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Abstract: In this study, we developed a palladium-catalyzed decarbonylative nucleophilic
halogenation reaction using inexpensive and readily available acid anhydrides as substrates.
This approach effectively circumvents the instability of acyl chlorides and the low reactivity
of acyl fluorides. The Pd/Xantphos catalyst system exhibited excellent compatibility with
the thermodynamically and kinetically challenging reductive elimination of C–X bonds
(X = I, Br, and Cl) from Pd(II) intermediates. Notably, for electron-donating substrates,
adopting an open system significantly improved the reaction efficiency. The positive effect
of the open system may be due to the reversible nature of CO insertion and deinsertion,
which helps direct the reaction toward the desired pathway by allowing the generated CO
to exit the reaction system. Mechanistic studies suggest that the reaction proceeds through
a highly reactive acyl halide intermediate, followed by a unimolecular fragment coupling
(UFC) pathway via decarbonylation or an alternative pathway involving the formation of
an activated anionic palladate complex in the presence of lithium halide.

Keywords: reductive elimination of C–X bond; nucleophilic halogenation; unimolecular
fragment coupling (UFC); acid anhydrides; aryl halides

1. Introduction
Aryl halides are highly versatile building blocks in organic synthesis and play a

crucial role in various chemical research fields, including pharmaceuticals [1,2], organic
functional materials [3], natural product total synthesis [4,5], agricultural and pesticide
development [6], and molecular recognition [7], due to the highly polarized C–X bonds
and good leaving properties of halogen atoms. Notably, aryl halides readily undergo
oxidative addition under transition metal catalysis to form Ar–[TM]–X complexes [8–10],
where TM: transition metals, X: halogen atoms, participate in one-electron transfer in
reducing systems to generate aryl radicals and organometallic species [11–13] and serve
as precursors for high-valent halogenating agents upon oxidation [14–17]. In particular,
highly reactive aryl iodides and bromides are frequently used as electrophiles and serve
as key coupling partners in cross-coupling reactions. However, their synthesis presents
challenges, including functional-group compatibility, and commercially available aryl
halides remain limited. Among them, aryl iodides account for only 2% of all commercially
available aryl halides and are relatively expensive [18]. Therefore, developing efficient
and cost-effective methods for synthesizing aryl halides—especially aryl iodides and
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bromides—from inexpensive and widely available starting materials is an urgent and
important research goal.

On the other hand, carboxylic acids and their derivatives—many of which are inex-
pensive and readily available—have recently attracted significant research interest for their
potential in synthetic transformations [19,20]. In particular, the well-known Hunsdiecker–
Borodin decarboxylative electrophilic halogenation of carboxylic acids has been exten-
sively developed over the past two decades as an efficient approach for synthesizing
aromatic halides [21–23]. This method employs highly reactive electrophilic halogenating
agents, often in combination with nucleophilic halogen sources and oxidants, to facilitate
the decarboxylation process while introducing a halogen atom instead of the carboxyl
group [24]. Due to the unique reactivity of this transformation, carboxylic acids can be
considered as activating groups for the synthesis of organic halides, offering a straightfor-
ward and cost-effective strategy that aligns with the principles of modern organic synthesis
(Figure 1a, top). Although decarboxylative halogenation using carboxylic acids as sub-
strates is an ideal transformation, it remains challenging to overcome numerous limitations.
In particular, unlike aliphatic carboxylic acids, aromatic carboxylic acids—which are rela-
tively stable—are known to undergo electrophilic halogenation via decarboxylation with
difficulty. Furthermore, many existing decarboxylative halogenation reactions rely on
stepwise processes [25] that require toxic metals, highly corrosive or strongly oxidizing
reagents [26,27], and complex electrophilic halogenating agents. Additionally, the use of
environmentally unfriendly halogenating solvents [28–30], along with cumbersome prod-
uct purification, further limits the practicality of these methods [24]. While some protocols
employing transition metal catalysis have mitigated certain challenges, they have yet to
provide a comprehensive solution to these inherent limitations [31,32]. In addition, these
reactions often require complex catalytic systems that are not commercially available [33,34],
and their poor selectivity leads to the formation of undesirable byproducts [35–38].

