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ABSTRACT 

 

Fe/ppm Pd Nanoparticle as an Effective Catalytic System for Cross-Couplings in Water 

 

by 

 

Yuting Hu 

 

I.   A greener and sustainable technology for Negishi coupling reactions in water is 

reported. This work demonstrates the efficacy of palladium-containing nanoparticles (NPs) 

with low palladium loadings, typically ca. 2500 ppm (0.25 mol %), as robust catalysts that 

operate in water under remarkably mild conditions. The water serves not only as a green 

reaction medium but is also recyclable, further reinforcing the green aspects of this 

methodology. A board substrate scope of highly functionalized aromatic and heteroaromatic 

bromides, including select examples from the Merck Informer Library, readily underwent 

coupling, thereby underscoring the excellent functional group tolerance associated with this 

approach. Furthermore, residual palladium levels in the resulting products are found to be 

particularly low, as confirmed by Inductively Coupled Plasma Mass Spectrometry (ICP-MS). 

Comprehensive characterization of these catalytically active nanoparticles has been carried 

out using techniques such as Dynamic Light Scattering (DLS), Transmission Electron 

Microscopy (TEM), cryogenic-TEM (cryo-TEM), and Energy-Dispersive X-ray 

Spectroscopy (EDX). 

 



 

ix 

 

II.   An optimized methodology had been developed that not only streamlines the 

preparation of nanoparticles (NPs) featuring ppm levels of palladium loading but also 

ensures reliable outcomes in cross-coupling reactions due to the utilization of freshly added 

ligand and palladium catalyst. The scope of this research encompasses four types of 

coupling reactions: Suzuki–Miyaura, Sonogashira, Mizoroki–Heck, and Negishi, all 

executed under aqueous micellar conditions. The novelty of this approach lies in the initial 

generation of storable, shelf-stable nanoparticles that, without either palladium or ligand can 

be subsequently converted to active NPs. This conversion involves the simple addition of 

precise quantities of palladium salt and the corresponding ligand, tailored to catalyze the 

specific type of coupling reaction being targeted, all in an aqueous medium. 

III.   Ketones plays an important role in the field of organic chemistry. They are present 

in various molecules like pharmaceuticals, fragrances, and polymers. Moreover, they serve 

as precursors in synthesizing heterocycles and natural products. Traditional ketone synthesis 

methods, such as oxidation of alcohols or Friedel-Crafts acylation, have limitations like low 

regioselectivity and environmental concerns. The Fukuyama reaction, noted for its 

chemoselectivity and mild conditions, still faces challenges like the need for intermediate 

thioester synthesis, organozinc reagent synthesis and the use of odorous ethanethiol. Our 

group developed a new reagent, dipyridyldithiocarbonate (DPDTC), for converting 

carboxylic acids into thioesters, offering odorless alternatives. We also pioneered a Negishi 

reaction in water using organozinc reagents, overcoming their typical sensitivity to water. 

This development paves the way for a more sustainable, efficient Fukuyama reaction 

approach. 
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1.1 Background Introduction 

Palladium-catalyzed cross-coupling reactions between aromatic halides or pseudohalides 

and organometallic compounds have found extensive applications across a range of 

industries, including pharmaceuticals, fine chemicals, agrochemicals, dyes, and 

polymers.1,2,3 The Negishi reaction, involving the coupling of aromatic halides or 

pseudohalides with organozinc reagents, stands out for its rapid transmetalation rates4 and 

excellent functional group tolerance.5,6 Furthermore, the Negishi reaction's capacity to build 

carbon-carbon bonds between sp2 and sp3 carbons enhances its importance in 

pharmaceutical chemistry.7 The introduction of sp3 carbons is particularly valuable as it 

imparts lipophilicity, rotational bonds, and offers the potential for chiral centers, all of which 

are crucial for the potency of drug candidates.8 In contrast, Suzuki reactions involving alkyl 

boranes often show reduced reactivity due to undesirable side reactions, such as 

deboronation and β-hydride elimination.9 Similarly, the Kumada reaction is usually 

constrained by the inherent basicity of Grignard reagents, limiting its functional group 

tolerance. Applications of Stille reactions, on the other hand, are limited due to the toxicity 

of organostannane compounds, causing a significant environmental and health risk.10 

In 1977, Eiichi Negishi first reported the cross-coupling reaction between organozinc 

reagents and halides, marking a pivotal development in organic chemistry (Scheme 1).11 

Prior to this breakthrough, Negishi and his team focused on cross-coupling reactions using 

organoaluminium reagents and halides. The research direction shifted towards organozinc 

reagents to improve reactivity and enhance chemoselectivity, regioselectivity, and 

stereoselectivity. THF was selected as the solvent for these experiments, conducted at room 
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temperature. Subsequent studies and advancements have continually refined the Negishi 

reaction, leading to the optimized reaction conditions that are widely employed in today. 

Scheme 1. Eiichi Negishi’s first Negishi reaction 

 

 

Since the 1990s, there has been a significant push to develop palladium-based catalytic 

systems for cross-coupling reactions. While a variety of methods have been established for 

classic coupling processes such as Suzuki, Heck, and Stille reactions, it wasn't until 2001 

that Gregory C. Fu's group introduced the first general protocol for Negishi cross-coupling 

of inactive and deactivated aryl chlorides.12 This method utilized the electron rich complex 

Pd[P(tBu)3]2 as the precatalyst. Employing standard conditions—2 mol % Pd[P(tBu)3]2 in 

THF at 100 °C—this approach enabled the synthesis of a range of sterically hindered biaryls 

with excellent yields. The catalyst system, often referred to as the 'Fu catalyst', has 

demonstrated exceptional efficacy in Negishi reactions and other palladium-catalyzed 

processes.  

In 2005, Fu’s group reported the use of nickel and Pybox ligands in catalyzing 

asymmetric Negishi cross-couplings of secondary α-bromo amides with organozinc 

reagents.13 These Ni/(i-Pr)-Pybox-catalyzed reactions exhibited a high tolerance for various 

functional groups and generally yielded products with both high enantiomeric excess and 

good overall yield. Building on this foundational work, Fu's team subsequently expanded the 

application of the asymmetric Negishi reaction to include alkylation of secondary 

propargylic electrophiles, secondary allylic chlorides, secondary benzylic halides, α-
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bromonitriles, N-Boc-pyrrolidine, and further extended it to arylations of secondary benzylic 

electrophiles and CF3 alkyls. Although in 2014, Fu’s group suggested that these nickel-

catalyzed reactions might proceed via a radical mechanism, instead of only traditional 

Negishi reaction pathway,14 the asymmetric Negishi reaction still is a pivotal benchmark in 

the field of asymmetric cross-coupling reactions. It also inspires ongoing advancements in 

the development of cross-electrophile couplings. 

Scheme 2. Fu catalyst used in Negishi reaction of aryl chlorides. 

 

 

Research into cross-coupling reactions began to gain prominence in the 1970s. However, 

the Negishi reaction initially attracted considerably less attention, primarily due to the ionic 

nature of the C–Zn bond. This characteristic makes the organozinc reagent inherently basic 

and nucleophilic. Reports on gentler and more efficient synthetic methods for organozinc 

reagents has since revealed a remarkable tolerance for what was once believed to be 

incompatible functionality. In 2006, the work of the Knochel group employing LiCl15 and 

the Uchiyama group's use of tBu4ZnLi2
16 to synthesize functionalized organozinc reagents, 
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have redefined perspectives on organozinc compounds. These developments have reignited 

interest in organozinc chemistry and, moreover, in the Negishi reaction. 

Scheme 3. Knochel group’s work and Uchiyama group’s work to synthesize organozinc 

reagent. 

 

 

Research has consistently demonstrated the critical role of supporting ligands in 

palladium-catalyzed reactions. As cross-coupling increasingly finds application in industrial 

and synthetic chemistry, the demand for novel ligands has intensified. In 2004, the 

Buchwald group introduced a groundbreaking ligand known as 'SPhos' for the Suzuki 

reaction, facilitating the formation of functionalized biaryls. Following this, in 2005, a 

ligand specifically tailored for the Negishi reaction, 'RuPhos', was developed to catalyze the 

palladium-catalyzed cross-coupling of organozinc reagents with aryl halides.17 Employing 

RuPhos as the ligand, a diverse array of biaryls has been synthesized via the Negishi 

reaction using only 0.1 – 1 mol % Pd, with THF as the solvent. In 2009, the Buchwald group 

introduced 'CPhos,' a novel ligand, for the Negishi coupling of aryl halides with secondary 

alkyl zinc halides.18 This innovation established an efficient catalyst system, employing just 

1 mol % of Pd(OAc)2 and 2 mol % CPhos, for a wide range of aryl bromides and activated 
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chlorides. Significantly, this system effectively suppresses the undesirable hydride 

elimination pathway. Expanding beyond the traditional Pd/ligand framework, in 2013, the 

Buchwald group further enhanced the field by reporting mild and general conditions for 

Negishi cross-coupling using palladacycle precatalysts (XPhos Pd G3).19 This approach, 

utilizing 0.025 – 2 mol % of the palladacycle, proved effective for a diverse array of 

substrates, including heteroaryl halides, pseudohalides, and other challenging types, under 

the specified conditions. 

Scheme 4. Buchwald group’s catalyst system of Negishi reaction 
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Although phosphine ligands have been pivotal in cross-coupling reactions, N-

heterocyclic carbene (NHC) ligands have also been integral in numerous catalytic systems. 

The synthesis of the first stable, isolated NHC by Arduengo in 1991 marked a paradigm 

shift in organometallic chemistry.20 Although classically, NHCs were viewed as simple 

tertiary phosphine mimics, NHCs have since been recognized for their unique properties. In 

2005, the Organ group reported the pioneering use of a Pd−NHC catalyst in the Negishi 

coupling of two alkyl centers.21 Employing 2 mol % Pd2(dba)3 and 8 mol % of the NHC 

ligand IPr•HCl, they successfully achieved C-C bond formation between two sp3 carbons via 

Negishi reaction, minimizing β-hydride elimination. 

The Organ group's innovations extended beyond sp3-sp3 cross-coupling. In 2006, they 

introduced PEPPSI-IPr (pyridine-enhanced precatalyst preparation, stabilization, and 

initiation; IPr = diisopropylphenylimidazolium derivative), a readily synthesized, air-stable, 

highly active, well-defined precatalyst.22 This represented the first user-friendly, general 

catalyst for the Negishi reaction. The combination of the highly active NHC ligand and the 

stabilizing pyridine ligand enabled a versatile catalyst system for forming sp3-sp3, sp3-sp2, 

sp2-sp3, or sp2-sp2 C-C bonds, effective across various halo/pseudohalo groups with just 1 

mol % catalyst. 

Further advancements by the Organ group included the 2010 introduction of Pd-PEPPSI-

IPent, a modified PEPPSI catalyst for synthesizing tetra-ortho-substituted biaryls,23 and the 

2012 development of Pd-PEPPSI-IPentCl for coupling aryl halides with secondary alkyl zinc 

reagents.24 Over time, a series of Pd-PEPPSI complexes with diverse substitutions on the 

NHC backbone have been developed, showcasing exceptional selectivity and reactivity in 

Negishi cross-coupling reactions. 
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Scheme 5. Organ group’s PEPPSI catalyst system for Negishi reaction 
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While palladium and nickel are the predominant metal catalysts for Negishi cross-

couplings, recent studies have shown the efficiency of other metallic salts, including copper, 

iron, and cobalt derivatives, in catalyzing these reactions. Notably, Giri has reported a 

versatile Negishi cross-coupling method that effectively combines alkyl-, aryl-, and alkynyl-

zinc reagents with various heteroaryl iodides.25 Although limited to electronic deficient 

substrates, the condition is particularly interesting due to its simple commercially available 

catalyst without ligand. Also noteworthy is the iron(I)-catalyzed cross-coupling process 

developed by Bedford.26 This method employs an easily accessible catalyst to facilitate the 

smooth cross-coupling of alkyl halides and diarylzinc reagents, yielding the coupled product 

in quantitative measure. 

 

Scheme 6. Other transition metals catalyzed Negishi reactions. 
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Despite these advantages associated with Negishi reactions, it has not achieved 

prominence in its frequency of usage, as indicated by statistical data reported by Brown and 

Bostrom.27 A primary limitation is the moisture sensitivity of organozinc reagents, which 

readily protio-quench to form inactive organic byproducts and zinc(II) salts.28,29 

Consequently, the reaction requires not only an oxygen-free environment to maintain 

catalytic activity of palladium, but also a moisture-free environment to prevent the 

quenching of organozinc reagents. Both requirements often need additional precautions and 

procedures. The reaction mechanism is shown in Scheme 7. 

Scheme 7. Proposed mechanism for Negishi reactions 

 

In addition, the palladium loadings for Negishi cross-couplings generally range between 

2-5 mol % relative to the cross-coupling partner.12,30 Although instances exist wherein 

catalysts for the Negishi reaction use palladium at parts-per-million31 or parts-per-billion32 

amounts, the molecule synthesized through these catalysts frequently lack complexity. 

