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ABSTRACT: A fast palladium(II)-catalyzed and microwave-
promoted procedure using 6-methyl-2,2/-bipyridyl as ligand to
synthesize aryl ketones from aryl sulfinates and nitriles is
described. More importantly, the first detailed investigation of
the reaction mechanism using direct ESI-MS studies is reported.
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he ketone moiety is a common functional group that is found
in a wide range of organic molecules; for example, in natural
products and pharmaceuticals. There are numerous methods of
producing ketones, and one class of reactions proceeds through
the insertion of an arylpalladium species into a polar multiple
bond, such as a nitrile. This methodology was first reported in the
1970s," but it did not receive much attention until Larock’s group
reported the first catalytic palladium methodology.”* Initially,
the arylpalladium complexes were generated from an aryl halide
by Pd(0) catalysis, but further development led to Pd(II)-cataly-
zed C—H activations and arylboronic acid addition protocols.”
In an attempt to develop a mild and less expensive method, we
identified benzoic acids as useful aryl-palladium precursors for
ketone synthesis,” but with the drawback of requiring an activat-
ing ortho substituent to react.'” DFT calculations in our group
indicated that aryl sulfinic acids and their salts would not require
ortho substituents to generate the arylpalladium complex, which
could further react with a nitrile (Scheme 1). Furthermore,
sulfinic acids have been employed in Heck-type coupling reac-
tions in the past,"”'" ™" but they have only seldomly been used
as an arene source for desulfinative coupling reactions."*™ "¢
Although the sulfinic acid/sulfinate functionality is not that com-
mon, it is easily accessible by reduction of the corresponding aryl
sulfonyl chloride.'”"®
We recently presented our first results of this study at a
conference,'” and while preparing this manuscript, reports have
been published describing similar desulfinative ketone synthesis.***"
This prompted us to present our own related results using 6-methyl-
2,2'-bipyridyl as the ligand of choice. We report herein: (1) a
microwave-promoted method for aryl ketone formation from aryl
sulfinates using the nitrile in excess;'® (2) the use of microwave
heating to reduce reaction time to 1 h, as compared with 6—20 h
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under conventional heating;zo’21 and (3) the first mechanistic study

of this reaction using direct ESI-MS analysis of ongoing reactions.

On the basis of the previous decarboxylative protocol,'” a test
reaction with 8% Pd(O,CCFj3), and 12% 6-methyl-2,2’-bipyridyl
as the catalytic system with sodium p-tolylsulfinate (1a) as the
arylpalladium precursor was performed in a 1:2 mixture of H,O/
MeCN (2a, 40-fold excess of the nitrile). This reaction was
heated overnight at 100 °C and furnished 10% isolated yield of
the desired methyl ketone, 3a.

An initial ligand screen gave a similar result for dmphen
(2,9-dimethyl-1,10-phenanthroline, 4e). Other ligands such as
2,2 -bipyridyl (4a), 6,6'dimethyl-2,2-bipyridyl (4c) and dppp
(bis(diphenyl-phosphin)propane, 4f) afforded product forma-
tion in only small amounts. Homocoupling, providing 4,4'-
dimethylbiphenyl as a byproduct, was detected in the reactions
using DMSO (4g) and 6,6'dimethyl-2,2-bipyridyl (4c) and in
the ligand-free reaction.

An increase in the yield of 3a was observed when the reaction
was followed by hydrolysis with 2 M HCI. Therefore, the effect of
trifluoroacetic acid (TFA) on the reaction was studied. The
addition of stoichiometric amounts (1—S equiv) led to a slight
increase in yield, but the addition of 10 equiv of TFA afforded
more than 80% yield (GC) of the desired product. Additional
hydrolysis did not improve the outcome, which indicated that the
one-step in situ hydrolysis by the excess of TFA was sufficient.

The influence of temperature was explored, and 100 °C was
found to be the most effective. Fine-tuning of the catalytic
conditions identified 8 mol % of Pd(O,CCF3), and 12 mol %
of ligand 4b as the most effective combination. Even though
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Scheme 1. General Reaction

O : (0]
1 Palladium(ll)
., + RON ————>
Ar/S‘O Na Ar)L R
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“Isolated yield, >95% purity. Reaction conditions: A 0.5—2 mL process
vial was charged with p-MePhSO,Na (0.5 mmol), Pd(O,CCF;), (0.04
mmol), ligand (0.06 mmol), H,O/THF 1/1 (1.4 mL), MeCN (2.5
mmol), and CF;CO,H (S mmol). The sealed vial was heated in a
microwave reactor at 100 °C for 1 h. * 100 L of DMSO were added.