In contrast, the transition-metal-catalyzed nucleophilic decarbonylative halogenation
of carboxylic acid derivatives offers a promising solution to these challenges (Figure 1a,
bottom). However, two major obstacles must be overcome in designing this reaction.
The first issue is that the ligand exchange reaction at the transition metal center will not
proceed unless the nucleophilicity of the halogenating agent is sufficiently strong. The
second is that the thermodynamically unfavorable reductive elimination of the C–X bond
is achieved through the transition metal complex [39–41]. Regarding the second issue, it
was previously believed that reductive elimination of the C–X bond via a stoichiometric
palladium complex was not feasible. However, in 1987, Echavarren and Stille observed this
process [42], and in 2001, Hartwig further demonstrated that it could be achieved using a
relatively bulky phosphine ligand [43–45]. Despite the discovery of stoichiometric reactions,
their catalytic applications remain minimal due to the relatively low equilibrium constants
for C–I bond formation compared to other carbon–halogen bonds. For example, Buchwald
and co-workers successfully developed palladium-catalyzed nucleophilic bromination [46],
chlorination [47], and even fluorination for aromatic triflates via reductive elimination
of the carbon–halogen bond from the transition metal center, using innovative ligand
design [48]. They employed t-BuBrettPhos, a ligand with unique hemilabile properties that
facilitated reductive elimination of the corresponding C–X bonds. However, in contrast,
the catalytic formation of C–I bonds has not yet been achieved. To date, Lautens [41,49,50],
Tong [51–53], Morandi [54,55], and Xi [56] have made significant progress in promoting
C–I bond reductive elimination via carboiodination of unsaturated bonds, successfully
synthesizing a range of C(alkyl)–I and C(alkenyl)–I bonds. This success is likely since
alkyl and alkenyl iodides are less prone to oxidative addition. However, the catalytic
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formation of C(aryl)–I bonds remains a major challenge, requiring further innovation
and breakthroughs.
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Transition-metal-catalyzed decarbonylation of carboxylic acid derivatives has been
systematically investigated in recent years [57–60]. Nevertheless, due to the chemical in-
stability of acyl chlorides and the low reactivity of esters and amides, chemists have
turned to acyl fluorides as novel electrophiles that offer both reactivity and stability.
Building on Schoenebeck’s pioneering work on transition-metal-catalyzed decarbony-
lation [61], our group [62–72] and others [73–83] have recently developed a series of
decarbonylative transformations of acyl fluorides, demonstrating their potential for con-
structing carbon-carbon and carbon-heteroatom bonds. However, the synthesis of acyl
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fluorides requires relatively expensive fluorinating agents, which limits their broader ap-
plication. To address this, acid anhydrides—often referred to as “activated carboxylic
acids”—offer a balance of cost-effectiveness, moderate reactivity, and stability in organic
synthesis as inexpensive and stable electrophiles. Since Blum and Lipshes first reported
the intramolecular decarbonylative cyclization of acid anhydrides using Wilkinson’s cata-
lyst in 1969 [84], transition metal-catalyzed decarbonylation of acid anhydrides has been
extensively explored. These transformations have played a crucial role in various reac-
tion pathways, including elimination [85,86], insertion, cyclization [87–89], C–H bond
functionalization [90–94], and cross-coupling reactions (Figure 1b). In particular, decar-
bonylative cross-coupling reactions of acid anhydrides have been successfully identified in
reactions such as Mizoroki–Heck coupling [95,96], Negishi coupling [97], Suzuki–Miyaura
coupling [98,99], Sonogashira–Hagihara coupling [100–102], Miyaura–Ishiyama boryla-
tion [103–105], thioetherification [106,107], and reduction [108]. Importantly, acid anhy-
drides readily undergo oxidative addition and decarbonylation under transition metal
catalysis, enabling a wide range of subsequent transformations [109–113]. As a result,
various new nucleophilic reagents have been synthesized. However, the construction of
new electrophilic reagents, particularly aryl halides, using the decarbonylation of acid
anhydrides, remains an unexplored area of research.

Recently, a significant breakthrough in this research field was achieved by Morandi [114,115]
and Arndtsen [116]. They reported a series of well-known metathesis or decarbonylation
reactions of organoiodides with acyl chlorides to achieve Pd-catalyzed synthesis of aryl
iodides via reductive elimination of the C(Ar)–I bond. On the other hand, we have recently
revealed the decarbonylative nucleophilic halogenation of acyl fluorides and chlorides
using a Pd/Xantphos catalyst [117]. This reaction system employs alkali metal salts of
cheaper and less toxic halides as nucleophilic halogen sources. However, to address the
issues associated with acyl chlorides (which are relatively unstable among carboxylic acid
derivatives) and acyl fluorides (which are chemically stable but relatively expensive), as
well as the contamination of the phenyl group in Xantphos in the product, we conceived a
similar reaction using acid anhydrides. In this study, we further tested the compatibility
and universality of Pd-catalyzed decarbonylative nucleophilic halogenation using acid
anhydride substrates (Figure 1c). Notably, we report the successful synthesis of a series
of aryl iodides, bromides, and chlorides in moderate to good yields. These reactions were
particularly effective for substrates with electron-donating groups, such as methoxy groups,
with significantly reduced catalytic poisoning, thus enhancing reaction efficiency.

2. Results and Discussion
Given the increasing demand for a cost-effective and user-friendly synthetic methodol-

ogy for aryl iodides, we aimed to overcome the existing limitations through an innovative
reaction design. As an initial approach, we selected 1-naphthoic anhydride (1a) as the
substrate and sought to establish an optimized palladium catalytic system for decarbonyla-
tive nucleophilic iodination. Through systematic exploration of reaction conditions, we
identified that a catalytic system comprising a bidentate ligand, Xantphos, with a large bite
angle, and [PdCl(cinnamyl)]2 exhibited the highest catalytic efficiency. Notably, employing
lithium iodide—a relatively strong nucleophilic iodine source—in toluene at 100 ◦C for 24 h
proved to be optimal. Further investigations into key reaction parameters, including lig-
ands, catalyst precursors, iodide sources, and solvents, confirmed that under the optimized
conditions, the desired decarbonylative iodinated product, 1-iodonaphthalene (2a), was
obtained in an excellent 97% yield (Table 1, entry 1). Note that 0.194 mmol of 2a is produced
from 0.2 mmol of 1a. In other words, not all of the substrate, acid anhydride 1a, is converted
into product 2a; a portion is likely transformed into the lithium salt of the corresponding
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aromatic carboxylic acid (vide infra). When alternative bidentate ligands with large bite
angles, such as DPEphos and dtbpf, were used in place of Xantphos, a significant decrease
in conversion was observed (entries 2 and 3). Similarly, monodentate phosphine ligands
such as P(t-Bu)3 and BrettPhos—both known to facilitate C–X bond reductive elimina-
tion [43–45,118,119]—were ineffective, resulting in little to no decarbonylative iodination
(entries 4 and 5). These results suggest that bidentate phosphine ligands are more favorable
for achieving efficient decarbonylative nucleophilic iodination than their monodentate
counterparts. Next, we evaluated different palladium catalyst precursors. When Pd2(dba)3