Meanwhile the target molecules of interest in medicinal chemistry are often heterocyclic and 

functionalized in nature.33,34 Additionally, the increasing cost of palladium over the past 

several decades suggests an eventual shortage of this precious metal.35 In fact, a report from 
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the ACS Green Chemistry Institute indicates that palladium,36 recognized as the most 

reactive and commonly used catalyst for cross-coupling reactions, is at increasing risk of 

depletion. 

To address the challenges above, two methodologies were strategically combined. 

Previous investigations within our research group have demonstrated that the combination of 

TMEDA and zinc powder in the designer surfactant solutions, such as with PTS or TPGS-

750-M,37 effectively enable formation of organozinc reagents from alkyl iodides in water.38 

In this system, the newly formed organozinc reagents are transferred into micelles, thereby 

affording protection against quenching while enabling reaction with the ligated palladium 

species present within the same micellar environment. Notably, this innovation 

accomplishes two novel objectives: it provides the possibility for the Negishi reaction in 

aqueous media and substantially enhances the accessibility of organozinc reagents. This is 

particularly valuable given the limited commercial availability of organozinc compounds 

compared to organoboronic acids.39 

As one approach to minimizing use of endangered palladium resources, Fe/ppm Pd 

nanoparticles, synthesized from commercially available FeCl3, have been demonstrated to 

serve as effective catalysts in various cross-coupling reactions.40 Originating from work in 

2015, these nanoparticles were obtained by reducing a suspension of FeCl3, Pd(OAc)2, and 

SPhos in tetrahydrofuran (THF) using commercially available MeMgCl. After removal of 

solvent, the isolated nanoparticles displayed noteworthy catalytic activity for use in Suzuki 

reactions under mild conditions in aqueous micellar solutions, with only 320 ppm of 

palladium.41 Following this pioneering work, novel nanoparticles were made using 

Pd(OAc)2 with XPhos to catalyze Sonogashira reactions with 500 ppm Pd,42 while 
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Pd(PtBu3)2Cl2 paired with PtBu3 for the Heck reaction could be accomplished with 1000 to 

2500 ppm Pd.43 The nanoparticles' enhanced reactivity is hypothesized to stem from several 

factors: electronic interactions between the reduced iron and palladium atoms, finely 

dispersed palladium particles, and the "nano-to-nano" effect.44,45 This impressive catalytic 

performance, coupled with the in-situ-generated organozinc reagents, opens the door for the 

development of Negishi reactions catalyzed by palladium at ppm levels… in water. 
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1.2 Results and discussion 

Optimization of the synthesis of nanoparticles (NPs) 

To test the preliminary feasibility of the Fe/Pd nanoparticles as catalysts, nanoparticles 

were made by dissolving 10 mol % FeCl3, 4 mol % AmPhos, and 2 mol % Pd(OAc)2 in 0.04 

mL of anhydrous tetrahydrofuran (THF). This mixture was stirred for 15 minutes, after 

which 0.04 mL of 1 M MeMgCl was added into the vial. After an additional 15 minutes of 

stirring, the black nanoparticles were formed. Subsequently, 0.2 mmol of 4-

bromoacetophenone and 0.6 mmol of (3-bromopropoxy)benzene were added into the 

reaction mixture, followed by the addition of three equivalents of zinc dust and five 

equivalents of tetramethylethylenediamine (TMEDA). These nanoparticles demonstrated 

their ability to effectively catalyze the Negishi reaction between 4-bromoacetophenone and 

(3-bromopropoxy)benzene, with the organozinc reagent generated in-situ made using zinc 

powder. This initial trial resulted in an isolated yield of 63%. Despite the success of this 

preliminary experiment, the focus for subsequent efforts was to reduce the palladium 

loading to the ppm level. Table 1 reveals that diminishing palladium loading correlated with 

decreased yields; for example, using nanoparticles with 0.25 mol % palladium acetate 

yielded only 33% product on GC-MS analysis. 

To achieve optimal catalytic reactivity, the composition of the nanoparticles was 

investigated by varying the amounts of FeCl3, AmPhos, and MeMgCl. As shown in Table 1, 

reducing the level of MeMgCl (1.0 equivalent relative to FeCl3) failed to facilitate 

nanoparticle formation; rather, a viscous, non-isolable sludge was generated. Conversely, 

more MeMgCl (4.0 equivalents relative to FeCl3) led to nanoparticles that exhibited better 
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catalytic activity, achieving a 46% yield. An increase in the amount of FeCl3 led to 

diminished reactivity of the nanoparticles, possibly due to reduced exposure of palladium on 

the nanoparticle surface. 

Table 1. Initial Optimization of amount of FeCl3, AmPhos, and MeMgCl 

 

a Conditions: 4-bromoacetophenone (0.2 mmol), 3-phenoxypropyl bromide (0.6 mmol), zinc dust 

(0.8 mmol), Fe/ppm Pd NPs, TMEDA (1.0 mmol), 2 wt % TPGS-750-M/H2O (1.0 mL), rt,16 h 

b Amount relative to FeCl3
 

c Yield determined by GC-MS; naphthalene as standard, NR = no reaction; 

d Nanoparticles not formed 
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Subsequently, a variety of ligands and palladium sources were evaluated to optimize 

catalytic reactivity. Ligands with different denticities, electron densities, coordinating atoms, 

and ligand cone angles were screened. As shown in Table 2, bidentate ligands, as well as 

ligands with electron deficiency, significantly impacted the yield. Among all the ligands 

tested, AmPhos emerged as the most reactive, possibly due to its electron-donating 

capabilities and its unique amino group.  

Table 2. Initial Optimization of ligands 

 

a Conditions: 4-bromoacetophenone (0.2 mmol), 3-phenoxypropyl bromide (0.6 mmol), zinc dust 

(0.8 mmol), Fe/ppm Pd NPs, TMEDA (1.0 mmol), 2 wt % TPGS-750-M/H2O (1.0 mL), rt,16 h 

b Amount relative to FeCl3; 

c Yield determined by GC-MS; naphthalene as standard, NR = no reaction 
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Changing the source of palladium was found to have no effect on yield (see 

Supplementary Table). Interestingly, the quantity of Grignard reagent is found to be crucial 

in optimizing nanoparticle reactivity. As illustrated in Table 3, carefully controlled addition 

of MeMgCl to 2.9 equivalents relative to FeCl3 yielded nanoparticles that catalyzed the 

Negishi reaction in an aqueous medium, achieving an impressive 86% yield. 

Table 3. Optimization of Grignard amount 

 

a Conditions: 4-bromoacetophenone (0.2 mmol), 3-phenoxypropyl bromide (0.6 mmol), zinc dust 

(0.8 mmol), Fe/ppm Pd NPs TMEDA (1.0 mmol), 2 wt % TPGS-750-M/H2O (1.0 mL), rt,16 h  

b Amount relative to FeCl3;  

c Yield determined by GC-MS; naphthalene as standard, NR = no reaction 
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Optimization of reaction conditions 

Although the synthesized nanoparticles exhibited excellent catalytic reactivity in Negishi 

reactions with basic hydrocarbon compounds, the study further aimed to extend its 

applicability to more complex substrates. These substrates were chosen specifically because 

biologically active molecules frequently feature heterocyclic structures containing several 

nitrogen atoms.18 For instance, when utilizing nanoparticles to catalyze the Negishi reaction 

between 4-(6-bromopyridin-3-yl)morpholine and (3-bromopropoxy)benzene, the yield was 

17%, as shown in Table 4. Efforts to improve this yield, such as modulating the equivalent 

of alkyl bromide, global concentration or introducing various additives, did not significantly 

help the observed results. 

Motivated by results from a previous project that revealed the morphology change of 

nanoparticle under aqueous conditions, this study assessed the impact of the different 

sequences in which the catalyst, cross-coupling partners, zinc, and base were introduced into 

the reaction medium (THF). As shown in Table 4, three different Sequences (A, B, and C) 

were evaluated. Of these, Sequence C proved to be the most effective, yielding an 85% 

isolated yield of product. This protocol commenced with a one hour stirring of the 

nanoparticles in a 2 wt % TPGS-750-M solution, followed by the addition of zinc powder 

and aromatic bromide. After a further 15 minutes of stirring, the alkyl bromide and TMEDA 

were introduced into the reaction mixture. Subsequent stirring at room temperature for 16 

hours yielded optimal results. This sequence's superior catalytic performance could be 

attributed to specific morphological changes that the nanoparticles undergo in aqueous 

solution, resulting in 100-200 nm nanorods that act as the actual catalytic species. 
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Table 4. Further optimization of reaction conditions 

 

a Conditions: 4-(6-bromopyridin-3-yl)morpholine (0.2 mmol), 3-phenoxypropyl bromide (0.4 - 

1.0 mmol) Fe/ppm Pd NPs (15.5 mg, containing 0.25 mol % Pd), zinc (0.8 mmol), TMEDA (1.0 

mmol), 2 wt % TPGS-750-M/H2O, rt,16 h  

b Isolated yield.  

c Yield determined by GC-MS; naphthalene as standard 
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Characterization of the nanoparticles 

Subsequent studies were conducted to characterize these nanoparticles, employing an 

array of analytical techniques including scanning transmission electron microscopy - 

electron dispersive spectroscopy (STEM-EDX), dynamic light scattering (DLS), cryogenic 

electron microscopy (cryo-EM), and elemental mapping. STEM was utilized to disclose the 

morphological and structural attributes of the nanoparticles in various conditions: as a dry 

powder, in aqueous solution, and in micellar solution. Electron dispersive spectroscopy 

(EDX) was used to determine the elementary composition of the nanoparticles, and 

elementary mapping was used to reveal the physical distribution of different elements. DLS 

was applied to measure the sizes of both nanomicelles and nanoparticles, while the cryo-EM 

was applied to investigate the interaction between nanoparticles and nanomicelles. 

As shown in Figure 1A, the dry powder form of the nanoparticles, obtained after 

evaporation of THF, exhibited a spherical shape with a diameter of approximately 10 nm. 

Remarkably, when the nanoparticles were stirred in water for one hour, a significant 

morphological change was observed; the particles transformed from 10 nm spheres into ca. 

200 nm nanorods, as illustrated in Figure 1B. The underlying mechanisms for this 

morphological change remain to be fully understood but may be related to the dissolution of 

magnesium, chlorine, and phosphine in water, as well as the potential quenching of 

methylmagnesium chloride by water. Figure 1C shows the nanoparticle structure after a one-

hour stirring in the presence of 2 wt % TPGS-750-M solution. Notably, in comparison to 

their structure in pure water, the nanoparticles in the micellar solution displayed a more 

uniform size distribution, averaging around 100 nm. This suggests that the micellar 

environment may be conducive to the generation of the active catalytic species. 
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Figure 1. Bright field transmission electron microscopy images of A) spherical dry Fe/ppm Pd NPs 

under 50 nm scale; B) long needle like Fe/ppm Pd nanomaterials in degassed water under 200 nm 

scale; C) Fe/ppm Pd nanorod in 2 wt % TPGS-750-M/H2O under 100 nm scale. 

 

Elementary mapping was employed to illustrate the elemental distribution within STEM 

images. As shown in Figure 2, a sample of nanoparticles after stirring in a 2 wt % TPGS-

750-M solution for one hour was imaged utilizing High-Angle Annular Dark-Field (HAADF) 

microscopy. Elemental analyses for Fe, O, P, N, Cl, and C were conducted on this same 

image. 

In the HAADF image, nanorod structures with 100 nm length were distinctly observed, 

which align with the results previously shown in Figure 1. Most of the iron was localized 

within these nanorods, suggesting that the major composition of the nanorods is composed 

of reduced iron. The distribution of oxygen closely mirrored that of iron, likely due to the 

oxidation of iron upon exposure to air prior to imaging. The phosphorus and nitrogen were 

found to be dispersed throughout the image, suggesting that the ligands in the nanoparticles 

were dissolved in solution. Similarly, chloride appeared to be evenly distributed across the 

image, indicative of its dissolution in water. As for carbon, its presence in the mapping is 

much less valuable due to the fact that the grid supporting the sample is composed of both 

copper and carbon. 
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Figure 2. HAADF-STEM elemental mapping of Fe/ppm Pd nanorods in 2 wt % TPGS-750-

M/H2O. 

 

EDX was employed to determine the elemental composition of the nanoparticles. As 

shown in Figure 3A, within the HAADF image, an area containing a moderate density of 

nanorods was specifically chosen for analysis. An 80-second energy dispersion was 

conducted over this selected area. The resulting qualitative spectrum and quantitative table 

are presented in Figures 3B and 3C. The spectrum revealed the presence of elements such as 

Cl, P, N, Fe, Mg, thereby confirming that the "nanorods" observed in the image was 

transformed from the nanoparticles. In the quantitative table, excluding carbon and copper 

from the background, it was determined that the principal ingredients of the nanoparticles 

are iron and oxygen, with approximately 13% and 14%, respectively. 
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Figure 3A. HAADF image of nanorod in 2 wt % aqueous TPGS-750-M solution 

 

Figure 3B, EDX analysis spectrum of area 1 in Figure 3A 

 

Figure 3C. quantitative EDX analysis of area 1 in Figure 3A 

A 

B 

C 
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Other characterization techniques such as cryo-EM and DLS were employed to further 

reveal the relationship between the nanorods and nanomicelles. As shown in Figure 4A, 

DLS analysis of a sample of nanoparticles suspended in a 2 wt % aqueous TPGS-750-M 

solution revealed the presence of nanomicelle aggregates with an average radius of 35.1 nm. 

