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Aerobic Acyloxylation of Allylic C–H Bonds Initiated by a Pd0 
Precatalyst with 4,5-Diazafluoren-9-one as an Ancillary Ligand 
Caitlin V. Kozack, Jennifer A. Sowin, Jonathan N. Jaworski, Andrei V. Iosub, and Shannon S. Stahl*[a] 

 

Abstract: Palladium-catalyzed allylic C–H oxidation has been widely 
studied, but most precedents use acetic acid as the coupling partner. 
Here, we report a method compatible with diverse carboxylic acid 
partners. Use of a Pd0 precatalyst under aerobic reaction conditions 
leads to oxidation of Pd0 by O2 in the presence of the desired 
carboxylic acid to generate a PdII dicarboxylate that promotes 
acyloxylation of the allylic C–H bond. Good-to-excellent yields are 
obtained with ~1:1 ratio of the alkene and carboxylic acid reagents. 
Optimized reaction conditions employ 4,5-diazafluoren-9-one (DAF) 
as a ligand, in combination with a quinone/Fe(phthalocyanine) co-
catalyst system to support aerobic catalytic turnover. 

Oxidative cross-coupling reactions have been an area of 
extensive development in recent years. 1  Palladium-catalyzed 
allylic oxidation reactions are a prominent example of this reaction 
class.[2-8] Whereas many examples of allylic acetoxylation have 
been demonstrated, relatively few methods have been developed 
for related acyloxylation reactions that employ carboxylic acids 
other than acetic acid. Allylic acetoxylation was first reported in 
the early 1960s using stoichiometric palladium(II) salts in acetic 
acid with terminal olefins and cyclic alkenes.[2] Subsequent 
reports of palladium-catalyzed allylic acetoxylation employed 
stoichiometric oxidants such as (super)stoichiometric 
benzoquinone,[2b,3] stoichiometric copper(II),[4] peroxides,[5] 
hypervalent iodine,[6] and, in certain cases, molecular oxygen.[7] 
These precedents are generally limited to acetoxylation because 
of the prevalent use of Pd(OAc)2 as the catalyst and acetic acid 
as the solvent or co-solvent (Figure 1a).  

Efforts to expand the scope of palladium-catalyzed allylic 
oxidation to incorporate other carboxylate groups have 
encountered several limitations. Pd(OAc)2 is one of the most 
common commercially available PdII sources and, therefore, is 
the most prevalent Pd source for allylic oxidation,[9,10] among other 
reactions.[11] Szabó successfully demonstrated two strategies for 
acyloxylation catalyzed by Pd(OAc)2: (a) using 4 equivalents of 
carboxylic anhydride,[9b] or (b) incorporating the carboxylate 
source into their oxidant by utilizing 3-3.5 equivalents of a 
hypervalent iodine oxidant with the corresponding lithium 
carboxylate salt.[6a,10] Hartwig used stoichiometric tert-
butylbenzoyl peroxide and PdII benzoate to form allyl benzoates, 
reducing carboxylate loading to 2 equivalents.[ 12 ] The use of 

(co)solvent levels of carboxylic acid or the use of specialized 
carboxylate sources underlies the general limitation of these 
acyloxylation methods to the production of propionic, isobutyric, 
pivalic, or benzoic acid-derived allyl carboxylates (Figure 1b). An 
important strategy to address this limitation was introduced by 
White, who used the commercially available cationic 
[Pd(CH3CN)4](BF4)2 catalyst in combination with a tertiary amine 
base to enable use of diverse carboxylic acids as coupling 
partners (Figure 1c).[13] Recent efforts to implement this protocol 
in our lab, however, were complicated by the long reaction times 
(up to 72 h), high catalyst loading, and complicated workup to 
remove the stoichiometric quinone oxidant. Here, we introduce a 
new approach that addresses these challenges and enable the 
use of O2 as the terminal oxidant in the reactions.[14] 

 

Figure 1. (a) General method for allylic acetoxylation using Pd(OAc)2 as the 
catalyst and AcOH as the solvent or co-solvent; (b) Prior approaches to allylic 
acyloxylation using either Pd(OAc)2 or Pd(OBz)2 as the catalyst and the 
carboxylate in high quantities or incorporated through the oxidant; (c) Two 
approaches for the use of low stoichiometry carboxylic acid using palladium 
sources with non-coordinating anions. 