was used, product 2a was obtained in a moderate 68% yield, whereas PdCl2 proved to
be an ineffective catalyst precursor (entries 6 and 7). Additionally, we explored whether
Ni(cod)2—a nickel catalyst with properties similar to palladium—could serve as a viable
alternative; however, this catalytic system was incompatible with the transformation (entry
8). Subsequent investigations revealed that the choice of iodine source significantly influ-
enced the catalytic process. When sodium iodide (NaI) was used in place of lithium iodide
(LiI), the expected reaction scarcely proceeded, likely due to the weaker nucleophilicity of
NaI (entry 9). Additionally, changing the reaction solvent to THF or lowering the reaction
temperature to 80 ◦C led to a considerable decrease in the yield of 1-iodonaphthalene,
resulting in 30% and 55% yields, respectively (entries 10 and 11). Furthermore, we explored
whether symmetrical acid anhydrides were necessary for the reaction. To evaluate this, a
mixed anhydride, 1-naphthoic acid pivalic anhydride, was synthesized and investigated
for reactivity. As a result, all substrate 1a was completely consumed, but only 25% of
the target product 2a was obtained, and the expected byproduct, tBuI, was not detected.
This result indicates that the presence of a symmetrical acid anhydride is essential for the
present catalytic reaction (entry 12). Finally, control experiments confirmed that the reaction
did not proceed at all in the absence of either the catalyst or ligand (entry 13). Based on
these findings, the optimized reaction conditions were established as a combination of
[PdCl(cinnamyl)]2/Xantphos, LiI, and toluene at 100 ◦C for 24 h. Further details on reaction
condition optimization are provided in Tables S1–S6.

Table 1. Selected optimization data for the iodination of 1-naphthoic anhydride (1a).
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Entry Deviations from the Standard Conditions 2a (%) a 3a (%) a

1 None 97 <1
2 DPEphos instead of Xantphos 34 <1
3 dtbpf instead of Xantphos 37 <1
4 P(t-Bu)3·HBF4 instead of Xantphos <1 <1
5 BrettPhos instead of Xantphos 5 <1
6 Pd2(dba)3 instead of [PdCl(cinnamyl)]2 68 <1
7 PdCl2 instead of [PdCl(cinnamyl)]2 <1 <1
8 Ni(cod)2 instead of [PdCl(cinnamyl)]2 <1 <1
9 NaI instead of LiI <5 <1
10 THF instead of toluene 30 <1
11 80 ◦C instead of 100 ◦C 55 <1
12 1-naphthoic pivalic anhydride instead of 1a 25 <1
13 w/o [PdCl(cinnamyl)]2 or Xantphos 0 0

a Reaction conditions: 1a (0.2 mmol, 1 equiv), [PdCl(cinnamyl)]2 (3 mol %), Xantphos (15 mol %), LiI (1.5 equiv),
toluene (0.2 M), 100 ◦C, 24 h. Yields were determined by 1H NMR using dibromomethane as an internal standard.



Catalysts 2025, 15, 191 6 of 18

In the next stage, we investigated the compatibility of various substrates for de-
carbonylative iodination (Figure 2). Initially, several neutral anhydrides showed robust
compatibility with the optimized reaction conditions, including 1-naphthoic anhydride
(1a), benzoic anhydride (1b), and 2-naphthoic anhydride (1c), all of which afforded the
corresponding decarbonylative nucleophilic iodination products—1-iodonaphthalene (2a),
iodobenzene (2b), and 2-iodonaphthalene (2c)—in good to excellent yields. Next, we
explored the influence of electronic effects on the substrates in this protocol. Specifically,
we focused on the compatibility of anhydrides with electron-donating substituents, such
as 3-methoxy-(1d) and 4-methoxy-(1e) benzoic anhydrides. However, the results revealed
that only low yields of the desired products were obtained, likely due to catalyst poisoning.
Consequently, we initiated an investigation into the reaction conditions for acid anhydrides
with electron-donating groups. After a series of experiments using 1d as the standard
substrate, we found that slightly increasing the catalyst loading and using an open system
improved the yield of nucleophilic iodination (see Table S9 for details). As a result, the
corresponding 3-methoxyiodobenzene (2d) and 4-methoxyiodobenzene (2e) were obtained
in yields of 71% and 32%, respectively. This improvement is primarily due to the removal
of generated CO, which shifts the equilibrium toward product formation. In parallel, we
also investigated the compatibility of other electron-donating substituents such as 4-t-Bu,
4-Ph, and 3-Ph groups. Fortunately, when we increased the reaction temperature, the
decarbonylative transformation proceeded efficiently, yielding the corresponding iodi-
nated products, 4-tert-butyl iodobenzene (2f), 4-iodobiphenyl (2g), and 3-iodobiphenyl
(2h) in 60%, 49%, and 81% yields, respectively. Acid anhydrides with electron-donating
substituents require more energy to facilitate thermodynamically unfavorable oxidative
additions, which may have been enhanced under high-temperature conditions.