Additionally, the nanocatalyst exhibited an average radius of 162.8 nm. The discrepancy 

between the nanocatalyst's radius observed through DLS and that observed through STEM 

imaging may be due to the aggregation of nanorod around the nanomicelles, consequently 

resulting in larger particle sizes noted in the DLS measurements. 

This phenomenon, which we refer to as the “nano-to-nano” effect,44 is further observed 

by cryo-EM imaging, as seen in Figure 4B. Although several isolated nanorods and 

nanomicelles were observed, the majority of nanorods were found in close proximity to the 

nanomicelles. This specific relationship is important for understanding the superior catalytic 

activity of these nanoparticles. The cross-coupling partners, as organic molecules, are 

mainly soluble in the nanomicelles, while the active catalytic nanorods are situated around 

these nanomicelles. This unique relationship significantly enhances the chance of the cross-

coupling partners interacting with the catalyst, thereby leading to the remarkable reactivity 

of these NPs in micellar solutions. 
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Figure 4A. DLS analysis of nanoparticles in 2 wt % TPGS-750-M solution 

 

 

Figure 4B, cryo-EM image of nanoparticles in 2 wt % TPGS-750-M solution 
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Substrate scope in Negishi reactions 

With the nanoparticle synthesis, reaction conditions, and addition sequence thoroughly 

optimized, other coupling partners were evaluated, particularly those featuring functional 

groups and heterocycles. Variations within the aryl and alkyl bromides with diverse 

functional groups were tested in these couplings, yielding products in moderate-to-high 

yields. Functional groups such as ketone-containing products (1.1, 1.2, 1.6, 1.18, 1.23), 

products containing an ether (1.1, 1.4, 1.7, 1.9, 1.15, 1.19, 1.21, 1.24), fluorides (1.2, 1.9, 

1.12, 1.22), trifluoromethyl groups (1.4), esters (1.5, 1.11, 1.13, 1.16, 1.20, 1.23), methoxy 

groups (1.8, 1.10), nitriles (1.15, 1.18), and chlorides (1.16, 1.22) were all well-tolerated 

under the established conditions. 

Moreover, heterocyclic-containing substrates, often considered challenging reactants due 

to their unique electronic densities and potential bonding interactions with the catalyst, were 

also amenable. Heterocycles such as those products containing piperidine (1.6, 1.24), 

benzothiophene (1.7, 1.14), pyrimidine (1.11), morpholine (1.11, 1.12, 1.19), pyridine (1.12, 

1.19), indole (1.20), pyrazole (1.21, 1.24), pyrazolopyrimidine (1.22), and azetidine (1.23) 

could be formed in good yields. Importantly, many of these compounds possess 

functionality found in active ingredients in the agricultural and pharmaceutical industries. 

While most of the substrates tested yielded excellent results, a few containing reactive 

protons underperformed in terms of yield. Specifically, product 1.25, which has a free 

hydroxy group, was obtained in only 22% yield, as determined by 1H NMR analysis. A 

significant amount of starting material underwent alternative reaction pathways leading to 

the formation of undesirable side products. 
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Table 5. Substrate scope table 

 

a Aryl bromide (0.2 mmol), alkyl bromide (0.6 mmol), zinc powder (0.8 mmol), TMEDA (1.0 mmol) 

and Fe/ppm Pd NPs (15.5 mg, 0.25 mol % Pd), 2 wt % TPGS-750-M/H2O (1.0 mL), rt, 16 h.  

b Isolated yield.  

c Used 4 equiv of alkyl bromide.  

d Run at 45 °C, for 40 h. 

e Yield from 1H NMR 
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Importantly, this methodology is compatible with organozinc reagents derived from both 

primary and secondary alkyl bromides. The yields obtained using either type of alkyl 

bromide did not differ significantly under the same reaction conditions. This stands in 

contrast to traditional Negishi reactions, where primary and secondary organozinc reagents 

require different reactions conditions, including palladium catalysts, temperature, and 

solvents.18,46 

To further assess the compatibility of secondary alkyl bromides, a specific substrate was 

evaluated. This effort was made doe to literature observations that secondary zinc halide 

coupling partners may undergo isomerization to their thermodynamically more stable 

primary forms, thereby resulting in undesired side-product isomers.47,48 As shown in Scheme 

8, ethyl 4-bromobenzoate and 2-bromobutane were tested under the standard reaction 

conditions. According to the crude 1H NMR, the desired branched product, ethyl 4-(sec-

butyl)benzoate, was obtained in 96% yield, where the undesirable linear by-product was 

present only in trace amounts. 

 

Scheme 8. Screening for alkyl group rearrangement (from branched to linear product). 

 

 

 

 



 

28 

 

To further assess the generality of Fe/ppm Pd nanoparticle-catalyzed Negishi reaction in 

forming sp2-sp3 C-C bonds, aryl halides sourced from the Merck Informer Library were 

tested. These starting materials were proposed by Merck and consist of a group of aryl 

halides and boronic acids selected for their "drug-like" properties.49 These properties include 

a range of 14 physicochemical factors, such as molecular weight, ring count, hydrogen bond 

donors and acceptors, sp3 character fraction, and Alog P values. 

As shown in Scheme 9, three aryl halide precursors from this Library were effectively 

coupled with different alkyl bromides, with a remarkably low palladium loading of just 0.40 

mol %. The reactions gave moderate-to-good product yields, ranging from 47% to 72%. 

Notably, in most cases, the remaining mass was unreacted starting material. For compound 

1.28, an increase in isolated yield from 58% to 69% was observed with only 0.1 mol % of 

additional Pd catalyst. 

Given the inherent complexity of these aryl halides, coupled with the functionality 

present in each alkyl bromide, these results are quite promising. They become all the more 

remarkable when considering the ppm level palladium-containing catalyst involved, the in-

situ formation of the zinc reagent, the mild reaction conditions, and the greenness of this 

method which uses water as the reaction medium. 
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Scheme 9. Fe/ppm Pd NP-catalyzed Negishi couplings involving aryl halides from the 

Merck Informer Library 
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Gram scale reaction 

To assess the scalability of this methodology for potential application to large-scale 

chemical production, an experiment was conducted at the gram scale while maintaining the 

same catalyst percentage. As shown in Scheme 10, a coupling reaction involving 1.07 g of 

5-bromobenzothiophene and 3.23 g of (3-bromopropoxy)benzene was performed under the 

conditions previously determined. A total mass of 1.2 g of 5-(3-phenoxypropyl)-

benzothiophene was successfully isolated in 87%. The reaction proceeded readily at this 

larger scale, showing a freely-stirring silver/white suspension. The success of this gram-

scale reaction can be largely attributed to the dilute global concentration. Specifically, at a 

concentration of 0.2 M, the reaction exhibited no issues related to solid aggregation, 

overheating, or uneven stirring. 

 

Scheme 10, Gram-scale Negishi coupling in water using Fe/ppm Pd NPs 

 

 

Recycle study 

The recycling of both the palladium catalyst and the reaction media is an important 

feature associated with these coupling reactions. With each recycling of the palladium 

catalyst, the actual palladium loading required for each reaction is reduced. Meanwhile, the 



 

31 

 

recyclability of the aqueous reaction media highlights the environmental friendliness of this 

methodology. 

As shown in Table 6, a recycling study was conducted using 1-(4-bromophenyl)ethan-1-

one and (3-bromopropoxy)benzene. The initial run was executed under the standard 

catalytic conditions. Upon completion of the reaction, a minimal amount of methyl t-butyl 

ether (MTBE) was used as the organic phase to extract the target product, leaving the 

nanoparticles along with the aqueous phase. The product in the organic phase was then 

purified, resulting in an isolated yield of 86%. For the next run, fresh zinc powder, TEMDA, 

and ligand were introduced into the recovered aqueous phase containing the nanoparticles. 

Using this catalytic mixture, the same cross-coupling reaction was initiated. After the 

reaction, the same extraction procedure was operated, yielding 84% product. 

In the third cycle, besides the previously mentioned fresh reagents, an additional 1500 

ppm of Pd(OAc)2 was necessary to maintain catalyst activity. This cycle led to an 80% 

isolated yield of product. The recharge of fresh reagents is necessary as the zinc powder 

undergoes continual oxidation. Moreover, TEMDA and the ligand dissociate from the 

nanoparticles, and are subsequently extracted from the aqueous phase. By the third cycle, 

supplementary palladium is required. This is because a portion of ligated palladium is 

dissolved in the aqueous micellar phase during the reaction and was later extracted out by 

MTBE. 

Nonetheless, across three reaction cycles, a total of only 4000 ppm (0.4 mol %) of 

palladium was utilized, effectively reducing the palladium loading to 1333 ppm (or, 0.133 

mol %) per reaction. Notably, the same micellar solution was employed in all three cycles 

without any decrease in this enabling medium. The recyclability of both the palladium and 
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the medium highlights the metal economy with respect to palladium loading, and the 

greenness for minimizing organic waste creation. 

Table 6. recycle study 

 

a Aryl bromide (0.2 mmol), alkyl bromide (0.8 mmol), zinc powder (1.0 mmol), TMEDA (1.0 

mmol) and Fe/ppm Pd NPs (15.5 mg, 0.25 mol % Pd), 2 wt % TPGS-750-M/H2O (1.0 mL), rt, 8 h.  

b Isolated yield 

 

Residual metal analysis 

It's also important to consider the residual transition metal residue in the final product, 

especially since transition metals are widely used in the pharmaceutical industry. The oral 

daily limitation for palladium is set at 10 ppm per dose by FDA.50 If a product exceeds this 

threshold, pharmaceutical companies must invest additional resources and time to reduce the 

palladium residue below the permissible limit, potentially incurring considerable financial 

cost.  

While some might point out an alternative approach using nickel to form sp2-sp3 C-C 

bonds, either through traditional cross-coupling51 or cross-electrophile coupling,52 it's worth 

noting that the allowable limit for nickel stands at 20 ppm. Yet, typical reactions require a 
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nickel loading of between 2–10 mol %. Consequently, the final drug product often retains 

substantial quantities of nickel, presenting potential challenges and concerns.  

Two products each synthesized using this technology were sent to UCLA for ICP-MS 

analysis to assess residual metal concentrations, specifically for Pd, Ni, and Zn. Given the 

ppm palladium used in the reaction, it was expected that the palladium residue in both 

compounds would be below the FDA limits. As shown in Table 7, compound 1.7 exhibited a 

palladium residue of 0.037 ppm. For compound 1.20, palladium was not detected, indicating 

that its residue is below the detection threshold of the ICP-MS. 

 

Table 7, Residual metal content in compound 7 and 20, as determined by ICP-MS 

 

a  ICP-MS data was obtained from the UC Center for Environmental Implications of 

Nanotechnology at UCLA.  

b Each sample was done in triplicate with background correction.  

c n/a represents a result below the detection limit. 
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Direct comparisons with literature 

A direct comparison was conducted on the formation of sp2-sp3 C-C bonds between 

using this new methodology with conventional Negishi coupling conditions and cross 

electrophile coupling catalyzed by precious metals. To synthesize the same compounds, 

references 53 and 54 require the combined use of iridium and nickel. For a traditional 

Negishi reaction, 5 mol % of Ni or Pd is required, as outlined in references 55 and 56, 

respectively. Beyond the sustainability concerns and costs associated with these precious 

metals, it's noteworthy that most of these reactions are executed by top pharmaceutical 

corporations using organic solvents. Specifically, solvents with significant environmental 

impacts were employed, such as water-miscible dioxane (see entries 1 and 2) or the dipolar 

aprotic solvent DMA (entries 5 and 6). When evaluating both from an economic and 

environmental perspective, the nanoparticle technology in micellar solution stands out as a 

far superior approach. 

 

 

 

 

 

 

 

 

 

 



 

35 

 

Table 8. Comparison between Fe/ppm Pd NPs and representative recent catalysts used 

 

 

 

E Factor evaluation 

Introduced by Sheldon in 1992, the E Factor has become an important tool for evaluating 

the environmental impact of organic reactions.57,58 To further assess the greenness of this 

method, the E Factor was calculated for one of the compounds above. As shown in Scheme 

11, the synthesis of compound 1.33 using nanoparticles in an aqueous micellar solution 

results in an E Factor of an only 3.77. This low value represents the environmental 

friendliness of this approach, as only minimal amounts of organic waste are produced. By 



 

36 

 

contrast, the E Factor to synthesize the same compound using conventional methods stands 

at 87, according to reference 54. A detailed breakdown of these E Factor calculations is 

provided in the experimental section. 