MeCN (2a) is an inexpensive and easy to handle solvent, we
decided to switch to a cosolvent system, using the nitrile in only
small excess. This was carried out to further broaden the scope of
the reaction, enabling the use of solid nitriles. When the excess of
2awas decreased from 40 to 10 and even to S equiv, no significant
decrease in yield was observed. Only when the ratio of 2a and
sulfinate 1a was lowered further did the yield drop to less than
40%. Various ratios of water/dioxane and water/THF were
investigated as solvent systems, the latter leading to better results
with higher yields and no byproduct formation.

With these improved reaction conditions, we performed a
second ligand screen under microwave (MW) heating conditions
(Table 1), employing five bidentate nitrogen ligands (4a—4e)
and one bidentate phosphine ligand (4f), DMSO (4g). A control
experiment with no added ligand was also performed. Ligand 4f
led to no desired product, and the ligand-free reaction provided
only trace amounts of aryl ketone 3a. In accordance with our
preliminary screen, 4g was also found to be a poor ligand for the
ketone formation. Among the bidentate nitrogen ligands, the
dimethylated bipyridyl and phenanthroline compounds 4c¢ and
4e were inferior to their nonmethylated equivalents 4a and 4d,
which were employed in the recently reported methods.”**' The
best result under our reaction conditions was achieved with
6-methyl-2,2"-bipyridyl (4b), which provided the product 3a in
87% isolated yield.

To evaluate the scope and limitations for this microwave
protocol, we investigated a variety of different sulfinates with
respect to their reactivity toward MeCN (Table 2). The unsub-
stituted phenyl sulfinate 1b readily afforded the corresponding

Table 2. Scope of Sulfinates
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“Isolated yield, >95% purity. ? Reaction conditions: A 0.5—2 mL process
vial was charged with ArSO,Na (0.5 mmol), Pd(O,CCF;), (0.04
mmol), 4b (0.06 mmol), H,O/THF 1/1 (1.4 mL), MeCN (2.5 mmol),
and CF;CO,H (5 mmol). The sealed vial was heated in a microwave
reactor at 100 °C for 1 h. “ Same as footnote b, but heated in a heating
block at 100 °C for 16 h.

ketone 3b in 77% yield (Table 2, entry 1). This reaction was also
performed using a heating block and gave 3b in a slightly lower
yield of 61%. The ortho-methylphenyl sulfinate (1c) led to the
desired ketone 3c in a satisfying yield of 66% (entry 2). The
electron-rich sulfinate 1d furnished the product in a good yield of
79% (entry 3). The electron-deficient phenyl sulfinates 1e and 1f
gave yields of 75% (3e) and 73% (3f), respectively, and are
therefore comparable to the other starting materials. Performing
the reaction under conventional heating with sulfinates 1d and 1e
led to a significant decrease in yields (Table 2, entries 3 and 4).
This difference might be due to the problem of correctly
measuring the reaction temperature in a sealed vial, regardless
of heating methodology.22

To further extend the scope of the ketone formation, a range
of nitriles (propionitrile (2b), benzonitrile (2c), benzylcyanide
(2d), and p-bromo benzonitrile (2e)) were reacted with a
selection of sulfinates (Table 3, 1a, b, d, e). As depicted in
Table 3, most reactions gave moderate to excellent yields, and
the nitrile insertion was successfully performed with aliphatic
(66—91%) as well as aromatic (51—84%) and benzylic nitriles
(66—87%). Importantly, the use of only 3 equiv of p-bromo
benzonitrile (2e) afforded good isolated yields (51—67%) of the
benzophenone derivatives (Table 3, entries 4, 8, 12, 16). More-
over, no traces of products resulting from activation of the
Ar—Cl/Br bond (dehalogenation, biaryl formation) in le or 2e
were observed. The yields of the conventionally heated reactions
were lower than of the microwave reactions.

In all cases, the corresponding amide, formed by hydrolysis of
the organic nitrile, was observed as a byproduct in the crude
mixture. We believe that this competing hydrolysis is responsible
for the slightly lower yields when using only 3 equiv of nitrile.
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Table 3. Variation of Nitriles
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“Isolated yield, >95% purity. ¥ Reaction conditions: A 0.5—2 mL process vial was charged with ArSO,Na (0.5 mmol), Pd(0,CCFjs), (0.04 mmol), 4b
(0.06 mmol), H,O/THF 1/1 (1.4 mL), RCN (2.5 mmol), and CF3CO,H (5 mmol). The sealed vial was heated in a microwave reactor at 100 °C for 1 h.
“Same as footnote b, but heated in a heating block at 100 °C for 16 h. 4 Same as footnote b, but RCN (1.5 mmol).

