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Catalytic Wacker-type Oxidations using Visible Light Photoredox

Catalysis

Yee Ann Ho,® Eva Paffenholz,® Hyun Jin Kim,2b Benjamin Orgis,®® and Magnus Rueping,° and

David C. Fabry*@d

Abstract: A combined palladium / photoredox catalytic system for the
efficient oxidation of terminal olefins to the corresponding methyl
ketones is presented. The interplay of air, water, and light leads to a
protocol in which the stoichiometric oxidants required for oxidative
palladium catalysis are substituted with catalytic, single-electron
transfer processes. Detailed mechanistic investigations revealed the
role of the key components, in situ generated species, and catalysts.
A broad range of substrates was examined in homogeneous as well
as heterogeneous photoredox protocols, delivering the desired
products in good yields.

Palladium catalyzed reactions can be considered as cornerstone
of transition metal catalysis. Due to the diversity of possible
catalytic pathways, various reactions, including oxidations can be
facilitated for the synthesis of bulk and fine chemicals. For this
reason palladium catalysis, honored by the 2010 Nobel prize,?
has emerged as one of the most investigated fields in organic
chemistry. Beside its utility in the fine chemical industry, for the
synthesis of pharmaceuticals and agrochemicals, palladium
catalysis has also found extensive application in the synthesis of
bulk chemicals.B!l Among the well-established protocols, the
Wacker oxidation describes a basic reaction for the synthesis of
methyl ketones.? Starting from terminal olefins, a regioselective
oxidation with water as oxygen source can be conducted. As a
sacrificial oxidant, that is generally required for oxidative
palladium catalysis, stoichiometric copper(ll) salts found
application for the oxidation of the in situ generated Pd(0)
species.®! Next to this classical version, alternatives have been
developed by Sigmanl® and Kaneda,®® however, creating
significant concerns regarding the safety issues, due to strong
positive oxygen atmospheres in organic solvents at elevated
temperatures.®! Moreover, organic peroxides as oxygen source
have been used, though still accompanied by the above
mentioned metal salt additives and safety issues.l"]
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Photoredox catalysis has recently been proven as useful and
efficient tool in organic synthesis. Single-electron transfer (SET)
reactions could be carried out with the aid of catalytic amounts of
a photoredox catalyst, using visible light as abundant and green
energy source.®! This concept could be extended over the years
to more sophisticated applications.®! Especially the uprising area
of dual or combined catalysis has become a main area of
research.®® 1% Therein, the photoredox catalyst is mainly used for
both, activation of the substrates as well as oxidation or reduction
of the metal intermediates. For the previously described Wacker
oxidation that requires stoichiometric amounts of an oxidant,
photoredox catalysis represents a suitable option to address this
problem. In principle, single electron transfer catalysts, such as
the classical photoredox catalysts [Ru(bpy)s](PFs). and
[Ir(ppy)2(bpy)]PFe, should be able to oxidize the intermediate
Pd(0) species back to Pd(Il).

I catalytic oxidant

visible light

Scheme 1. Concept of the combined photoredox / palladium catalyzed
oxidation of terminal olefins to the corresponding ketones.

Based on previous work from our group,[' we began our
investigation for the catalytic Wacker oxidation using photoredox
catalysis and visible light. We started with the oxidation of
allylbenzene 1 as model substrate in the presence of water and
examined the role of the palladium(ll) catalyst first. As already
described in the literature,*® we found that only ligand-poor
palladium precursors work in this reaction. As a matter of fact,
especially only weak-coordinating ligands could deliver the
corresponding product 2 in higher yields due to the comparably
weak coordination affinity of the allyl moiety in the substrate (for
detailed optimization studies, see SI). Palladium(ll) chloride
worked the best with a yield of 35% for the corresponding ketone
2, whereas palladium(ll) acetate and palladium(ll)-allyl chloride
dimer showed only poor reactivity (Table 1, entries 1-3). Next we
examined the role of the solvent, and DMF proved to be the best
(Table 1, entries 3-6). When water, as assumed oxygen source,
was omitted, the desired ketone 2 was isolated in 3% yield only
(Table 1, entry 7), emphasizing that the origin of the keto-oxygen
lies in the water and not in the air-oxygen. Water as sole solvent
showed also poor reactivity since, on one hand, DMF, as catalyst-
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stabilizing solvent, was not present, and on the other hand, the
components were only partially or not at all soluble (Table 1, entry
8). Decreasing the amount of water led to an improved yield of
62% (Table 1, entry 12 vs 3).