Scheme 11. E Factor comparison with a typical literature approach 

 

 

One-pot Synthetic sequence 

To further investigate the advantages of reactions in aqueous media, a tandem four-step, 

one-pot synthetic sequence was executed. Starting with p-bromopropiophenone 1.36, allyl 

bromide and sodium t-butoxide were introduced and stirred in the absence of solvent. Under 

these solvent-free conditions, the allylation occurred twice at the alpha position of the 

ketone within minutes,59 yielding compound 1.37. This intermediate was not isolated. 

Instead, it was directly treated with the Grubbs-2 catalyst, a 2 wt % TPGS-750-M solution as 

reaction medium, and KHSO4 to modify the solution's pH. A successful ring-closing 

metathesis on educt 1.37 led to the cyclopentene-containing ketone,37 compound 1.38. Again, 

without isolating compound 1.38, Fe/ppm Pd nanoparticles were introduced under an argon 

flow, along with the alkyl bromide and zinc to conduct a Negishi reaction in water. This 
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produced, compound 1.39 formed in the same pot, was also not isolated. An -position on 

the ketone, introduced from the alkyl bromide, underwent a palladium-catalyzed -

arylation,60 leading to the final product, compound 1.40. The overall isolated yield for this 

four-step, one-pot synthesis is 66%. This sequence not only highlights the time efficiency 

from eliminating the need for intermediate purification61 but also showcases the pot 

economies resulting from avoiding use of several reactors.62 

Scheme 12. Tandem, 4-step, 1-pot sequence, neat and in water 

 

 

 

 

 



 

38 

 

Conclusion 

In conclusion, new nanoparticles derived from commercially available FeCl3 have been 

successfully developed for catalysis of Negishi reactions in water. This technique utilizes 

ppm levels of ligated palladium and in situ-generated organozinc reagents. Various 

characterization methods, including STEM-EDX, DLS, cryo-EM, and elemental mapping, 

were employed to better understand the catalytic system. Palladium acetate coupled with the 

AmPhos ligand were identified as the best combination as catalyst after evaluating multiple 

palladium sources and ligands. This technology exhibits notable generality, as evidenced by 

its efficiency with compounds bearing various functional groups and heterocycles. 

Impressively, complex halides from the Merck Informer Library could be used as examples 

of "late-stage functionalization." In direct comparisons with cases from existing literature, 

this approach leads to higher yields, utilizes cost-effective catalysts, uses greener reaction 

media, and achieves a lower E Factor. Additionally, a four-step, one-pot reaction sequence 

in water highlights the huge potential and advantages of this important tool in the expanding 

green chemistry methodology toolbox. 
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1.3 Appendix 

General Information  

All commercial reagents were used without further purification unless otherwise noted. 

The THF used for the preparation of NPs was taken from a solvent purification system 

(Pure-Solv 400, Innovative Technology, Inc. (now Inert, Inc.)), or distilled using a sodium 

benzophenone ketyl system. All other solvents were used as received, such as MeOH, 

EtOAc, hexanes, and Et2O, unless otherwise noted, and purchased from Fisher Scientific. 

FeCl3 (anhydrous, 98%) was purchased from Alfa Aesar (Lot number: D06Q37) and stored 

in an argon purged glove box. Zinc powder was purchased from Alfa Aesar (~100 mesh, 

99.9%, Lot number: Z21B027) and stored in an argon purged glove box. AmPhos was 

purchased from Sigma-Aldrich (product number 677264). Palladium acetate was purchased 

from Johnson Matthey and kept in its solid state within a glove box. All palladium catalysts 

and ligands were stored in an argon purged glove box. Methylmagnesium chloride was 

purchased from Sigma-Aldrich (product number: 189901) and was titrated precisely. 

TMEDA was purchased from Sigma-Aldrich (≥99.5%, purified by redistillation, product 

number 411019). A solution of 2 wt % TPGS-750-M in H2O was prepared by dissolving 

TPGS-750-M in degassed HPLC grade water and was stored in Schlenk flask under argon. 

TPGS-750-M was made as previously described1 and is available from Sigma-Aldrich 

(catalog number 733857). A standard 2 wt % aqueous solution of TPGS-750-M was 

typically prepared on a 100 g scale by dissolving 2 g of the TPGS-750-M wax into 98 g of 

thoroughly degassed1 (steady stream of argon, minimum of 12 h bubbling time with stirring 

and heating) HPLC grade water in a Schlenk flask equipped with a stir bar and allowed to 
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dissolve overnight with vigorous stirring under argon pressure (NOTE: Do not attempt to 

degas the aqueous phase with surfactant wax submerged; vigorous foaming to the point of 

overflowing will occur). The 2 wt % TPGS-750-M/H2O solution, once prepared, was always 

kept in a Schlenk flask. Thin layer chromatography (TLC) was done using Silica Gel 60 

F254 plates (0.25 mm thick) purchased from Merck. Column chromatography was done in 

glass columns using Silica gel 60 (EMD, 40-63 μm) or with pre-packed 25-gram KP-Sil 

BiotageƟ SNAP Cartridges on the BiotageƟ Isolera One autocolumn. GC-MS data was 

recorded on an Agilent Technologies 7890A GC system coupled with Agilent Technologies 

5975C mass spectrometer using HP-5MS column (30 m × 0.250 mm, 0.25 µ) purchased 

from Agilent Technologies. 1H, 13C, and 19F NMR spectra were recorded at 25 °C on a 

Agilent Technologies 400 MHz, a Varian Unity Inova 500 MHz, Varian Unity Inova 600 

MHz, Bruker Avance III HD 400 MHz or Bruker Avance NEO 500 MHz spectrometer in 

CDCl3 with residual CHCl3 (
1H = 7.26 ppm, 13C = 77.16 ppm) or in DMSO-d6 with residual 

(CH3)2SO (1H = 2.50 ppm, 13C = 39.52 ppm) as internal standards. Chemical shifts are 

reported in parts per million (ppm). NMR Data are reported as follows: chemical shift, 

multiplicity (s = singlet, d = doublet, dd = doublet of doublets, ddd = doublet of doublet of 

doublets, t = triplet, td = triplet of doublets, q = quartet, quin = quintet, m = multiplet), 

coupling constant (if applicable), and integration. Chemical shifts in 13C NMR spectra are 

reported in ppm on the δ scale from the central peak of residual CDCl3 (77.16 ppm) or the 

central peak of DMSO-d6 (39.52 ppm). High-resolution mass analyses (HRMS) were 

recorded on Waters GCT Premier GC TOF or Agilent 6230 TOF LC/MS System. STEM 

images were obtained using ThermoFisher Talos G2 200X TEM/STEM w/ChemiSTEM 

EDS. Cryo-TEM images were obtained using FEI Tecnai G2 Sphera 200kV EDX. DLS 
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analysis was obtained using DynaPro NanoStar™ from Wyatt Technology under 662 nm 

laser wavelength. 

 

Optimization of the preparation of Fe/ppm Pd NPs 

General procedure for preparation of in situ-derived Fe/ppm Pd NPs: 

In an oven dried 4 mL microwave reaction vial purged with argon, covered with a rubber 

septum containing a PTFE-coated magnetic stir bar, 0.1 mL dry THF solution of 0.1 M 

FeCl3 (5 mol %, 0.01 mmol), 0.25 mL dry THF solution of 0.002 M Pd(OAc)2 (0.25 mol %, 

0.0005 mmol) and 0.05 mL dry THF solution of 0.2 M AmPhos (5 mol %, 0.01 mmol) were 

added under a stream of dry argon. While maintaining a dry atmosphere at rt, a 1 M solution 

of MeMgCl in THF was very slowly (1 drop/2 sec) added to the reaction mixture. After 

complete addition of the Grignard reagent, the mixture was stirred for an additional 15 min 

at rt. The NPs formed were collected and need to be stored under argon. 

 

General procedure for Negishi couplings:  optimization  

4-Bromoacetophenone (39.8 mg, 0.2 mmol, 1 equiv) and zinc (52.0 mg, 0.8 mmol, 4.0 

equiv) were added to the vial with the in situ-prepared Fe/ppm Pd NPs under a continuous 

argon flow. The reaction vial was closed with a septum under argon, followed by sequential 

addition of an aqueous solution 2 wt % TPGS-750-M in H2O (1.0 mL), 3-phenoxypropyl 

bromide (0.13 mL, 0.8 mmol, 4.0 equiv), and TEMDA (0.15 mL, 1.0 mmol, 5.0 equiv) via 

syringe through the rubber septum. The reaction vial was stirred vigorously at rt for 16 h. 

After 16 h, EtOAc (3 x 2 mL) was added, and the mixture was gently stirred for 2 min at rt. 

Stirring was then stopped and the vial with the organic layer was decanted via pipette with 
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aid of a centrifuge. The organic layer was passed through a very small silica plug in a pipette. 

Yields were determined by GCMS using naphthalene as internal standard.  

 

Table S1. Optimization of the source of palladium 

 

a Conditions: 4-bromoacetophenone (0.2 mmol), 3-phenoxypropyl bromide (0.6 mmol), zinc dust 

(0.8 mmol), Fe/ppm Pd NPs, TMEDA (1.0 mmol), 2 wt % TPGS-750-M in H2O (1.0 mL), rt,16 h 

b Amount relative to FeCl3
 

c Yield determined by GC-MS; naphthalene as standard, NR = no reaction; 
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Scheme S1. Optimization of preparation procedure 

 

General procedure for preparation of in situ-derived Fe/ppm Pd NPs; Method A 

In an oven dried 4 mL microwave reaction vial purged with argon, covered with a rubber 

septum containing a PTFE-coated magnetic stir bar, 0.1 mL dry THF solution of 0.1 M 

FeCl3 (5 mol %, 0.01 mmol), 0.25 mL dry THF solution of 0.002 M Pd(OAc)2 (0.25 mol %, 

0.0005 mmol) and 0.05 mL dry THF solution of 0.2 M AmPhos (5 mol %, 0.01 mmol) were 

added under dry argon pressure. While maintaining a dry atmosphere at rt, a 1 M solution of 

MeMgCl in THF was very slowly (1 drop/2 sec) added to the reaction mixture. After 

complete addition of the Grignard reagent, the mixture was stirred for an additional 15 min 

at rt. The NPs need to be stored under argon. 

 

General procedure for preparation of in situ-derived Fe/ppm Pd NPs; Method B 

In an oven dried 4 mL microwave reaction vial purged with argon, covered with a rubber 

septum containing a PTFE-coated magnetic stir bar, 0.1 mL dry THF solution of 0.1 M 

FeCl3 (5 mol %, 0.01 mmol), and 0.05 mL dry THF solution of 0.2 M AmPhos (5 mol %, 

0.01 mmol) were added under dry argon pressure. While maintaining a dry atmosphere at rt, 

0.02 mL 1 M solution of MeMgCl in THF was very slowly (1 drop/2 sec) added to the 

reaction mixture. Then the mixture was stirred for an additional 1 min at rt. After that time, 
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0.25 mL dry THF solution of 0.002 M Pd(OAc)2 (0.25 mol %, 0.0005 mmol) was added to 

the reaction mixture. After addition, additional 0.02 mL 1 M solution of MeMgCl in THF 

was very slowly (1 drop/2 sec) added to the reaction mixture. After complete addition of the 

Grignard reagent, the mixture was stirred for an additional 15 min at rt. The NPs need to be 

stored under argon. 

 

General procedure for preparation of in situ-derived Fe/ppm Pd NPs; Method C 

In an oven dried 4 mL microwave reaction vial purged with argon, covered with a rubber 

septum containing a PTFE-coated magnetic stir bar, 0.1 mL dry THF solution of 0.1 M 

FeCl3 (5 mol %, 0.01 mmol), were added under dry argon pressure. While maintaining a dry 

atmosphere at rt, 0.02 mL 1 M solution of MeMgCl in THF was very slowly (1 drop/2 sec) 

added to the reaction mixture. Then the mixture was stirred for an additional 1 min at rt. 

After that time, 0.25 mL dry THF solution of 0.002 M Pd(OAc)2 (0.25 mol %, 0.0005 mmol) 

and 0.05 mL dry THF solution of 0.2 M AmPhos (5 mol %, 0.01 mmol) was added to the 

reaction mixture. After addition, additional 0.02 mL 1 M solution of MeMgCl in THF was 

very slowly (1 drop/2 sec) added to the reaction mixture. After complete addition of the 

Grignard reagent, the mixture was stirred for an additional 15 min at rt. The NPs need to be 

stored under argon. 
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Table S4. Optimization of different sequences to make NPs 

 

a Conditions: 4-bromoacetophenone (0.2 mmol), 3-phenoxypropyl bromide (0.6 mmol), zinc dust 

(0.8 mmol), Fe/ppm Pd NPs, TMEDA (1.0 mmol), 2 wt % TPGS-750-M in H2O (1.0 mL), rt,16 h 

b Yield determined by GC-MS; naphthalene as standard, NR = no reaction; 

 

Optimization of reagents addition sequence 

General procedure for optimization of reaction conditions for a Fe/ppm Pd NPs catalyzed 

Negishi reaction; Sequence A 

4-(6-Bromopyridin-3-yl)morpholine (48.6 mg, 0.2 mmol, 1 equiv) and zinc (52 mg, 0.8 

mmol, 4 equiv) were added to a oven dried 1-dram vial followed by sequential addition of 

optimized Fe/ppm NPs (15.5 mg, 0.25 mol % Pd). The reaction vial was sealed with a 

rubber septum inside of the glovebox. A 2 wt % TPGS-750-M in H2O solution, 3-

phenoxypropyl bromide (0.4–1.0 mmol) and TMEDA (0.15 mL, 1.0 mmol, 5 equiv) were 

added to the vial by syringe and the mixture was stirred vigorously at rt for 16 h. After 16 h, 

EtOAc (3 x 2 mL) was added and the mixture stirred gently for 2 min at rt. Stirring was then 

stopped and the organic layer was decanted via pipette after centrifugation. The organic 
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layer was passed through a very small silica plug. Yields were determined by GCMS using 

naphthalene as internal standard or isolated. 