On the other hand, we investigated the effect of halogen substituents on this cat-
alytic system. To our delight, highly reactive brominated 1i and iodinated 1j benzoic
anhydrides were unexpectedly compatible with this reaction. These substrates produced
the corresponding decarbonylative iodination products—4-bromoiodobenzene (2i) and
1,4-diiodobenzene (2j)—in moderate yields with good chemoselectivity. Additionally, even
anhydrides with strong electron-withdrawing substituents, such as 4-CN and 4-CO2Me,
did not interfere with the nucleophilic iodination process. The corresponding yields of
4-iodobenzonitrile (2k) and methyl 4-iodobenzoate (2l) were 82% and 43%, respectively.
Subsequently, heteroaromatic anhydrides, such as benzofuran-2-carboxylic anhydride (1m),
were also compatible with this decarbonylative transformation. However, the correspond-
ing iodinated product 2m was obtained in lower yields, likely due to the formation of the
decarbonylative reduction product, benzofuran, as a side product. Finally, to highlight
the potential application of this protocol in pharmaceutical engineering, we investigated
derivatives of the pharmaceutical molecule, Probenecid, and found that 1n could still yield
the corresponding nucleophilic iodinated product 2n in 57% yield.

Critically, we found that the developed Pd catalyst system can be extended to the
construction of C–Br and C–Cl bonds by simply changing the halogenating agents under
higher reaction temperatures due to the highly endothermic nature of the reductive elimina-
tion process of the C–X bond. The decarbonylative nucleophilic bromination produced the
corresponding 1-bromonaphthalene (4a) in 89% yield. However, the chlorination process
only afforded the corresponding 1-chloronaphthalene (5a) in 51% yield, even with 3 equiv
of LiCl as the chloride source. Nevertheless, 41% of the starting material 1a remained
unreacted, likely due to the weak nucleophilicity and low solubility of LiCl.
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action conditions: Acid anhydrides 1 (0.2 mmol, 1 equiv), [PdCl(cinnamyl)]2 (3 mol%), Xantphos
(15 mol%), LiI (1.5 equiv), toluene (0.2 M), 100 ◦C, 24 h. Isolated yields are shown unless otherwise
indicated. a GC yield was determined using n-dodecane as an internal standard. b open system;
toluene (0.1 M). c NMR yield was determined by 1H NMR, using dibromomethane as an internal
standard. d [PdCl(cinnamyl)]2 (3.5 mol%), Xantphos (17.5 mol%). e 120 ◦C, 12 h. f 140 ◦C, 12 h.
g 160 ◦C, LiBr (0.3 mmol, 1.5 equiv) h 160 ◦C, LiCl (0.6 mmol, 3 equiv).

We conducted mechanistic studies based on our hypotheses to gain a deeper under-
standing of the catalytic transformation. First, we performed time-course studies and
monitored the 31P{1H} NMR spectra for the stoichiometric Pd-mediated decarbonylative
nucleophilic iodination process to identify potential intermediates (see Figure S4 for details).
Initially, when Pd(dba)2 and Xantphos were mixed, the previously reported (Xantphos)2Pd
(two broad singlets at −0.1 and 3.1 ppm) and (Xantphos)Pd(dba) (two doublets at 8.1
and 10.2 ppm) were observed [116,120]. Upon the addition of benzoic anhydride (1b),
the mixture was monitored to determine whether the expected oxidative addition had
occurred. However, no significant changes were observed even when the temperature was
increased from room temperature to 50 ◦C. Subsequently, upon adding LiI into the reaction
mixture, the oxidative adduct trans-(Xantphos)Pd(II)(COPh)I [121] was detected at room
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temperature after 1 h. As the temperature was further increased (from 50 ◦C to 75 ◦C),
the decarbonylative complex, trans-(Xantphos)Pd(II)(Ph)I [116,121], was detected via the
carbonyl de-insertion process. Based on the identification of these two key intermediates,
we proposed a unimolecular fragment coupling (UFC) mechanism [122]. The core of this
mechanism involves the in situ formation of acyl iodide, a transient intermediate, via
nucleophilic substitution of the acid anhydride 1 with LiI. Crucially, as we have previously
discussed [117], the key to the success of this pathway lies in the rate of acyl iodide for-
mation, which must occur slowly and gradually to ensure efficient conversion and avoid
catalyst poisoning. Therefore, we monitored the reaction using 1H NMR spectroscopy at
room temperature, 50 ◦C, and 100 ◦C to investigate whether acyl iodide forms from the
mixture of 1-naphthoic anhydride (1a) and LiI (Tables S10–S12). However, no acyl iodide
(6) was detected at room temperature, and only trace amounts were observed at 50 ◦C
(see Tables S10 and S11 for details). At 100 ◦C, only 4% of 1-naphthoyl iodide (6) was
formed after 1 h, and the yield remained low at 47% even after 24 h. Additionally, a white
solid, identified as lithium 1-naphthoate (7), precipitated due to its low solubility in toluene
(Figure 3 and Table S12 for details).
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However, this result contradicts the experimental observation that no reaction oc-
curred when benzoic anhydride (1b) was added to the Pd(dba)2/Xantphos mixture. Yet,
upon subsequent addition of LiI, the trans-(Xantphos)Pd(II)(COPh)I signal was detected
even at room temperature. To investigate further, we added LiI to the Pd(dba)2/Xantphos
mixture and recorded the 31P{1H} NMR spectrum (Figure S5). After 1 h at room tem-
perature, the signal for (Xantphos)2Pd remained largely unchanged, while the signal
assignable to (Xantphos)Pd(dba) disappeared, and two new singlets at 7.4 and 11.0 ppm
emerged. Furthermore, when benzoic anhydride (1b) was added to this mixture, the trans-
(Xantphos)Pd(II)(COPh)I signal appeared at room temperature after 1 h. These results
suggest that LiI does not react with acid anhydride 1 at room temperature without the
catalyst, but in the presence of the catalyst, an apparent oxidative addition of the acyl
iodide occurs.