Pd(OAc)2 is a readily available catalyst precursor, but its use 
in acyloxylation reactions with other carboxylic acids requires an 
excess of carboxylic acid coupling partner to promote formation 
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of the desired Pd-dicarboxylate species and minimize allylic 
acetate side-product formation (Figure 2a).[9a] An alternative 
approach would be to generate the desired PdII-dicarboxylate 
species from a non-carboxylate-containing precursor, as reflected 
by the approach of White and co-workers in Figure 1c.[13b] We 
have reported that Pd2(dba)3 (dba = dibenzylideneacetone) can 
form a PdII-peroxo under O2 in the presence of a bidentate 
nitrogen-containing ligand,[ 15 a] and carboxylic acids react with 
PdII-peroxo species to afford the corresponding PdII-carboxylate 
species (Figure 2b).[15] Yu and co-workers demonstrated that 
Pd2(dba)3 is an effective catalyst for aerobic C–H oxidative 
imidoylation,[ 16 ] and subsequent mechanistic investigations 
revealed that a key intermediate in the reaction is a PdII-peroxo, 
which reacts with an acidic N–H bond to afford the key PdII-
amidate species.[ 17 ] These precedents suggested to us that 
Pd2(dba)3 could be used for the in situ formation of a PdII-
dicarboxylate catalyst in the presence of O2 and thereby provide 
the basis for aerobic acyloxylation.  

 

Figure 2. (a) Formation of a PdII-dicarboxylate via reaction of Pd(OAc)2 with 
other carboxylic acids, RCO2H. (b) Formation of the a PdII-dicarboxylate from a 
Pd0 source, O2 and two equivalents of carboxylic acid. 

Molecular oxygen has been shown to be a competent oxidant 
for allylic acetoxylation.[7] Kaneda and co-workers used O2 as the 
sole oxidant at elevated pressure,[7b] and later we reported a 
method compatible with 1 atm O2 promoted by using 4,5-
diazafluoren-9-one (DAF) as an ancillary ligand.[7c,18] Even earlier, 
however, Bäckvall demonstrated a co-catalytic approach to 
achieve aerobic allylic acetoxylation of cyclohexene by using 
Pd(OAc)2 in combination with hydrobenzoquinone and iron(II) 
phthalocyanine [Fe(Pc)] as co-catalysts.[7a] In these systems, 
benzoquinone is proposed to oxidize the Pd0 to PdII resulting in 
the formation of hydroquinone, and Fe(Pc) catalyzes the re-
oxidation of hydroquinone by O2. Following this initial report, 
numerous multicomponent cocatalyst systems have been 
developed for aerobic acyloxylation.[19] 

Building on our previously reported aerobic oxidation method, 
which used DAF as an ancillary ligand,[7c] we tested a series of 
conditions for the reaction of allylbenzene (1a) with benzoic acid 
using a Pd2(dba)3/DAF-based catalyst system (Table 1; see 
Tables S1-S3 in the Supporting Information for additional 
screening conditions). Initial tests showed significant 
improvement in the product yield upon addition of the cocatalysts 
2,6-dimethylbenzoquinone (Me2BQ) and Fe(Pc) to the reaction 
mixture (entries 1–3). Separate studies showed that inclusion of 
a Brønsted base does not improve the product yield (see Table 
S1 in the Supporting Information). Optimization of the cocatalyst 
quantities led to the formation of cinnamyl acetate 2a in >90% 

yield (e.g., entries 3–6), and a high yield could be obtained with 
only 1.2 equiv of BzOH relative to allylbenzene (Table 1, entry 7). 
The ability to use lower amounts of the carboxylic acid coupling 
partner is especially appealing when the carboxylic acid is 
expensive or available in limited quantities. Negligible product 
yield was observed in the absence of DAF as an ancillary ligand 
(entry 8). 

 

Table 1. Optimization of Pd0-catalyzed aerobic allylic acyloxylation. 

 

Entry %[DAF/Pd][a] 1a 
[M] 

BzOH 
[eq] %Me2BQ %Fe(Pc) % 

Yield[b] 

1 2.5 1.08 3 ---- ---- 24 

2 2.5 1.08 3 5 ---- 56 

3 2.5 1.08 3 5 2.5 72 

4 2.5 1.08 3 5 0.5 78 

5 2.5 1.08 3 1.25 0.5 51 

6 5 1.08 2 10 0.5 98 

7 5 1.08 1.2 10 0.5 93 

8[c] 5 1.08 1.2 10 0.5 4 

[a] [DAF/Pd] = 2:1 DAF:Pd2(dba)3 Reported mol% DAF and mol% total Pd [b]  
NMR yield relative to 1,3,5-trimethoxybenzene [c] No DAF. 

