; Mes” SAr >
KTFA (200 mol%) eeNar
dioxane:TFA:H,0 20:2:1
(250 mol%) (100 mol%) air, 80 °C, 12h Ar' = p-PhCgH,
Ar? = p-AcCgHy
(e} (e} o) 0
Z 1 e,
Ar' f = '\/||\/e|glfl f “Ar! i “Art
Me
4a, 53% 4b, 66% 4c, 50% 4d, 70%
>20:1dr.
o (0] 0 o
Me,
Me <%
“prt “pr2 Al PR Art
i OPh
4e, 56% 4f, 70% 4g, 40% 4h, 32%
>20dr. >20:1dr. >20:1dr°
o)
ﬁ‘j\ o Ph o A2
N A F3CJ\/kPh Me/u\)\Ph
CO,Et
4i,61% 4j, 50% 4k, 38%

“ Reaction conditions: mesitylaryliodonium salt (0.4 mmol), ketone
(1.0 mmol), Pd(OAc), (0.04 mmol), L1 (0.04 mmol, d.r. >20:1
racemic/meso), KTFA (0.8 mmol), 1,4-dioxane (2 mL), TFA (200 uL),
H,O (100 pL), 80 °C, 12 h. ? Diastereoselectivity was determined using
crude NMR spectra. © While 4h was isolated as a single diastereomer,
attempts to determine the relative stereochemistry (cis or trans) were
unsuccessful.
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Fig. 2 Kinetics profile.

opaque dark red solution, while the yield ceased to increase
when the diaryliodonium salt 2a was consumed.

It was also observed that the induction period was accom-
panied with the elimination of the ligand L1 to an equimolar
amount of phenyl vinyl sulfilimine L11 and N-phenylsulfanyl
tosylamine L12 in more than 95% conversion (eqn (5)).***® In
addition, when used independently as the ligand, both ligands
proved to be effective for the B-arylation reaction (eqn (6)).
However, the direct use of L11 or L12 from the decomposition
did not eliminate the induction period.

NTs
1]
TsN, /— NTs 80 °C 8 S _Ts
% U —_— o Ph” \N/
Ph=S  S=pp , Ph \|| H (5)
> 95% conversion
L1 L11 L12
M ,ToTf Pd(OAC), (10 mol%) 8
_Is L11 or L12 (x mol%)
Mes™ “Ph KTFA (200 mol%) o
1a 2a 1,4-dioxane/ TFA/H,0 20:2:1 2a
air, 80 °C, 12 h
(250 mol%) (100 mol%) ©)
| Ln L12
x=10 | 56% Yield 69% Yield
x =20 | 54% Yield 62% Yield

We hypothesized that the induction period and the forma-
tion of the dark red opaque solution were likely attributed to the
transformation of molecular palladium complexes into active
catalysts in the form of clusters. It is known that sulfur-based
ligands, acids (e.g. TFA) and solvents with a high dielectric
constant (e.g. water) can generate and/or stabilize palladium
nanoparticles.” Recently, Stahl and coworkers also presented
evidence for the role of Pd-nanoparticles in the dehydrogena-
tion of cyclohexanones and cyclohexenones,'** although
tandem transformations that can be catalyzed by nanoparticles
are rare."

In order to distinguish between a soluble nanoparticle and a
heterogeneous catalyst, hot filtration tests* were first applied to
the reaction mixture when the product formation had initiated
(Fig. 3). It was discovered that the resulting filtrates sustained
the catalytic activity and gave comparable yields to the standard

5496 | Chem. Sci, 2015, 6, 5491-5498
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17% Yield 80°C,12h
»  Filtrate
then 200 nm PTFE 68% Yield
Fig. 3 Hot filtration tests.
(o] _ (0]
Lot Pd(OAc), (10 mol%)
s L1 (10 mol%)
Mes™ "Ph KTFA (200 mol%) o
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1a 2a air,80°C, 12 h 3a
(250 mol%) (100 mol%) Hg added at 180 min
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No Hg added
60 -
g 50 -
< 40 - *—o—o
° ° Hg added at 180 min
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Fig. 4 Mercury poisoning test.

conditions upon heating. However, the filtrand collected was
catalytically inactive and failed to deliver any desired product
when heated together with new substrates, additives and
solvents, suggesting that heterogeneous species were not
responsible for the catalysis. The formation of nanoparticle
species was also evidenced by dynamic light scattering (DLS)
experiments,* which showed the presence of particles with an
average size of 0.9 and 204 nm at 90 min (Fig. S4, ESI{).

A supplementary mercury poisoning test*> was also executed
to support the presence of palladium nanoparticles. Molecular
mercury is known to inhibit noble metal-nanoparticle-catalyzed
reactions through amalgamation. Under our reaction condi-
tions, when excess mercury was added during the middle of the
reaction, complete inhibition was observed (Fig. 4).

Conclusion

In summary, we have developed a distinct catalytic system for
the direct B-arylation of ketones with widely accessible diary-
liodonium salts. Compared with our previous method using aryl
iodides, this new protocol holds several advantages. Firstly, it
avoids the use of stoichiometric silver or copper promoters.
Secondly, the conditions are more user-friendly: both moisture

This journal is © The Royal Society of Chemistry 2015
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and air can be tolerated. Thirdly, the substrate scope is also
extended to cyclic ketones with a-, -, or y-substituents and even
aryl bromides can be tolerated. Finally, the catalytic system can
sustain the reactivity at lower temperatures. Efforts towards
expanding the reaction scope to other B-functionalization
reactions and developing enantioselective transformations are
ongoing.

Abbreviations

Mes Mesityl

OTf Trifluoromethanesulfonate

HFIP 1,1,1,3,3,3-Hexafluoroisopropanol
P(i-Pr); Triisopropylphosphine
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