Sequence B 

To a flame dried 1-dram vial equipped with an oven dried stir bar inside of a glove box was 

added optimized Fe/ppm NPs (15.5 mg, 0.25 mol % Pd). The vial was then sealed with a 

rubber septum inside of the glovebox. A 2 wt % TPGS-750-M in H2O solution was added to 

the vial by syringe and the mixture was stirred vigorously at rt for indicated time. Then 4-(6-

bromopyridin-3-yl)morpholine (48.6 mg, 0.2 mmol, 1 equiv) and 3-phenoxypropyl bromide 

(0.4–1.0 mmol) were added to the vial under argon flow. The vial was then sealed with 

rubber septum under argon flow and stirred for 15 min. Then zinc (52 mg, 0.8 mmol, 4 

equiv) and TMEDA (0.15 mL, 1.0 mmol, 5 equiv) were added to the vial under argon flow. 

The vial was then sealed with rubber septum under argon flow and stirred vigorously at rt 

for 16 h. After 16 h, EtOAc (3 x 2 mL) was added and the mixture stirred gently for 2 min at 

rt. Stirring was then stopped and the organic layer was decanted via pipette after 

centrifugation. The organic layer was passed through a very small silica plug. Yields were 

determined by GCMS using naphthalene as internal standard or isolated. 

 

Sequence C 

To a flame dried 1-dram vial equipped with an oven dried stir bar inside of a glove box was 

added optimized Fe/ppm NPs (15.5 mg, 0.25 mol % Pd). The vial was then sealed with a 

rubber septum inside of the glovebox. A 2 wt % TPGS-750-M/H2O solution was added to 

the vial by syringe and the mixture was stirred vigorously at rt for indicated time. Then 4-(6-

bromopyridin-3-yl)morpholine (48.6 mg, 0.2 mmol, 1 equiv) and zinc (52 mg, 0.8 mmol, 4 
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equiv) were added to the vial under argon flow. The vial was then sealed with rubber septum 

under argon flow and stirred for 15 min. Then 3-phenoxypropyl bromide (0.4–1.0 mmol) 

and TMEDA (0.15 mL, 1.0 mmol, 5 equiv) were added to the vial via syringe. The vial was 

then stirred vigorously at rt for 16 h. After 16 h, EtOAc (3 x 2 mL) was added and the 

mixture stirred gently for 2 min at rt. Stirring was then stopped and the organic layer was 

decanted via pipette after centrifugation. The organic layer was passed through a very small 

silica plug. Yields were determined by GCMS using naphthalene as internal standard or 

isolated. 

 

Optimization of surfactants 

To a flame dried 1-dram vial equipped with an oven dried stir bar inside of a glove box was 

added optimized Fe/ppm NPs (15.5 mg, 0.25 mol % Pd). The vial was then sealed with a 

rubber septum inside the glovebox. An aqueous surfactant solution was added to the vial by 

syringe and the mixture was stirred vigorously at rt for 1 h. Then 4-(6-bromopyridin-3-

yl)morpholine (48.6 mg, 0.2 mmol, 1 equiv) and zinc (52 mg, 0.8 mmol, 4 equiv) were 

added to the vial under argon flow. The vial was then sealed with rubber septum under argon 

flow and stirred for 15 min. Then 3-phenoxypropyl bromide (0.1 mL, 0.6 mmol, 3 equiv) 

and TMEDA (0.15 mL, 1.0 mmol, 5 equiv) were added to the vial via syringe. The vial was 

then stirred vigorously at rt for 16 h. After 16 h, EtOAc (3 x 2 mL) was added and the 

mixture stirred gently for 2 min at rt. Stirring was then stopped and the organic layer was 

decanted via pipette after centrifugation. The solvent was removed using rotary evaporation. 

Yields were determined by 1H NMR using ethylene carbonate as internal standard. 
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Table S3. Further optimization on reaction conditions 

 

a Conditions: 4-bromoacetophenone (0.2 mmol), 3-phenoxypropyl bromide (0.6 mmol), Fe/ppm Pd 

NPs (15.5 mg, containing 0.25 mol % Pd), zinc dust (0.8 mmol), TMEDA (1.0 mmol), solvent (1.0 

mL), rt ,16 h  

b Yield determined by 1H-NMR; ethylene carbonate as internal standard 

 

Titration of MeMgCl in THF solution with LiCl/I2 

To an oven dried 25 mL round bottom flask, anhydrous LiCl (424 mg, 10 mmol) was added 

under an argon atmosphere in the glovebox. The flask was sealed with a rubber septum, and 

20 mL dry THF was added by syringe and the mixture was stirred at rt until the LiCl was 

completely dissolved, resulting in the formation of a 0.5 M solution of LiCl in THF. 

A 10 mL microwave vial equipped with a magnetic stirring bar and a septum was heated 

with a heat gun under reduced pressure and cooled to rt under an argon atmosphere. In the 
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glovebox, the dry microwave vial was charged with accurately weighed I2 (127 mg, 0.5 

mmol) and capped with a rubber septum. The saturated solution of LiCl in THF (2 mL) was 

added and stirring was started. After the iodine was completely dissolved, the resulting 

brown solution was cooled to 0 °C in an ice bath. Another 5 mL round bottom flask 

equipped with a magnetic stirring bar and a septum was heated with a heat gun under 

reduced pressure and cooled to rt under an argon atmosphere. To this round bottom flask, 

methyl magnesium chloride solution (from Sigma-Aldrich, catalog No. 189901; 3 mL) and 

dry THF (6 mL) were added by syringe and then stirred. To the vial with I2, the methyl 

magnesium chloride solution was added dropwise via a 1.00 mL syringe (0.01 mL 

graduation) until the brown color disappeared. The amount consumed contains 1 equiv of 

the methyl magnesium chloride relative to iodine. The MeMgCl solution was titrated five 

times. 

 

Final Optimized Procedure for the Preparation of Fe/ppm Pd Nanoparticles 

In an oven dried round-bottomed flask, FeCl3 (115.4 mg, 0.71 mmol), AmPhos (189 

mg, 0.71 mmol) and Pd(OAc)2 (8 mg, 0.036 mmol) was added under an atmosphere of 

argon in glove box. The flask was covered with a septum, and 3.0 mL dry THF was added 

by syringe. The reaction mixture was stirred for 15 min at rt. While maintaining a dry 

atmosphere at rt, a 1 M solution of MeMgCl in THF was very slowly (1 drop/2 sec) added to 

the reaction mixture (2.06 mL, 2.06 mmol). And then, the mixture was stirred for an 

additional 15 min at rt. (The solution of MeMgCl in THF was titrated by LiCl/I2, and needs 

to be added precisely. The NPs are not active if more or less MeMgCl is added during their 

formation). THF was then evaporated under reduced pressure at rt to provide black 
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nanomaterial as a powder. The Fe nanoparticles obtained were dried under reduced pressure 

at rt for 10 min yielding 1.12 g Fe/ppm Pd NPs. These nanoparticles need to be stored under 

argon in a glovebox. The material was used as such for subsequent reactions under micellar 

conditions. 

 

General procedure for Negishi coupling reactions 

To a flame dried 1-dram vial equipped with an oven dried stir bar inside of a glove box 

was added optimized Fe/ppm NPs (15.5 mg, 0.25 mol % Pd) in the glovebox. The vial was 

then sealed with a rubber septum inside of the glovebox. A 2 wt % TPGS-750-M/H2O 

solution was added to the vial by syringe and the mixture was stirred vigorously at rt for 1 h. 

Then aryl bromide (0.2 mmol, 1 equiv) and zinc (52 mg, 0.8 mmol, 4 equiv) were added to 

the vial under argon flow. The vial was then sealed with rubber septum under argon flow 

and stirred for 15 min. Then alkyl bromide (0.6–1.0 mmol) and TMEDA (0.15 mL, 1.0 

mmol, 5 equiv) were added to the vial via syringe. The vial was then stirred vigorously at rt 

or 45 °C for indicated time. Then, EtOAc was added and the mixture stirred gently for 2 min 

at rt. Stirring was then stopped and the organic layer was decanted via pipette after 

centrifugation. The same extraction procedure was repeated twice. The combined organic 

extracts were dried under reduced pressure and purified by flash chromatography over silica 

gel. 
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Analyses of nanoparticles (NPs) 

STEM (BF and HADDF) and EDX for Fe/ppm Pd NP dry powder 

    

Figure S1. (A) Bright Field TEM image for nanoparticle dry powder on a 200 nm scale. (B) Bright 

Field TEM image for nanoparticle dry powder on a 100 nm scale. 
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Figure S2. (A) HADDF STEM image for nanoparticle dry powder aggregates on a 2 μm scale. (B) 

HADDF STEM image for nanoparticle dry powder aggregates on a 500 nm scale. (C) EDX analysis 

spectrum for nanoparticle dry powder. (D) EDX quantification results for nanoparticle dry powder. 
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STEM (BF) Fe/ppm Pd nanoparticles in pure degassed water  

    

Figure S3. (A) Bright Field TEM image for nanoparticle in degassed water in 500 nm scale. (B) 

Bright Field TEM image for nanoparticle in degassed water in 200 nm scale. 

 

STEM (BF and HADDF) image and EDX for Fe/ppm Pd nanoparticles in 2 wt % TPGS-

750-M/H2O solution 

     

Figure S4. (A) Bright Field TEM image for nanoparticle in 2 wt % TPGS-750-M/H2O solution on a 

500 nm scale. (B) Bright Field TEM image for nanoparticle in 2 wt % TPGS-750-M/H2O solution on 

a 200 nm scale. 
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Figure S5. (A) HADDF STEM image for nanoparticles in 2 wt % TPGS-750-M/H2O solution on a 

50 nm scale. (B) HADDF STEM image for nanoparticles in 2 wt % TPGS-750-M/H2O solution on a 

200 nm scale. (C) EDX analysis spectrum for nanoparticles in 2 wt % TPGS-750-M/H2O solution. 

(D) EDX quantification results for nanoparticles in 2 wt % TPGS-750-M/H2O solution. 
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Cryo-TEM image for NPs in 2 wt % TPGS-750-M/H2O solution 

    

Figure S7. Cryo-TEM images for nanoparticle in 2 wt % TPGS-750-M/H2O solution on a 1000 nm 

scale. 
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Dynamic Light Scattering (DLS) analysis for NPs in degassed water 

 

 

Figure S8. (A) DLS (dynamic light scattering) radius analysis for sample containing nanoparticles in 

2 wt % TPGS-750-M/H2O. (B) Intensity correlation for sample containing nanoparticles in 2 wt % 

TPGS-750-M/H2O. (C) Error for sample containing nanoparticles in 2 wt % TPGS-750-M/H2O. 
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Table S4 DLS analysis for sample containing nanoparticles in 2 wt % TPGS-750-M/H2O 

Peak 
Radius 

(nm) 
Mw-R 

(kDa) 
% 

Intensity 
% Mass 

% 
Number 

Peak 1 
(True) 

1.4 7.8 1 60 98.3 

Peak 2 
(True) 

5 145.5 28.2 39.5 1.7 

Peak 3 
(True) 

35.1 13937.5 20.7 0.1 0 

Peak 4 
(True) 

162.8 503156.3 50.1 0.3 0 

 

E Factor evaluation 

 

To a flame dried 1-dram vial equipped with an oven dried stir bar inside a glove box was 

added optimized Fe/ppm NPs (15.5 mg, 0.25 mol % Pd). The vial was then sealed with a 

rubber septum. A 2 wt % TPGS/H2O solution was added to the vial by syringe and the 

mixture was stirred vigorously at rt for 1 h. Then (4-bromophenyl)(pyrrolidin-1-

yl)methanone (50.8 mg, 0.2 mmol) and zinc (65 mg, 1.0 mmol, 5 equiv) were added to the 

vial under an argon flow. The vial was then sealed with a rubber septum under an argon 

flow and stirred for 15 min. Then 4-bromotetrahydro-2H-pyran (99 mg, 0.6 mmol) and 

TMEDA (0.15 mL, 1.0 mmol, 5 equiv) were added to the vial via syringe. The vial was then 

stirred vigorously at 45 °C for 72 h. After 72 h, the septum was removed and the reaction 

mixture was then filtered through a short pipette blocked with cotton. The solid in the 

pipette was washed with 1 mL DI water. The liquid was concentrated in vacuo and purified 
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by flash chromatography over silica gel to give 48.3 mg (93%) pyrrolidin-1-yl(4-

(tetrahydro-2H-pyran-4-yl)phenyl)methanone as a colorless oil. 