Based on a brief mechanistic study, we propose two possible mechanisms (Figure 4).
The first mechanism follows a decarbonylative unimolecular fragment coupling (UFC)
pathway (Path A). Initially, LiI-mediated nucleophilic substitution of the acid anhydride 1
generates acyl halide intermediate B. This acyl halide then undergoes oxidative addition
with the active Pd(0) complex A, forming the acyl–Pd–X intermediate C. Subsequent
carbonyl de-insertion and reductive elimination generate the desired decarbonylative
halogenated product 2 while regenerating the active Pd(0) catalyst A. In an alternative
mechanism (Path B), the palladium catalyst is converted into the anionic palladate complex
E in the presence of lithium halide [122]. This anionic complex E, being electron-rich,
facilitates the facile oxidative addition of acid anhydride 1, leading to the formation of the
common intermediate C. The subsequent steps proceed similarly to Path A.
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3. Materials and Methods
3.1. General

Unless otherwise stated, all reactions were conducted under an N2 atmosphere using
standard Schlenk techniques or a glovebox. Solvents used as eluents for routine operations,
as well as dehydrated solvents, were purchased from commercial suppliers and used with-
out further purification. All glassware was dried in an oven at 130 ◦C and evacuated before
use. Thin-layer chromatography (TLC) analyses were performed using Merck (Boston, MA,
USA) precoated silica gel 60 F254 plates (0.25 mm). Silica gel column chromatography was
carried out with Silica Gel 60 N (spherical, neutral, 40–100 µm) from Kanto Chemicals Co.,
Ltd. (Tokyo, Japan). NMR spectra (1H, 13C{1H}, and 31P{1H}) were recorded on Mercury-
400 (400 MHz) or Mercury-600 (600 MHz) spectrometers. Chemical shifts (δ) are reported
in parts per million (ppm) relative to CDCl3 at 7.26 ppm for 1H and 77.16 ppm for 13C{1H},
respectively. The 31P{1H} NMR spectra were referenced using H3PO4 (δ = 0.00 ppm) as an
external standard. GC yields were determined by analyzing the crude reaction mixture
using n-dodecane as an internal standard on a Shimadzu GC-14A gas chromatograph
(Kyoto, Japan) equipped with a flame ionization detector. A Shimadzu Capillary Column
(CBP1-M25-025) and a Shimadzu C-R6A Chromatopac integrator were used for analysis.
Infrared spectra were recorded on a Shimadzu IR Prestige-21 spectrophotometer. Elemental
analyses were performed using a PerkinElmer (Springfield, IL, USA) 2400 CHN elemental
analyzer at Okayama University. High-resolution mass spectra (HRMS) were obtained in
electron ionization (EI) mode on a JEOL JMS-700 mass spectrometer (Peabody, MA, USA).

Unless specified otherwise, materials obtained from commercial suppliers were used
without further purification. Palladium(II)(π-cinnamyl) chloride dimer ([PdCl(cinnamyl)]2)
(purity > 97%) was purchased from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan)
and Sigma-Aldrich Co. LLC. (St. Louis, MO, USA). 4,5-Bis(diphenylphosphino)-9,9-
dimethylxanthene (Xantphos) (purity > 98%) was purchased from Tokyo Chemical In-
dustry Co., Ltd. Lithium iodide (purity > 97%) was purchased from FUJIFILM Co., Ltd.
(Ebina-shi, Japan). Lithium bromide (purity > 99%) and lithium chloride (purity > 98%)
were purchased from Tokyo Chemical Industry Co., Ltd. Toluene (super dehydrated) was
purchased from FUJIFILM Co., Ltd. Benzoic anhydride (1b) (purity > 97%) was purchased
from Tokyo Chemical Industry Co., Ltd.
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3.2. Experimental Procedure

The synthetic methods and procedures for all anhydrides are provided in Procedures
A, B, and C in the Supporting Information, while the main text focuses on the experimental
procedures for decarbonylative nucleophilic halogenation.