Compared with previous studies, in which only ortho-func-
tionalized aromatic acids could be successfully employed in
Pd"-catalyzed decarboxylations,”'**? the sulfinic acids/sulfinates
examined in this study show no limitations in this regard.
Furthermore, the presented methodology can be successfully
performed on a larger scale, which was shown by the reaction
between la and 2a (S mmol scale), affording the product in an
isolated yield of 62%.

An electrospray ionization mass spectrometry (ESI-MS)**
study was performed to give insight into the reaction mechanism.
ESI-MS is generally considered to be a soft MS ionization
technique. It promotes only few fragmentation products and is
therefore a useful tool for direct studies of catalfcic intermediates,
in this case, organometallic intermediates.”> "

For the ESI-MS study, the model reaction between sodium
p-tolylsulfinate (1a) and MeCN (2a) (Table 1) with 6-methyl-
2,2 -bipyridyl (4b) as the ligand was chosen for investigation.
The reaction was heated in a microwave reactor at 100 °C. After
10 min, an aliquot was withdrawn from the reaction mixture and
diluted with MeCN (1:9, v/v). The ESI-MS(+) spectrum of the
ongoing reaction was immediately recorded by scanning the first
quadrupole (Q1) of a triple-quadrupole instrument. Several
groups of peaks with m/z signals characteristic for the isotopic
pattern of singly charged monopalladium-complexes were de-
tected. Comparatively, there were very few cationic complexes
not containing palladium (Figure 1).

On the basis of the m/z-signals, MS/MS, and MS? as well as
scanning for specific neutral loss, structures of the intermediates
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Figure 1. ESI MS(+) spectrum for the reaction of la and 2a, with
assigned Pd" intermediates.

Scheme 2. Proposed Mechanism Based on the ESI-MS Study
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were proposed.”” The intermediates were assigned to different
classes with letters A—E, on the basis of their plausible role in the
reaction (Figure 1). Despite their identical masses, complex
classes A and B were found independently during the ESI-MS
study through different techniques (i.e., neutral loss of aryl
sulfinate and SO,, respectively).*

A corresponding negative ESI-MS(—) scan was performed, as
well, but no anionic palladium complexes could be detected.

Scheme 2 presents the suggested catalytic cycle. One complex
from each class (A—E) is given. The general mechanism is in
agreement with previous proposals for similar reactions,'®*%*"
and SO, and ammonium hydroxide are the byproducts of the
reaction. The following key steps are included in the catalytic
pathway: (1) Coordination of the aryl sulfinate to Pd" generating
spec1es A, which is (2) rearranged to complex B by insertion of
the Pd" center into the aryl-sulfur bond. Next, step (3) is the
desulfination of the aryl sulfinate to give Ar—Pd 0 complexes of
class C, which are the most abundant organopalladium com-
plexes in the ESI-MS(+) spectra. Coordination of the nitrile (4)
provides the catalytic complex D, and subsequent 1,2-insertion of
the nitrile (5) generates the ketimine intermediate E, which is

likely to be the rate-determining step. Finally, (6) protonation of
ketimine complex E affords the free ketimine, which under acidic
condltlons will be hydrolyzed to the ketone product, releasing an
active Pd" species. The ESI-MS study was repeated also with
phenanthroline as the ligand and a second time under the above-
mentioned conditions but with sodium phenylsulfinate. These
experiments showed corresponding m/z- 51gnals supporting the
structures given in Figure 1 and Scheme 2.*

Il CONCLUSIONS

The herein presented new microwave promoted Pd"-cata-
lyzed method using the robust 6-methyl-2,2-bipyridyl ligand
allows for the fast synthesis of aryl ketones not only from
functionalized but also from unsubstituted benzene sulfinates.
With the aid of ESI-MS, MS/MS, and MS?, all key intermediates
were detected, suggesting that the reaction pathway involves
desulfination of the sulfinate, generating an aryl-palladium spe-
cies, followed by addition to the nitrile. Currently, our group is
undertaking efforts to further expand the scope of this reaction.
In addition, a more intense investigation of the reaction mechan-
ism is underway by means of comprehensive DFT calculations.
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