E factor calculation (this work): 

 

E factor calculation (literature): 

 

 

Residual metal as measured by ICP-MS 

 

To a flame-dried 1-dram vial equipped with an oven dried stir bar inside a glove box was 

added optimized Fe/ppm NPs (15.5 mg, 0.25 mol % Pd). The vial was then sealed with a 

rubber septum inside of the glovebox. A 2 wt % TPGS-750-M/H2O solution was added to 

the vial by syringe and the mixture was stirred vigorously at rt for 1 h. Then 5-
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bromobenzo[b]thiophene (42.6 mg, 0.2 mmol) and zinc (52 mg, 0.8 mmol, 4 equiv) were 

added to the vial under argon flow. The vial was then sealed with a rubber septum under an 

argon flow and stirred for 15 min. Then (3-bromopropoxy)benzene (0.10 mL, 0.6 mmol) and 

TMEDA (0.15 mL, 1.0 mmol, 5 equiv) were added to the vial via syringe. The vial was then 

stirred vigorously at rt for 16 h. Then 1.0 mL MTBE was added and the mixture stirred 

gently for 2 min at rt. Stirring was then stopped and the organic layer was decanted via 

pipette after centrifugation. The same extraction procedure was repeated twice. The 

combined organic extracts were dried over anhydrous Na2SO4 and the solvent removed 

under reduced pressure and the crude material then purified by flash chromatography with 

pre-packed 100-gram KP-Sil BiotageƟ SNAP Cartridges on the BiotageƟ Isolera One 

autocolumn to obtain 5-(3-phenoxypropyl)benzo[b]thiophene (HYT-2-20-6) (51.1 mg, 

95 %). The product was sealed in a 4 mL vial and sent to the UC Center for Environmental 

Implications of Nanotechnology at the University of California, Los Angeles, to get ICP-MS 

analysis.  

 

To a flame dried 1-dram vial equipped with an oven dried stir bar inside of a glove box 

was added optimized Fe/ppm NPs (15.5 mg, 0.25 mol % Pd). The vial was then sealed with 

a rubber septum. A 2 wt % TPGS-750-M/H2O solution was added to the vial by syringe and 

the mixture was stirred vigorously at rt for 1 h. Then t-butyl 5-bromo-1H-indole-1-

carboxylate (59.2 mg, 0.2 mmol) and zinc (65 mg, 1.0 mmol, 5 equiv) were added to the vial 

under an argon flow. The vial was then sealed with a rubber septum under an argon flow and 

then stirred for 15 min. Then ethyl 4-bromobutanoate (0.11 mL, 0.8 mmol) and TMEDA 
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(0.15 mL, 1.0 mmol, 5 equiv) were added to the vial via syringe. The vial was then stirred 

vigorously at 45 °C for 16 h. Then 1.0 mL MTBE was added, and the mixture stirred gently 

for 2 min at rt. Stirring was then stopped and the organic layer was decanted via pipette after 

centrifugation. The same extraction procedure was repeated twice. The combined organic 

extracts were dried over anhydrous Na2SO4 and the solvent removed under reduced pressure 

and the crude material was purified by flash chromatography with pre-packed 100-gram KP-

Sil BiotageƟ SNAP Cartridges on the BiotageƟ Isolera One autocolumn to obtain t-butyl 5-

(4-ethoxy-4-oxobutyl)-1H-indole-1-carboxylate (HYT-2-50-2) (54.2 mg, 82%). The product 

was sealed in a 4 mL vial and sent to the UC Center for Environmental Implications of 

Nanotechnology at the University of California, Los Angeles, to get ICP-MS analyses. 

 

  

Magnesium Zinc Palladium 

 [µg/g]  [µg/g]  [µg/g] 

Sample 

# 

Sample weight in 

analysis [mg] 

Avera

ge* 

std

ev 

Average

* 

st

dev 

Avera

ge* 

std

ev 

HYT-2-

20-6 
2.61 

30.01

4 

0.4

18 
0.000 

0.

000 
n/a n/a 

HYT-2-

50-2 
11.20 

79.59

2 

0.8

78 
0.000 

0.

000 
0.037 

0.0

05 

*Each sample was done in triplicated measurements with background correction.    

n/a represents below detection limit.       
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Recycle study 

Table S10. Recycle of NPs and reaction media 

 

1st run: 

To a flame dried 1-dram vial equipped with an oven dried stir bar inside of a glove 

box was added optimized Fe/ppm NPs (15.5 mg, 0.25 mol % Pd). The vial was then sealed 

with a rubber septum inside the glovebox. A 2 wt % TPGS-750-M/H2O solution was added 

to the vial by syringe and the mixture was stirred vigorously at rt for 1 h. Then 1-(4-

bromophenyl)ethan-1-one (40 mg, 0.2 mmol) and zinc (52 mg, 0.8 mmol, 4 equiv) were 

added to the vial under argon flow. The vial was then sealed with a rubber septum under an 

argon flow and stirred for 15 min. Then (3-bromopropoxy)benzene (0.1 mL, 0.6 mmol) and 

TMEDA (0.15 mL, 1.0 mmol, 5 equiv) were added to the vial via syringe. The vial was then 

stirred vigorously at rt for 8 h. Then 0.4 mL degassed MTBE was added and the mixture via 

syringe and stirred gently for 2 min at rt. Stirring was then stopped and the organic layer was 

decanted via syringe after centrifugation. The same extraction procedure was repeated twice. 

The combined organic extracts were dried over anhydrous Na2SO4 and the solvent removed 
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under reduced pressure and the crude material was purified by flash chromatography using 

EtOAc/hexanes: 95/5 to obtain 1-(4-(3-phenoxypropyl)phenyl)ethan-1-one. (43.7 mg, 86%). 

 

2nd run: 

To the same vial, 1-(4-bromophenyl)ethan-1-one (40 mg, 0.2 mmol), AmPhos (2.6 

mg. 5 mol %) and zinc (52 mg, 0.8 mmol, 4 equiv) were added to the vial under an argon 

flow. The vial was then sealed with a rubber septum under an argon flow and stirred for 15 

min. Then (3-bromopropoxy)benzene (0.13 mL, 0.8 mmol) and TMEDA (0.15 mL, 1.0 

mmol, 5 equiv) were added to the vial via syringe. The vial was then stirred vigorously at rt 

for 8 h. Then 0.4 mL degassed MTBE was added via syringe and the mixture stirred gently 

for 2 min at rt. Stirring was then stopped and the organic layer was decanted via syringe 

after centrifugation. The same extraction procedure was repeated twice. The combined 

organic extracts were dried over anhydrous Na2SO4 and the solvent removed under reduced 

pressure and purified by flash chromatography over silica gel with EtOAc/hexanes: 95/5 to 

obtain 1-(4-(3-phenoxypropyl)phenyl)ethan-1-one. (42.5 mg, 84%). 

 

3rd run: 

To another flame dried 2-dram vial inside of an argon purged glove box was added 

Pd(OAc)2 (1.3 mg) and the vial was sealed using a rubber septum and maintained under a 

steady pressure of argon. Degassed THF (8 mL) was then added through the septum and the 

vial was stirred at rt until the solids had dissolved to prepare a yellow catalyst stock solution. 

To the same vial from 1st recycle, AmPhos (2.6 mg, 5 mol %) and 0.4 mL stock solution 

(1500 ppm Pd) were added, the vial was sealed and stirred vigorously for 1 h. To the same 
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vial in 1st recycle, 1-(4-bromophenyl)ethan-1-one (40 mg, 0.2 mmol) and zinc (52 mg, 0.8 

mmol, 4 equiv) were added to the vial under an argon flow. The vial was then sealed with a 

rubber septum under argon flow and stirred for 15 min. Then (3-bromopropoxy)benzene 

(0.13 mL, 0.8 mmol) and TMEDA (0.15 mL, 1.0 mmol, 5 equiv) were added to the vial via 

syringe. The vial was then stirred vigorously at rt for 8 h. Then 0.4 mL degassed MTBE was 

added via syringe and the mixture stirred gently for 2 min at rt. Stirring was then stopped 

and the organic layer was decanted via syringe after centrifugation. The same extraction 

procedure was repeated twice. The combined organic extracts were dried over anhydrous 

Na2SO4 and the solvent removed in vacuo. The crude material was purified by flash 

chromatography over silica gel with EtOAc/hexanes: 95/5 to obtain 1-(4-(3-

phenoxypropyl)phenyl)ethan-1-one. (40.5 mg, 80%). 

 

 

Figure S9. Illustration associated with recycling studies 
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Gram scale reaction 

 

To an oven dried 50 mL round bottom flask with an oven dried stir bar inside of a glove 

box was added optimized Fe/ppm NPs (388 mg, 0.25 mol % Pd). The vial was then sealed 

with a rubber septum inside of the glovebox after which 25 mL 2 wt % TPGS-750-M/H2O 

solution was added to the vial by syringe and the mixture was stirred vigorously at rt for 1 h. 

Then 5-bromobenzo[b]thiophene (1.07 g, 5.02 mmol) and zinc (1.63 g, 25 mmol, 5 equiv) 

were added to the vial under an argon flow. The vial was then sealed with a rubber septum 

under argon flow and stirred for 15 min. Then (3-bromopropoxy)benzene (3.23 g, 15 mmol) 

and TMEDA (3.75 mL, 25 mmol, 5 equiv) were added to the vial via syringe. The vial was 

then stirred vigorously at rt for 72 h. After complete consumption of starting material, the 

septum was removed and the reaction mixture was then filtered by a fritted filter with 

EtOAc (3 x 10 mL) to wash the solid. Then the organic layer was separated and the aqueous 

layer was extracted with EtOAc (2 x 20 mL). The combined organic layer was dried with 

anhydrous Na2SO4. After filtration, the combined organic extracts were concentrated under 

reduced pressure and purified by flash chromatography (hexane/EtOAc: 90/10) to obtain 5-

(3-phenoxypropyl)benzo[b]thiophene (1.2 g, 87%) as a yellow oil. 
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Figure S10. Illustration associated with gram scale reaction 

 

1-Pot sequence of reactions 

 

Step 1: To a flame dried 1-dram vial equipped with an oven dried stir bar was added 1-

(4-bromophenyl)propan-1-one (106.5 mg, 0.5 mmol), after which the vial was transferred 

into a glove box to which was added NaOtBu (120 mg, 1.25 mmol, 2.5 equiv) inside of an 
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argon purged glove box. The vial was sealed with a rubber septum and removed from the 

glove box. Then, allyl bromide (86 μL, 1.0 mmol, 2 equiv) was added to the vial via syringe 

and the vial were stirred vigorously under constant argon pressure at rt for 1 h. The progress 

of the reaction was monitored by TLC. 

Step 2: After complete consumption of starting material, the septum was opened and 

KHSO4 (40.8 mg, 0.3 mmol, 0.6 equiv) was added to the vial. The vial was transferred into 

glove box and the Grubbs catalyst 2nd generation catalyst was added (8.5 mg, 0.01 mmol, 2 

mol %). The vial was sealed with a rubber septum and removed from the glove box. Then, 1 

mL 2 wt % TPGS-750-M/H2O solution was added to the vial via syringe and the vial was 

stirred vigorously under constant argon pressure at 45 °C for overnight. The progress of the 

reaction was monitored by TLC. 

Step 3: To another flame dried 1-dram vial inside of an argon purged glove box was 

added Fe/ppm Pd NPs (40 mg, 0.25 mol % Pd) and the vial was sealed using a rubber 

septum and maintained under a steady pressure of argon. 1.5 mL 2 wt % TPGS-750-M/H2O 

solution was then added through the septum and the vial was stirred at rt for 1 h. Then, the 

suspension was added to the vial from step 2 via syringe, then zinc powder (130 mg, 2.0 

mmol, 4 equiv) was added quickly under an argon flow. The vial was sealed with a rubber 

septum and stirred for 15 min at rt. Then 4-bromo-1-phenylbutan-1-one (227.1 mg, 1.0 

mmol, 2 equiv) and TMEDA (0.38 mL, 2.5 mmol, 5 equiv) was added to the vial via syringe 

and the vial was stirred vigorously under constant argon pressure at 45 °C for 48 h. The 

progress of the reaction was monitored by TLC. 