3.2.1. Representative Procedure for Decarbonylative Iodination of Acid Anhydrides 1
(Procedure D)

An oven-dried 5-mL microwave vial equipped with a magnetic stirring bar was charged
with [PdCl(cinnamyl)]2 (3–3.5 mol %, 6–7 µmol, 3.1–3.6 mg), Xantphos (15–17.5 mol %,
0.03–0.035 mmol, 17.4–20.3 mg), and acid anhydrides 1 (0.2 mmol, 1 equiv) under am-
bient air. In a nitrogen-filled glovebox, lithium iodide (0.3 mmol, 1.5 equiv, 40.2 mg) and
anhydrous toluene (1 mL, 0.2 M) were added. The vial was securely sealed and heated
in a preheated block at 100–140 ◦C for 12–24 h with continuous stirring. After cooling to
room temperature, the reaction mixture was purified by silica gel column chromatography
using ethyl acetate or dichloromethane/hexane as the eluent to obtain the desired product
2. Yields of the volatile product 2b were determined by GC analysis of the reaction mixture,
using n-dodecane as an internal standard.

3.2.2. Representative Procedure for Decarbonylative Iodination of Acid Anhydrides 1
(Procedure E) (Open System)

An oven-dried 5-mL microwave vial equipped with a magnetic stirring bar was loaded
with [PdCl(cinnamyl)]2 (3.5 mol %, 7 µmol, 3.6 mg), Xantphos (17.5 mol %, 0.035 mmol,
20.3 mg), and acid anhydrides 1 (0.2 mmol, 1 equiv) under ambient air. Lithium iodide
(0.3 mmol, 1.5 equiv, 40.2 mg) and anhydrous toluene (2 mL, 0.1 M) were added to a
nitrogen-filled glovebox. The vial was securely sealed, and the septum was pierced with
a needle for pressure equilibration (the appearance of the reaction set-up is shown in
the Supporting Information). The vial was then placed in a preheated heating block at
100–120 ◦C and stirred for 12 h. After cooling to room temperature, the reaction mixture was
purified by silica gel column chromatography using a dichloromethane/hexane mixture or
pure hexane as the eluent, yielding the desired products.

3.2.3. Representative Procedure for Decarbonylative Bromination of 1-Naphthoic
Anhydrides 1a (Procedure F)

An oven-dried 5-mL microwave vial equipped with a magnetic stirring bar was
charged with [PdCl(cinnamyl)]2 (3 mol %, 6 µmol, 3.1 mg), Xantphos (15 mol %, 0.03 mmol,
17.4 mg), and 1-naphthoic anhydride 1a (0.2 mmol, 1 equiv, 65.3 mg) under ambient air.
Lithium bromide (0.3 mmol, 1.5 equiv, 26.1 mg) and anhydrous toluene (1 mL, 0.2 M) were
introduced in a nitrogen-filled glovebox. The vial was securely sealed and heated in a
preheated block at 160 ◦C for 24 h with continuous stirring. Safety Note: The reaction
must be conducted in a fume hood, as the temperature exceeds toluene’s boiling point, and
carbon monoxide (CO) is generated. There is a potential risk of the reaction cap detaching
due to pressure buildup. After cooling to room temperature, the reaction mixture was
purified by silica gel column chromatography using a suitable eluent to isolate the desired
product 4a.

3.2.4. Representative Procedure for Decarbonylative Chlorination of 1-Naphthoic
Anhydrides 1a (Procedure G)

An oven-dried 5-mL microwave vial equipped with a magnetic stirring bar was
charged with [PdCl(cinnamyl)]2 (3 mol %, 6 µmol, 3.1 mg), Xantphos (15 mol %, 0.03 mmol,
17.4 mg), and 1-naphthoic anhydride 1a (0.2 mmol, 1 equiv, 65.3 mg) under ambient air.
Lithium chloride (0.6 mmol, 3 equiv, 25.4 mg) and anhydrous toluene (1 mL, 0.2 M) were
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added inside a nitrogen-filled glovebox. The vial was securely sealed and heated in a
preheated block at 160 ◦C for 24 h with continuous stirring. Safety Note: The reaction
must be conducted in a fume hood. Due to the high reaction temperature, which exceeds
toluene’s boiling point, and the generation of CO gas, there is a potential risk of the
reaction cap detaching due to pressure buildup. After cooling the reaction mixture to room
temperature, it was purified by silica gel column chromatography using hexane as the
eluent to isolate the desired product 5a.

3.3. Characterization Data of Products

1-Iodonaphthalene (2a) [117]. Prepared according to procedure D as a yellow oil. Rf = 0.60 (hexane).
The isolated yield was 90% (45.9 mg) from 1a. 1H NMR (600 MHz, CDCl3): δ 8.14–8.10
(m, 2H), 7.85 (d, J = 8.2 Hz, 1H), 7.78 (d, J = 7.8 Hz, 1H), 7.60 (t, J = 7.6 Hz, 1H), 7.53 (t,
J = 7.5 Hz, 1H), 7.19 (t, J = 7.8 Hz, 1H); 13C{1H} NMR (151 MHz, CDCl3): δ 137.5, 134.5,
134.2, 132.2, 129.1, 128.7, 127.8, 127.0, 126.8, 99.7.