 
The reaction time-profile for the benzoyloxylation of 

allylbenzene was compared with three different catalyst sources 
under similar aerobic conditions: Pd2(dba)3, Pd(OAc)2 and 
Pd(OBz)2. The data in Figure 3 show that the Pd0 source 
(Pd2(dba)3) exhibits activity very similar to the PdII sources, and it 
avoids the formation of the undesired allylic acetate byproduct, 
which forms in 7% yield when Pd(OAc)2 as the precatalyst. The 
similar activity exhibited by Pd2(dba)3 and Pd(OBz)2 is noteworthy 
because it indicates that it is not necessary to independently 
synthesize a PdII-dicarboxylate precatalyst for oxidative coupling 
reactions with carboxylic acids that lack commercially available 
Pd(O2CR)2 species. The active PdII catalyst may be generated in 
situ from Pd0, O2, and two equivalents of RCO2H.   

Having demonstrated the viability of Pd2(dba)3 as an effective 
precatalyst, this approach was tested with a series of other 
carboxylic acids, using only slight excess relative to the alkene 
(1.2 equiv). Moderate-to-excellent yields of the corresponding E-
allylic carboxylates were obtained from these reactions (Figure 4). 
Effective substrates included a number of substituted benzoic 
acid derivatives and cinnamic acid (2a-2d). Good yields were also 
obtained with aliphatic carboxylic acid derivatives (2e-h), although 
only moderate yield was observed with octanoic acid (2i). 2-
Thiophenecarboxylic acid also an effective coupling partner, 
affording 2j. The reaction was also performed successfully on a 1 
g scale, generating the cinnamate derivative 2b in 85% yield. 
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Figure 3. Product formation over time when catalyzed by different palladium 
sources. [Pd2(dba)3] = 27 mM, [Pd(OBz)2] = [Pd(OAc)2] = 54 mM, [Me2BQ] = 
108 mM, [Fe(Pc)] = 5.4 mM, [allylbenzene] = 1.08 M, DCE (6 mL), O2 (1 atm), 
at 60 °C for 20 h. The lines reflect smooth fits to the data to guide the eye. 

 

Figure 4. Carboxylic acid scope. NMR yield relative to 1,3,5-trimethoxybenzene 
standard (isolated yield in parentheses). Average of two reactions. [a] Isolated 
yield on 1 g scale: 85%. 

This method also provides good to excellent yields for a 
number of other terminal alkenes (Figure 5). Both electron rich 
and electron poor allylbenzene derivatives gave excellent yields 
(2a, 3a-d). Aliphatic substrates produced good yields (3e) 
including those bearing the acid sensitive Boc group (3f). 
Substrates with homoallylic carbonyl groups gave mixed results. 
An excellent yield was achieved with the homoallylic ester (3g), 
but the homoallylic amide resulted in a poor yield (3h), possibly 
reflecting complications from the N-H group. Product 3a was 
obtained in 80% yield when the reaction was scaled up to 1 g of 
4-allyltoluene. For all compounds in Figures 4 and 5, the E isomer 
was the major product observed (≥10:1 E:Z; see Supporting 
Information for details). 

 

Figure 5. Substrate scope. NMR % yield relative to 1,3,5-trimethoxybenzene 
(isolated % yield in parentheses). Average of two reactions. [a] Isolated yield on 
1 g scale: 80% [b] Yields obtained using t-butylbenzoquinone due to co-elution 
with 2,6-dimethylbenzoquinone during column chromatography purification. 