Step 4: To a flame dried 1-dram vial equipped with an oven dried stir bar was added 4-

bromophenyl-morpholine (201.8 mg, 0.83 mmol, 1.0 equiv), the vial was then transferred 
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into a glove box where to the vial was added [Pd(µ-Br)(t-Bu)3P]2 (3.3 mg, 0.004 mmol, 0.4 

mol %) and KOtBu (225 mg, 2 mmol, 2.4 equiv). The vial was then sealed using a rubber 

septum inside of the glovebox and then transferred to a manifold under argon pressure. The 

suspension from step 3 was transferred to the vial via syringe. The contents of the vial were 

then allowed to stir vigorously under constant argon pressure at 45 °C. The reaction was 

then monitored by thin-layer chromatography until completion. Then 1.0 mL EtOAc was 

added to the mixture after which it was stirred gently for 2 min at rt. Stirring was then 

stopped and the organic layer was decanted via a pipette after centrifugation. The same 

extraction procedure was repeated four times. The combined organic extracts were dried 

over anhydrous Na2SO4 and the solvent removed in vacuo, with the resulting crude material 

being purified by flash chromatography over silica gel with EtOAc/hexanes: 70/30 to afford 

4-(4-(1-methylcyclopent-3-ene-1-carbonyl)phenyl)-2-(4-morpholinophenyl)-1-phenylbutan-

1-one (163.2 mg, 66% overall) as a yellow oil. 

 

Analytical data 

1-(4-(3-Phenoxypropyl)phenyl)ethan-1-one (1.1) 

 

1-(4-Bromophenyl)ethan-1-one (40 mg, 0.2 mmol), (3-bromopropoxy)benzene (129.1 

mg, 0.6 mmol), zinc powder (52 mg, 0.8 mmol), TMEDA (116.2 mg, 1.0 mmol) and 

Fe/ppm Pd NPs (15.5 mg, 0.25 mol % Pd), in 1.0 mL 2 wt % TPGS-750-M/H2O were 
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reacted at rt for 16 h yielding 43.5 mg (86%) of 1-(4-(3-phenoxypropyl)phenyl)ethan-1-one 

as a white solid (hexane/EtOAc: 90/10).  

1H NMR (500 MHz, chloroform-d) δ 7.89 (d, J = 8.2 Hz, 2H), 7.35 – 7.26 (m, 4H), 6.95 

(t, J = 7.3 Hz, 1H), 6.91 – 6.86 (m, 2H), 3.97 (t, J = 6.2 Hz, 2H), 2.92 – 2.85 (m, 2H), 2.59 

(s, 3H), 2.17 – 2.09 (m, 2H). 

13C NMR (126 MHz, chloroform-d) δ 197.96, 159.02, 147.54, 135.37, 129.61, 128.89, 

128.75, 120.87, 114.64, 66.64, 32.38, 30.66, 26.71. 

HRMS(ESI):  Calcd. for C17H18O2H [M+H]+ 255.1380. Found:  255.1378. 

 

 

1-(4-(4-Fluorophenethyl)phenyl)ethan-1-one (1.2) 

 

1-(4-Bromophenyl)ethan-1-one (40 mg, 0.2 mmol), 1-(2-bromoethyl)-4-fluorobenzene 

(121.8 mg, 0.6 mmol), zinc powder (52 mg, 0.8 mmol), TMEDA (116.2 mg, 1.0 mmol) and 

Fe/ppm Pd NPs (15.5 mg, 0.25 mol % Pd), in 1.0 mL 2 wt % TPGS-750-M/H2O were 

reacted at rt for 16 h yielding 46.9 mg (97%) of 1-(4-(4-fluorophenethyl)phenyl)ethan-1-one 

as a colorless oil (hexane/EtOAc: 90/10).  

1H NMR (400 MHz, chloroform-d) δ 7.87 (d, J = 7.7 Hz, 2H), 7.22 (d, J = 7.7 Hz, 2H), 

7.12 – 7.04 (m, 2H), 6.95 (t, J = 8.4 Hz, 2H), 2.93 (m, 4H), 2.58 (s, 3H). 
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13C NMR (101 MHz, chloroform-d) δ 197.97, 162.74, 160.32, 147.23, 136.78, 135.37, 

129.95 (d, J(C-F) = 8 Hz), 128.77 (d, J(C-F) = 21 Hz), 115.28 (d, J(C-F) = 21 Hz), 38.05, 36.69, 

26.70.  

19F NMR (376 MHz, chloroform-d) δ -117.22. 

HRMS(EI):  Calcd. for C16H15FO [M]+ 242.1107. Found:  242.1110. 

 

1-Phenethylnaphthalene (1.3) 

 

1-Bromonaphthalene (41.2 mg, 0.2 mmol), 1-phenyl-2-bromoethane (111 mg, 0.6 mmol), 

zinc powder (52 mg, 0.8 mmol), TMEDA (116.2 mg, 1.0 mmol) and Fe/ppm Pd NPs (15.5 

mg, 0.25 mol % Pd), in 1.0 mL 2 wt % TPGS-750-M/H2O were reacted at rt for 16 h 

yielding 41.4 mg (89%) of 1-phenethylnaphthalene as a white solid (hexane/EtOAc : 95/5).  

1H NMR (400 MHz, chloroform-d) δ 8.14 (d, J = 8.3 Hz, 1H), 7.93 – 7.89 (m, 1H), 7.77 

(d, J = 8.2 Hz, 1H), 7.60 – 7.50 (m, 2H), 7.45 – 7.39 (m, 1H), 7.36 – 7.31 (m, 3H), 7.30 – 

7.27 (m, 3H), 3.42 (dd, J = 9.7, 6.8 Hz, 2H), 3.10 (dd, J = 9.7, 6.8 Hz, 2H). 

13C NMR (101 MHz, chloroform-d) δ 142.15, 137.94, 134.05, 131.92, 128.99, 128.57, 

128.40, 126.91, 126.16, 126.15, 126.01, 125.70, 125.61, 123.78, 37.26, 35.27 

HRMS(EI):  Calcd. for C18H16 [M]+ 232.1252. Found:  232.1253. 

 

1-(3-Phenoxypropyl)-3-(trifluoromethyl)benzene (1.4) 
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1-Bromo-3-(trifluoromethyl)benzene (45 mg, 0.2 mmol), (3-bromopropoxy)benzene 

(129.1 mg, 0.6 mmol), zinc powder (52 mg, 0.8 mmol), TMEDA (116.2 mg, 1.0 mmol) and 

Fe/ppm Pd NPs (15.5 mg, 0.25 mol % Pd), in 1.0 mL 2 wt % TPGS-750-M/H2O were 

reacted at rt for 16 h yielding 48.2 mg (86%) of 1-(3-phenoxypropyl)-3-

(trifluoromethyl)benzene as a colorless oil (hexane/EtOAc : 95/5).  

1H NMR (500 MHz, chloroform-d) δ 7.41 – 7.34 (m, 2H), 7.31 (m, 2H), 7.23 – 7.17 (m, 

2H), 6.86 (t, J = 7.3 Hz, 1H), 6.81 (d, J = 7.9 Hz, 2H), 3.88 (t, J = 6.1 Hz, 2H), 2.83 – 2.75 

(m, 2H), 2.08 – 1.99 (m, 2H). 

13C NMR (126 MHz, chloroform-d) δ 158.76, 142.37, 131.85, 130.62 (q, J(C-F) = 32 Hz), 

129.36, 128.70, 125.05 (q, J(C-F) = 4 Hz), 124.13 (q, J(C-F) = 272 Hz), 122.74 (q, J(C-F) = 4 

Hz), 120.63, 114.38, 66.41, 31.96, 30.58. 

19F NMR (376 MHz, chloroform-d) δ -62.58. 

HRMS:  Calcd. for C16H15F3O [M]+ 280.1075. Found:  280.1079. 

 

Methyl 4-cyclohexylbenzoate (1.5) 

 

Methyl 4-bromobenzoate (43 mg, 0.2 mmol), bromocyclohexane (130.4 mg, 0.6 mmol), 

zinc powder (52 mg, 0.8 mmol), TMEDA (116.2 mg, 1.0 mmol) and Fe/ppm Pd NPs (15.5 
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mg, 0.25 mol % Pd), in 1.0 mL 2 wt % TPGS-750-M/H2O were reacted at rt for 16 h 

yielding 37.6 mg (86%) of methyl 4-cyclohexylbenzoate as a colorless oil (hexane/EtOAc : 

90/10). 

1H NMR (400 MHz, chloroform-d) δ 7.99 – 7.92 (m, 2H), 7.28 (m, 2H), 3.90 (s, 3H), 

2.56 (tt, J = 11.6, 3.6 Hz, 1H), 1.91 – 1.82 (m, 4H), 1.76 (m, 1H), 1.46 – 1.34 (m, 4H), 1.32 

– 1.24 (m, 1H). 

13C NMR (126 MHz, chloroform-d) δ 167.36, 153.62, 129.83, 127.88, 127.01, 52.09, 

44.84, 34.29, 26.89, 26.19. 

Spectral data matched those previously reported.[1] 

 

t-Butyl 4-(4-acetylphenyl)piperidine-1-carboxylate (1.6) 

 

 

1-(4-Bromophenyl)ethan-1-one (40 mg, 0.2 mmol), t-butyl 4-bromopiperidine-1-

carboxylate (211 mg, 0.8 mmol), zinc powder (52 mg, 0.8 mmol), TMEDA (116.2 mg, 1.0 

mmol) and Fe/ppm Pd NPs (15.5 mg, 0.25 mol % Pd), in 1.0 mL 2 wt % TPGS-750-M/H2O 

were reacted at rt for 16 h yielding 53.3 mg (88%) of t-butyl 4-(4-acetylphenyl)piperidine-1-

carboxylate as a colorless oil (hexane/acetone: 80/20). 

1H NMR (400 MHz, chloroform-d) δ 7.91 (d, J = 8.3 Hz, 2H), 7.29 (d, J = 8.3 Hz, 2H), 

4.26 (d, J = 13.0 Hz, 2H), 2.81 (td, J = 14.7, 13.2, 2.1 Hz, 2H), 2.71 (tt, J = 12.2, 3.6 Hz, 

1H), 2.58 (s, 3H), 1.83 (d, J = 13.3 Hz, 2H), 1.70 – 1.61 (m, 2H), 1.48 (s, 9H) 
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13C NMR (101 MHz, chloroform-d) δ 197.90, 154.95, 151.46, 135.68, 128.86, 127.17, 

79.73, 44.39, 42.95, 33.00, 28.62, 26.72. 

Spectral data matched those previously reported.[1] 

 

5-(3-Phenoxypropyl)benzo[b]thiophene (1.7) 

 

5-Bromobenzo[b]thiophene (42.6 mg, 0.2 mmol), (3-bromopropoxy)benzene (129.1 mg, 

0.6 mmol), zinc powder (52 mg, 0.8 mmol), TMEDA (116.2 mg, 1.0 mmol) and Fe/ppm Pd 

NPs (15.5 mg, 0.25 mol % Pd), in 1.0 mL 2 wt % TPGS-750-M/H2O were reacted at rt for 

16 h yielding 50.8 mg (95%) of 5-(3-phenoxypropyl)benzo[b]thiophene as a white solid 

(hexane/EtOAc : 90/10). 

1H NMR (400 MHz, chloroform-d) δ 7.80 (d, J = 8.3 Hz, 1H), 7.67 (s, 1H), 7.42 (d, J = 

5.4 Hz, 1H), 7.28 (t, J = 7.1 Hz, 3H), 7.22 (d, J = 8.2 Hz, 1H), 6.95 (d, J = 7.3 Hz, 1H), 6.91 

(d, J = 8.0 Hz, 2H), 3.99 (t, J = 6.1 Hz, 2H), 2.94 (t, J = 7.5 Hz, 2H), 2.17 (p, J = 6.8 Hz, 

2H). 

13C NMR (101 MHz, chloroform-d) δ 159.16, 140.12, 137.79, 137.58, 129.58, 126.68, 

125.54, 123.76, 123.29, 122.48, 120.74, 114.69, 66.85, 32.23, 31.34. 

HRMS(EI):  Calcd. for C17H16OS [M]+ 268.0922. Found:  268.0926. 

 

1-Heptyl-3-methoxybenzene (1.8) 
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1-Bromo-3-methoxybenzene (37.4 mg, 0.2 mmol), 1-bromoheptane (107.4 mg, 0.6 

mmol), zinc powder (52 mg, 0.8 mmol), TMEDA (116.2 mg, 1.0 mmol) and Fe/ppm Pd NPs 

(15.5 mg, 0.25 mol % Pd), in 1.0 mL 2 wt % TPGS-750-M/H2O were reacted at rt for 16 h 

yielding 29.2 mg (71%) of 1-heptyl-3-methoxybenzene as a colorless oil (hexane/EtOAc : 

95/5). 

1H NMR (400 MHz, chloroform-d) δ 7.19 (m, 1H), 6.77 (d, J = 7.7 Hz, 1H), 6.72 (m, 

2H), 3.80 (s, 3H), 2.58 (t, J = 7.6 Hz, 2H), 1.65 – 1.55 (m, 4H), 1.36 – 1.29 (m, 6H), 0.88 (t, 

J = 6.9 Hz, 3H). 

13C NMR (126 MHz, chloroform-d) δ 159.70, 144.80, 129.29, 121.01, 114.33, 110.93, 

55.27, 36.19, 31.96, 31.56, 29.46, 29.33, 22.82, 14.25. 