Table 1. Optimization of the Wacker-type oxidation reaction.[a]

Pd(Il) catalyst (10 mol%)

[Ir(ppy)2(bPY)IPFg (3 mol%) o
Ph Z DMF/H,0,120 °C, air, white light Ph\)J\
1 2
entry Pd(IT) solvent (6211213.) Yl(iig[b]
1 Pd(OAc): DMF 200 12
2 [Pd(ally])Cl2]2 DMF 200 -
3 PdCl2 DMF 200 35
4 PdCl2 DMSO 200 17
5 PdCl, MeCN 200 21
6 PdCl2 MeOH 200
7 PdCl, DMF -
8 PdCl, H20 - 18
9 - DMF 200 -
10 PdCl» DMF 200 12¢
11 PdCl2 DMF 200 154
12 PdCl2 DMF 150 62¢
13 Pd(MeCN)Cl2 DMF 150 65¢
14 Pd(MeCN)2Cla DMF 150 61¢/
15 Pd(MeCN)Cl2 DMF 150 9148
16" Pd(MeCN)Cl2 DMF 150 65¢

[a] Reaction conditions: 1 (0.1 mmol), Pd(Il) (10 mol%), [Ir(ppy)2(bpy)IPFs (3
mol%) in DMF/H20 (6:1) at 120 °C using an 11 W CFL bulb, 24 h. [b] Yields
determined by GC. [c] Without photoredox catalyst. [d] Without light. [e]
Yields after chromatographic purification. [f] Reaction under 1 atm. O2. [g] 20
mol% [Ir] were used. [h] Reaction on 0.2 mmol scale with 15 mol% Pd(ll).

Control reactions were next performed. When the palladium
catalyst was omitted, no product could be isolated, hence proving
that the desired oxidation reaction is not a sole photoredox
triggered process (Table 1, entry 9). In the absence of the
photoredox catalyst, only stoichiometric conversion of
allylbenzene 1 (12% yield of ketone 2), with respect to the amount
of palladium catalyst (10 mol%), could be observed (Table 1, entry
10). This underlines the mechanistic proposal in which the in situ
generated Pd(0) species cannot be oxidized without an additional
oxidant. In the absence of light, ketone 2 was obtained in 15%
yield (Table 1, entry 11), stressing that the photoredox catalyst
itself cannot function as oxidant in its ground state. Efficient
oxidation of the Pd(0) occurs only with the photoredox catalyst in
the excited state. Since small amounts of palladium black were
observed after the reaction, Pd(MeCN),Cl, was additionally
screened as Pd(ll) precursor to introduce stabilizing, weak-
coordinating ligands to the metal center. We hoped that the
resulting Pd(0) complex would stay in solution for longer time and
would not precipitate as palladium black thereby. Indeed, under
these reaction conditions, less palladium black was observed and
a higher yield of 65% for ketone 2 was obtained. Although full
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conversion of the starting material was detected using
allylbenzene 1 as substrate, p-methylstyrene as side product
(arising from Pd(ll)-catalyzed double bond isomerization) was
observed, explaining the moderate yield of ketone 2 (for detailed
optimization of ligands, water content, additive, photoredox
catalyst, see Sl).

With 10 mol% of Pd(ll) catalyst and 3 mol% of [Ir(ppy)2(bpy)]PFe
as optimized reaction conditions, the detailed role of oxygen and
photoredox catalyst was investigated (see Sl). Under the
standard reaction conditions, the formation of a plateau after five
hours reaction time could be observed, accompanied by a lower
conversion of the substrate. Since from this moment onwards no
palladium black was formed, which could have explained the
lower yields, we assumed that the reoxidation process of Pd(0)
was affected by the photoredox catalysis. Therefore, we
conducted the same reaction under oxygen atmosphere
assuming that faster regeneration of the photoredox catalyst
would occur and the overall reaction performance would improve
thereby, which however was not observed. We concluded that for
this part of the reaction profile the palladium catalysis was the rate
determining step and therefore the photoredox process is faster
than the palladium catalysis. When the amount of photoredox
catalyst was increased to 20 mol%, the same conversions were
observed for the initial phase of the reaction, thereby confirming
the previous assumption; however, the described plateau
formation did not occur anymore. The reaction proceeded with the
afore indicated reaction rate and delivered the desired product 2
in 91% yield.

With the obtained information, the following reaction mechanism
can be proposed (Scheme 2):
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Scheme 2. Concept of the combined photoredox / palladium catalyzed
oxidation of terminal olefins to the corresponding ketones.

Starting from palladium(Il) precursor A, coordination of the allyl
moiety in substrate 1 occurs, at the same time binding water as
hydroxyl group at the palladium center (complex B). Palladium(Il)
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itself, without water, can also coordinate to the allyl group forming
B-methylstyrene as side product as described in the literature. The
resulting complex C undergoes B-hydride elimination to give the
desired product 2 and Pd(ll)-hydride D. Ligand-H abstraction then
results in Pd(0) as intermediate which cannot react further in the
absence of an oxidant. The visible light excited Ir(lll)* photoredox
complex is now capable of oxidizing the resulting Pd(0) back to its
active Pd(ll) species, being thereby reduced to Ir(ll). Oxygen as
sacrificial species undergoes reduction to superoxide anions at
the same time regenerating the photoredox catalyst, whereas the
superoxide anions immediately form hydrogen peroxide due to
their reaction with water.'? Hydrogen peroxide itself can also
work as oxidant, liberating again water for the addition
reaction.Since only small quantities of peroxide are formed and
they react immediately,['® this methodology seems to be
advantageous compared to commonly used peroxide-based
olefin oxidation reactions which usually require large excess of
peroxides.