Preliminary results suggest that this method could be effective 
with cyclic substrates. A number of early studies demonstrated 
allylic acetoxylation of cyclohexene and other simple cyclic 
alkenes;[2b,5c,7a,20] however, studies with substituted cyclic alkenes 
are rare.[4a,10, 21 ] A noteworthy exception is a recent study by 
Szabó,[10] who reported allylic trifluoroacetoxylation of 5- and 6-
membered rings using catalytic Pd(OAc)2 with PhI(O2CCF3)2 as 
the oxidant. The reaction affords high trans diastereoselectivity 
with mono-substituted substrates. A simple Pd(OAc)2/Me2BQ 
cocatalyst system (conditions A, Figure 6) enables effective 
aerobic allylic acetoxylation of the cyclopentene derivative 4, 
generating 5-OAc in good yield (75%) with exclusive formation of 
the trans diastereomer. Use of the Pd2(dba)3/DAF catalyst system 
described above (conditions B, Figure 6) with acetic acid as the 
coupling partner afforded 5-OAc in good yield (69%), with 
selectivity of 1:1.3 cis:trans. Use of benzoic acid as the coupling 
partner again affords the product in good yield (5-OBz, 81%), but 
with a small preference for the cis diastereomer (1.6:1). To our 
knowledge, this result is the first example of cis-selectivity in Pd-
catalyzed allylic acyloxylation. Preliminary efforts to improve the 
cis diastereoselectivity further were not successful, but these 
results provide an important starting point for future studies to 
probe the origin of diastereoselectivity in these reactions. These 
results suggest an ancillary ligand may be used to modulate 
reaction selectivity, for example, by changing the mechanism of 
nucleophilic attack by the carboxylic acid nucleophile on the allyl-
PdII intermediate (i.e., inner sphere versus outer sphere 
nucleophilic attack). Another valuable preliminary result was 
obtained with the Diels-Alder-derived cyclohexene 6, which 
undergoes allylic oxidation under conditions B to afford the cis 
benzoate derivative 7 in 73% yield. This result contrasts the 
recently reported dehydrogenation of 6 to afford 8 under aerobic 
conditions with a different Pd catalyst system.[22] Together these 
results highlight prospects for ligand/catalyst-modulation of 
reaction selectivity in the oxidation of cyclic alkenes.  
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Figure 6. Pd2(dba)3-catalyzed aerobic allylic acyloxylation of cyclic substrates. 
NMR yields relative to 1,3,5-trimethoxybenzene. Average of two reactions. 

The mechanism in Scheme 1 provides a general mechanism 
for the allylic C–H acyloxylation of terminal alkenes catalyzed by 
DAF/Pd0 (Scheme 1). The on-cycle PdII(O2CR)2 species is 
proposed to arise from the reaction of Pd2(dba)3 with O2 in the 
presence of DAF (cf. Figure 2).15 This step could also be 
promoted by the quinone. The DAF/PdII(O2CR)2 catalyst is then 
expected to promote allylic C–H oxidation via a sequence of well 
established reaction steps.7,8 Catalyst reoxidation is proposed to 
occur according to a multistep proton-coupled electron-transfer 
sequence in which the 2,6 -dimethylbenzoquinone (denoted “BQ”) 
oxidizes the Pd0, the Feox(Pc) species oxidizes the 2,6-dimethyl-
hydroquinone (H2Q), and O2 oxidizes the resulting Fered(Pc).7a 
 
Scheme 1. Proposed mechanism for DAF/Pd0-catalyzed aerobic allylic C–H 
acyloxylation of linear terminal alkenes. 
 

 

[1]  For representative reviews on oxidative heterofunctionalization of C–H 
bonds, emphasizing those compatible with O2 as the oxidant, see: a) C. 

 
In summary, we have demonstrated that commercially 

available Pd2(dba)3 is an effective Pd0 precatalyst that enables 
effective coupling of allylic C–H bonds and various carboxylic 
acids in approximately 1:1 ratio. In situ reaction of the Pd0 
precatalyst with O2 (or Me2BQ), followed by reaction of the 
resulting Pd/O2 (or Pd/Me2BQ) adduct is proposed to provide the 
basis for generation of the active PdII-dicarboxylate catalyst that 
participates in the allylic C–H activation and coupling the alkene 
substrate. This method represents the first example of Pd-
catalyzed allylic acyloxylation effective with O2 as the terminal 
oxidant and carboxylates other than acetate. Preliminary results 
with cyclic alkenes set the stage for further methodological and 
mechanistic studies to develop catalyst-controlled methods for 
stereoselective aerobic oxidation of allylic C–H bonds.  

Experimental Section 

Full experimental details and product characterization data are given in the 
supporting information. 
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Use of a palladium(0) precatalyst provides the basis for in situ generation of an active 
palladium(II)-dicarboxylate catalyst under aerobic conditions in the presence of 4,5-
diazafluoren-9-one (DAF). This tactic has been applied to allylic acyloxylation, 
enabling the formation of allylic esters with diverse nucleophilic carboxylate coupling 
partners from terminal linear alkenes and cyclic alkenes. 
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