2-Iodonaphthalene (2c) [117]. Prepared according to procedure D as a white solid.
Rf = 0.60 (hexane). The isolated yield was 70% (35.4 mg) from 1c. 1H NMR (400 MHz,
CDCl3): δ 8.24–8.24 (m, 1H), 7.81–7.78 (m, 1H), 7.73–7.71 (m, 2H), 7.58 (d, J = 8.6 Hz, 1H),
7.50 (dt, J = 6.3, 3.5 Hz, 2H); 13C{1H} NMR (101 MHz, CDCl3): δ 136.8, 135.1, 134.5, 132.2,
129.6, 128.0, 126.9, 126.8, 126.6, 91.6.

1-Iodo-3-methoxybenzene (2d) [117]. Prepared according to procedure E as a colorless oil.
Rf = 0.40 (DCM/hexane = 1/10). The isolated yield was 57% (26.8 mg) from 1d. 1H NMR
(600 MHz, CDCl3): δ 7.28 (ddt, J = 7.8, 1.8, 0.9 Hz, 1H), 7.25 (dt, J = 2.5, 1.2 Hz, 1H), 7.00 (t,
J = 8.1 Hz, 1H), 6.87 (dd, J = 8.4, 2.5 Hz, 1H), 3.78 (s, 3H); 13C{1H} NMR (151 MHz, CDCl3):
δ 160.3, 130.9, 130.0, 123.1, 113.9, 94.5, 55.5.

1-Iodo-4-methoxybenzene (2e) [117]. Prepared according to procedure E as a colorless oil.
Rf = 0.40 (DCM/hexane = 1/10). The isolated yield was 32% (15.2 mg) from 1e. 1H NMR
(600 MHz, CDCl3): δ 7.57–7.54 (m, 2H), 6.70–6.67 (m, 2H), 3.78 (s, 3H); 13C{1H} NMR
(151 MHz, CDCl3): 159.6, 138.3, 116.5, 82.8, 55.4.

1-(tert-butyl)-4-iodobenzene (2f) [117]. Prepared according to procedure D as a white solid.
Rf = 0.80 (hexane). The isolated yield was 60% (31.1 mg) from 1f. 1H NMR (400 MHz,
CDCl3): δ 7.64–7.60 (m, 2H), 7.17–7.13 (m, 2H), 1.30 (s, 9H); 13C{1H} NMR (101 MHz,
CDCl3): δ 151.0, 137.2, 127.7, 90.8, 34.7, 31.3.

4-Iodo-1,1′-biphenyl (2g) [117]. Prepared according to procedure D as a white solid.
Rf = 0.55 (hexane). The isolated yield was 49% (27.6 mg) from 1g. 1H NMR (600 MHz,
CDCl3): δ 7.78–7.76 (m, 2H), 7.57–7.55 (m, 2H), 7.45 (t, J = 7.6 Hz, 2H), 7.39–7.36 (m, 1H),
7.35–7.33 (m, 2H); 13C{1H} NMR (151 MHz, CDCl3): δ 140.9, 140.2, 138.0, 129.1, 129.0, 127.8,
127.0, 93.2.

3-Iodo-1,1′-biphenyl (2h) [117]. Prepared according to procedure D as a colorless oil.
Rf = 0.55 (hexane). The isolated yield was 81% (45.1 mg) from 1h. 1H NMR (600 MHz,
CDCl3): δ 7.95 (t, J = 1.7 Hz, 1H), 7.68 (ddd, J = 7.9, 1.8, 1.0 Hz, 1H), 7.56–7.54 (m, 3H),
7.46–7.43 (m, 2H), 7.39–7.36 (m, 1H), 7.18 (t, J = 7.8 Hz, 1H); 13C{1H} NMR (151 MHz,
CDCl3): δ 143.6, 139.8, 136.32, 136.28, 130.5, 129.0, 128.0, 127.2, 126.5, 94.9.

1-Bromo-4-iodobenzene (2i) [117]. Prepared according to procedure D as a white solid.
Rf = 0.80 (hexane). The isolated yield was 36% (20.3 mg) from 1i. 1H NMR (600 MHz,
CDCl3): δ 7.56–7.53 (m, 2H), 7.24–7.22 (m, 2H); 13C{1H} NMR (151 MHz, CDCl3): δ 139.2,
133.6, 122.3, 92.2.
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1,4-Diiodobenzene (2j) [117]. Prepared according to procedure D as a white solid.
Rf = 0.80 (hexane). The isolated yield was 48% (31.1 mg) from 1j. 1H NMR (600 MHz,
CDCl3): δ 7.41 (s, 4H); 13C{1H} NMR (151 MHz, CDCl3): δ 139.5, 93.5.

4-Iodobenzonitrile (2k) [117]. Prepared according to procedure D as a white solid. Rf = 0.30
(DCM/hexane = 1/1). The isolated yield was 82% (37.3 mg) from 1k. 1H NMR (600 MHz,
CDCl3): δ 7.86–7.83 (m, 2H), 7.37–7.35 (m, 2H); 13C{1H} NMR (151 MHz, CDCl3): δ 138.6,
133.3, 118.3, 111.9, 100.4.