With the necessary tools for the reaction in hand, we began to
examine the substrate scope of the combined Pd/photoredox-
catalyzed reaction (Scheme 3). Upon extending the allyl chain by
one methylene segment, we were pleased to see that the
undesired side reaction was suppressed and the desired ketone
3 was obtained in a good yield of 81%.

Pd(MeCN),Cl, (15 mol%)

— [Ir(ppy)2(bpy)IPFg (3 mol%) \j.J\
R DMF/H,0, 120 °C, air, white light R
0
m 2, 65% (j/\)k 3,81%
0 0
tBu 4,66% C|/©/\)‘\ 5,79%
0 CH,3 0
6, 60% 7, 66%
Cl 0 o)
@\/\)\ 8, 74% ©)\/\g/ 9, 62Y%
Cl ’ o y ()
0 o)
o)
\)J\ ©)\O/\n/
10, 75% O 11,76%
/\W (0] (@]
5 12,87% Meo% 13, 75%

Scheme 3. Reaction scope of the photoredox / Pd catalyzed Wacker-type
oxidation reaction; [a] Reaction conditions: 0.2 mmol substrate in DMF/H20 (6:1)
at 120 °C using 11 W CFL bulb, 36 h, yields after chromatographic purification.
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Electron-rich arenes led to slightly lower yields, whereas electron-
poor substituents showed no negative impact, delivering the
corresponding products 4-8 in moderate to good yields. Moreover,
1,4-diketone 9, ketoether 10, and ketoester 11 could be
successfully synthesized. Lastly, it could be demonstrated that
aliphatic olefins and unsaturated esters are tolerated substrates
in this reaction, delivering the desired products 12 and 13 in good
yields.

Based on these results, we questioned whether a heterogeneous
photoredox catalyst can also be effective for such a SET reaction.
Following the mechanism in Scheme 2, the oxidation of Pd(0)
should also be possible making use of valence and conducting
band electrons in a semiconductor. Therein, a semiconductor
would be irradiated with visible light, by which an electron would
be transferred from the valence band to the conducting band. This
electron then would be analog capable of oxygen reduction to
superoxide anions. The resulting electron hole in the valence
band works as electron acceptor for the electrons being delivered
from the Pd(0) to Pd(Il) oxidation.

Pd(MeCN),Cl, (10 mol%)
BiVO, (1.0 or 0.1 equiv.) 0

DMF/H,0, 120 °C, air, white light RAL

0

3,78% tBu/©/\)\ 4,69%
0

5, 76% (70%) O 11,81%

O O

12, 84% (73%) Meo% 13, 79%
Pd(MeCN),Cl, (10 mol%)
Coy-
o

BiVO, (1.0 equiv.)
14: 83%

R/\/

347

ﬁ

9 o

NaOAc (1.2 equiv.)
OH DMF, 120 °C, air, white light

2

Scheme 4. Reaction scope of the heterogeneous-catalyzed Wacker-type
oxidation reaction [a] Reaction conditions: 0.2 mmol substrate in DMF/H20 (6:1)
at 120 °C using 11 W CFL bulb; yields after chromatographic purification; yields
in parenthesis refer to reactions on a 0.4 mmol scale and 10 mol% BiVOas.

A heterogeneous semiconductor which absorbs in the visible
region of light and has recently been reported is bismuth
vandate.'"¥ The exchange of Ir-based photoredox catalyst with, at
the beginning, one equivalent of a Bi-based semiconductor
delivered ketone 3 in a good yield of 78% after only 18 hours. This
showed that not only the change to a heterogeneous photoredox
catalyst was achieved, but also a shortening of the reaction time
could be realized. This catalyst (BiVO4) was then tested for a
variety of different substrates, giving similar yields as the
previously described homogeneous photoredox catalyst (Scheme
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4). In order to increase the catalytic performance of the
semiconductor which showed low reactivity at small scale
reactions due to its low molecular weight and high density powder,
0.4 mmol scale reactions using 10 mol% of BiVO,4 were tested,
giving the desired products 5 and 12 in good yields and thereby
proving its applicability as catalytic oxidant. Moreover, an
intramolecular ring-closing oxidation reaction could also be
performed, leading to the important methylbenzofuran structure
(14, 83%).

In summary, this combined palladium-photoredox methodology
demonstrates a new approach to a more sustainable reaction type
for co-oxidant depending reactions using homogeneous or
heterogeneous photoredox catalysis. A diverse range of
substrates could be successfully applied in the reaction, making
it a generously applicable methodology. Although similar
methodologies are known, operating without additional oxidant,
those reports pose enormous safety risks due to use of oxygen
atmosphere in organic solvents at elevated temperatures.
Photoredox catalysis can provide a safe alternative, making use
of oxygen activation from ambient air.

Keywords: Oxidation * Ketone * Palladium « Copper-free *
Superoxide
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