Methyl 4-Iodobenzoate (2l) [117]. Prepared according to procedure D as a white solid.
Rf = 0.40 (DCM/hexane = 1/1). The isolated yield was 43% (22.6 mg) from 1l. 1H NMR
(600 MHz, CDCl3): δ 7.81–7.79 (m, 2H), 7.75–7.73 (m, 2H), 3.91 (s, 3H); 13C{1H} NMR
(151 MHz, CDCl3): δ 166.7, 137.9, 131.2, 129.7, 100.9, 52.4.

2-Iodobenzofuran (2m) [117]. Prepared according to procedure E as a colorless oil.
Rf = 0.60 (hexane). The isolated yield was 24% (11.8 mg) from 1m. 1H NMR (600 MHz,
CDCl3): δ 7.52–7.50 (m, 1H), 7.48–7.46 (m, 1H), 7.24–7.19 (m, 2H), 6.96 (s, 1H); 13C{1H} NMR
(151 MHz, CDCl3): δ 158.3, 129.3, 124.4, 123.3, 119.8, 117.4, 111.0, 96.0.

4-Iodo-N,N-dipropylbenzenesulfonamide (2n) [117]. Prepared according to procedure D as a
white solid. Rf = 0.40 (DCM/hexane = 2/1). The isolated yield was 57% (41.8 mg) from 1n.
1H NMR (400 MHz, CDCl3): δ 7.86–7.82 (m, 2H), 7.52–7.49 (m, 2H), 3.07–3.04 (m, 4H), 1.54
(dq, J = 14.9, 7.4 Hz, 4H), 0.86 (t, J = 7.4 Hz, 6H); 13C{1H} NMR (101 MHz, CDCl3): δ 140.0,
138.3, 128.6, 99.5, 50.1, 22.1, 11.3.

1-Bromonaphthalene (4a) [117]. Prepared according to procedure F as a colorless oil.
Rf = 0.60 (hexane). The isolated yield was 89% (36.7 mg) from 1a. 1H NMR (400 MHz,
CDCl3): δ 8.28 (d, J = 8.4 Hz, 1H), 7.87–7.80 (m, 3H), 7.62 (ddd, J = 8.5, 6.9, 1.5 Hz, 1H),
7.56 (td, J = 7.5, 6.8, 1.4 Hz, 1H), 7.34 (t, J = 7.8 Hz, 1H); 13C{1H} NMR (151 MHz, CDCl3):
δ 134.7, 132.1, 130.0, 128.4, 128.0, 127.4, 127.2, 126.8, 126.3, 122.9.

1-Chloronaphthalene (5a) [117]. Prepared according to procedure G as a colorless oil.
Rf = 0.55 (hexane). The isolated yield was 51% (16.5 mg) from 1a. 1H NMR (400 MHz,
CDCl3): δ 8.33–8.30 (m, 1H), 7.88 (d, J = 8.0 Hz, 1H), 7.79 (d, J = 8.2 Hz, 1H), 7.65–7.55 (m,
3H), 7.42–7.38 (m, 1H); 13C{1H} NMR (101 MHz, CDCl3): δ 134.7, 132.0, 130.9, 128.3, 127.3,
127.2, 126.8, 126.3, 125.8, 124.5.

4. Conclusions
In summary, we have developed an efficient palladium-catalyzed decarbonylative nu-

cleophilic halogenation strategy, particularly for the iodination of aromatic acid anhydrides.
This transformation leverages the unique metastable properties of acid anhydrides to cir-
cumvent the instability of acyl chlorides and the high cost of acyl fluorides, demonstrating
significant potential in synthetic organic chemistry and related fields. Moreover, the steri-
cally bulky and trans-coordinated nature of the Xantphos ligand has once again proven to
be a highly versatile and compatible ligand for thermodynamically and kinetically challeng-
ing processes, such as Pd(II)-mediated reductive elimination of C–X bonds. As a result, we
have successfully achieved a series of decarbonylative nucleophilic halogenation reactions,
including chlorination, bromination, and iodination, via Pd(II)-catalyzed reductive elimina-
tion of C–I, C–Br, and C–Cl bonds, respectively. For substrates bearing electron-donating
substituents, such as methoxy groups, reaction efficiency was enhanced by conducting
the reaction in an open system. Mechanistic studies suggest a plausible decarbonylative
unimolecular fragment coupling (UFC) pathway or an alternative route involving an an-
ionic palladate complex. The unique properties of acid anhydrides played a crucial role in
enhancing catalytic performance by modulating the reactivity of iodide salts, thereby mini-
mizing side reactions and improving overall efficiency. These findings provide valuable
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insights and a strong foundation for future advancements in transition-metal-catalyzed
transformations.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/catal15020191/s1. Detailed screening of reaction conditions for
decarbonylative halogenation is presented in Tables S1–S9. The experimental results monitoring the
formation of acyl iodides at various temperatures are presented in Tables S10–S12. The structures of
the acid anhydrides examined in this study are shown in Figures S1 and S2, while the structures of the
ligands are depicted in Figure S3. The 31P{1H} NMR spectra recorded for the mechanistic studies are
provided in Figures S4 and S5. Additionally, the synthesis and characterization of acid anhydrides,
along with the 1H NMR and 13C{1H} NMR spectra of all the starting materials and final products, are
provided in the Supporting Information. Refs. [92,123–130] are cited in the Supplementary Materials.
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