Spectral data matched those previously reported.[2] 

 

2,2-Difluoro-5-(3-phenoxypropyl)benzo[d][1,3]dioxole (1.9) 

 

 

 

5-Bromo-2,2-difluorobenzo[d][1,3]dioxole (47.4 mg, 0.2 mmol), (3-

bromopropoxy)benzene (129.1 mg, 0.6 mmol), zinc powder (52 mg, 0.8 mmol), TMEDA 

(116.2 mg, 1.0 mmol) and Fe/ppm Pd NPs (15.5 mg, 0.25 mol % Pd), in 1.0 mL 2 wt % 

TPGS-750-M/H2O were reacted at rt for 16 h yielding 48.7 mg (83%) of 2,2-difluoro-5-(3-

phenoxypropyl)benzo[d][1,3]dioxole as a colorless oil (hexane/EtOAc : 90/10). 
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1H NMR (400 MHz, chloroform-d) δ 7.29 (m, 2H), 6.98 – 6.92 (m, 3H), 6.92 – 6.87 (m, 

3H), 3.96 (t, J = 6.1 Hz, 2H), 2.86 – 2.77 (m, 2H), 2.15 – 2.03 (m, 2H).  

13C NMR (126 MHz, chloroform-d) δ 159.00, 143.09 (d, J(C-F) = 230 Hz), 137.81, 133.80, 

131.78, 129.62, 123.49, 120.89, 114.62, 109.50 (d, J(C-F) = 63 Hz), 66.46, 32.18, 32.08 (t, J(C-

F) = 286 Hz), 31.17.  

19F NMR (376 MHz, chloroform-d) δ -50.10. 

HRMS:  Calcd. for C16H14F2O3 [M]+ 292.0911. Found:  292.0917. 

 

2-Methoxy-6-phenethylnaphthalene (1.10) 

 

2-Bromo-6-methoxynaphthalene (47.4 mg, 0.2 mmol), 1-phenyl-2-bromoethane (111 mg, 

0.6 mmol), zinc powder (52 mg, 0.8 mmol), TMEDA (116.2 mg, 1.0 mmol) and Fe/ppm Pd 

NPs (15.5 mg, 0.25 mol % Pd), in 1.0 mL 2 wt % TPGS-750-M/H2O were reacted at rt for 

16 h yielding 39.5 mg (75%) of 2-methoxy-6-phenethylnaphthalene as a yellow solid 

(hexane/EtOAc : 95/5).  

 

1H NMR (400 MHz, chloroform-d) δ 7.67 (d, J = 8.2 Hz, 2H), 7.55 (s, 1H), 7.29 (t, J = 

8.0 Hz, 3H), 7.22 (m, 3H), 7.13 (m, 2H), 3.92 (s, 3H), 3.09 – 3.03 (m, 2H), 3.03 – 2.97 (m, 

2H). 

13C NMR (126 MHz, chloroform-d) δ 157.33, 141.98, 137.11, 133.17, 129.23, 129.09, 

128.64, 128.49, 127.97, 126.86, 126.48, 126.06, 118.81, 105.78, 55.43, 38.11, 38.06. 
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HRMS(EI):  Calcd. for C19H18O [M]+ 262.1358. Found:  262.1352. 

 

Ethyl 4-(2-morpholinopyrimidin-5-yl)butanoate (1.11) 

 

4-(5-Bromopyrimidin-2-yl)morpholine (48.8 mg, 0.2 mmol), ethyl 4-bromobutanoate 

(156 mg, 0.8 mmol), zinc powder (52 mg, 0.8 mmol), TMEDA (116.2 mg, 1.0 mmol) and 

Fe/ppm Pd NPs (15.5 mg, 0.25 mol % Pd), in 1.0 mL 2 wt % TPGS-750-M/H2O were 

reacted at rt for 16 h yielding 51.2 mg (92%) of ethyl 4-(2-morpholinopyrimidin-5-

yl)butanoate as a yellow oil (hexane/EtOAc : 75/25). 

1H NMR (500 MHz, chloroform-d) δ 8.18 (s, 2H), 4.13 (q, J = 7.1 Hz, 2H), 3.76 (s, 8H), 

2.52 – 2.45 (t, J = 7.6 Hz, 2H), 2.32 (t, J = 7.4 Hz, 2H), 1.88 (quin, J = 7.4 Hz, 2H), 1.26 (t, 

J = 7.2 Hz, 3H). 

13C NMR (126 MHz, chloroform-d) δ 186.08, 173.27, 157.69, 122.60, 66.98, 60.56, 

44.58, 33.46, 28.90, 26.52, 14.39. 

HRMS(ESI):  Calcd. for C14H21N3O3H [M+H]+ 280.1656. Found:  280.1654. 

 

4-(5-(4-Fluorophenethyl)pyridin-2-yl)morpholine (1.12) 
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4-(5-Bromopyridin-2-yl)morpholine (48.6 mg, 0.2 mmol), 1-(2-bromoethyl)-4-

fluorobenzene (121.8 mg, 0.6 mmol), zinc powder (52 mg, 0.8 mmol), TMEDA (116.2 mg, 

1.0 mmol) and Fe/ppm Pd NPs (15.5 mg, 0.25 mol % Pd), in 1.0 mL 2 wt % TPGS-750-

M/H2O were reacted at rt for 16 h yielding 52.8 mg (92%) of 4-(5-(4-

fluorophenethyl)pyridin-2-yl)morpholine as a yellow oil (hexane/EtOAc : 80/20). 

1H NMR (500 MHz, chloroform-d) δ 7.99 (d, J = 2.0 Hz, 1H), 7.26 – 7.24 (m, 1H), 7.08 

(dd, J = 8.4, 5.6 Hz, 2H), 6.95 (t, J = 8.7 Hz, 2H), 6.57 (d, J = 8.6 Hz, 1H), 3.84 – 3.80 (m, 

4H), 3.48 – 3.43 (m, 4H), 2.87 – 2.75 (m, 4H). 

13C NMR (126 MHz, chloroform-d) δ 162.46, 160.52, 138.10, 136.97, 130.55 (d, J(C-F) = 

8.8 Hz) 130.01 (d, J(C-F) = 7.6 Hz), 126.57, 115.24 (d, J(C-F) = 21.4 Hz), 106.92, 66.93, 46.10, 

37.11, 34.19. 

19F NMR (376 MHz, chloroform-d) δ -117.44. 

HRMS(ESI):  Calcd. for C17H19FN2OH [M+H]+ 287.1555. Found:  287.1555. 

 

Methyl 6-phenethyl-2-naphthoate (1.13) 

 

Methyl 6-bromo-2-naphthoate (54 mg, 0.2 mmol), 1-phenyl-2-bromoethane (111 mg, 

0.6 mmol), zinc powder (52 mg, 0.8 mmol), TMEDA (116.2 mg, 1.0 mmol) and Fe/ppm Pd 

NPs (15.5 mg, 0.25 mol % Pd), in 1.0 mL 2 wt % TPGS-750-M/H2O were reacted at rt for 

16 h yielding 50.9 mg (88%) of methyl 6-phenethyl-2-naphthoate as a yellow solid 

(hexane/EtOAc : 95/5).  
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1H NMR (500 MHz, chloroform-d) δ 8.58 (s, 1H), 8.04 (dd, J = 8.6, 1.6 Hz, 1H), 7.88 (d, 

J = 8.4 Hz, 1H), 7.80 (d, J = 8.6 Hz, 1H), 7.64 (s, 1H), 7.40 (dd, J = 8.4, 1.5 Hz, 1H), 7.29 

(m, 2H), 7.21 (m, 3H), 3.98 (s, 3H), 3.12 (m, 2H), 3.03 (m, 2H). 

13C NMR (126 MHz, chloroform-d) δ 167.50, 142.24, 141.53, 135.90, 131.22, 130.98, 

129.46, 128.61, 128.56, 128.35, 127.82, 126.90, 126.57, 126.21, 125.49, 52.33, 38.31, 37.74. 

HRMS(EI):  Calcd. for C20H18O2 [M]+ 290.1307. Found:  290.1307. 

 

t-Butyl 4-(benzo[b]thiophen-5-yl)piperidine-1-carboxylate (1.14) 

 

5-Bromobenzo[b]thiophene (42.6 mg, 0.2 mmol), t-butyl 4-bromopiperidine-1-

carboxylate (211 mg, 0.8 mmol), zinc powder (52 mg, 0.8 mmol), TMEDA (116.2 mg, 1.0 

mmol) and Fe/ppm Pd NPs (15.5 mg, 0.25 mol % Pd), in 1.0 mL 2 wt % TPGS-750-M/H2O 

were reacted at rt for 16 h yielding 56.4 mg (89%) of t-butyl 4-(benzo[b]thiophen-5-

yl)piperidine-1-carboxylate as a yellow solid (hexane/acetone: 85/15). 

1H NMR (400 MHz, chloroform-d) δ 7.81 (d, J = 8.3 Hz, 1H), 7.65 (d, J = 1.4 Hz, 1H), 

7.43 (d, J = 5.4 Hz, 1H), 7.29 (d, J = 5.4 Hz, 1H), 7.21 (dd, J = 8.3, 1.6 Hz, 1H), 4.27 (d, J = 

12.9 Hz, 2H), 2.88 – 2.72 (m, 3H), 1.88 (d, J = 13.4 Hz, 2H), 1.69 (qd, J = 12.7, 4.3 Hz, 2H), 

1.50 (s, 9H). 

13C NMR (101 MHz, chloroform-d) δ 155.03, 142.23, 140.10, 137.89, 126.85, 123.94, 

123.85, 122.59, 121.42, 79.60, 44.61,42.86, 33.68, 28.64. 

Spectral data matched those previously reported.[3] 
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4-(3-Phenoxypropyl) benzonitrile (1.15) 

 

4-Bromobenzonitrile (36.4 mg, 0.2 mmol), (3-bromopropoxy)benzene (129.1 mg, 0.6 

mmol), zinc powder (52 mg, 0.8 mmol), TMEDA (116.2 mg, 1.0 mmol) and Fe/ppm Pd NPs 

(15.5 mg, 0.25 mol % Pd), in 1.0 mL 2 wt % TPGS-750-M/H2O were reacted at rt for 16 h 

yielding 36.9 mg (78%) of 4-(3-phenoxypropyl) benzonitrile as a yellow oil (hexane/EtOAc : 

90/10). 

1H NMR (400 MHz, chloroform-d) δ 7.54 (d, J = 8.3 Hz, 2H), 7.28 (d, J = 8.6 Hz, 2H), 

7.25 (d, J = 1.2 Hz, 1H), 7.22 (d, J = 2.7 Hz, 1H), 6.91 (t, J = 7.4 Hz, 1H), 6.87 – 6.82 (m, 

2H), 3.92 (t, J = 6.1 Hz, 2H), 2.85 (t, J = 8.0 Hz, 2H), 2.11 – 2.03 (m, 2H). 

13C NMR (101 MHz, chloroform-d) δ 158.90, 147.42, 132.40, 129.64, 129.48, 120.97, 

119.18, 114.58, 110.04, 66.42, 32.56, 30.53. 

HRMS(EI):  Calcd. for C16H15NO [M]+ 237.1154. Found:  237.1158. 

 

 

 

Methyl 2-chloro-5-heptylbenzoate (1.16) 
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Methyl 5-bromo-2-chlorobenzoate (49.9 mg, 0.2 mmol), 1-bromoheptane (107 mg, 0.6 

mmol), zinc powder (52 mg, 0.8 mmol), TMEDA (116.2 mg, 1.0 mmol) and Fe/ppm Pd NPs 

(15.5 mg, 0.25 mol % Pd), in 1.0 mL 2 wt % TPGS-750-M/H2O were reacted at rt for 16 h 

yielding 48.2 mg (90%) of methyl 2-chloro-5-heptylbenzoate as a colorless oil 

(hexane/EtOAc : 97/3). 

1H NMR (400 MHz, chloroform-d) δ 7.86 (s, 1H), 7.40 – 7.30 (m, 2H), 3.91 (s, 3H), 

2.65 (t, J = 7.7 Hz, 2H), 1.63 (m, 2H), 1.33 – 1.26 (m, 8H), 0.88 (t, J = 6.7 Hz, 3H). 

13C NMR (126 MHz, chloroform-d) δ 167.50, 143.38, 133.22, 130.21, 129.64, 128.39, 

127.06, 52.17, 35.89, 31.92, 31.53, 29.34, 29.28, 22.79, 14.22. 

HRMS:  Calcd. for C15H21ClO2 [M]+ 268.1230. Found:  268.1234. 

 

9-Phenethylphenanthrene (1.17) 

 

9-Bromophenanthrene (51.4 mg, 0.2 mmol), 1-phenyl-2-bromoethane (111 mg, 0.6 

mmol), zinc powder (52 mg, 0.8 mmol), TMEDA (116.2 mg, 1.0 mmol) and Fe/ppm Pd NPs 

(15.5 mg, 0.25 mol % Pd), in 1.0 mL 2 wt % TPGS-750-M/H2O were reacted at rt for 16 h 

yielding 39.7 mg (70%) of 9-phenethylphenanthrene as a white solid (hexane/EtOAc : 95/5).  

1H NMR (400 MHz, chloroform-d) δ 8.78 (d, J = 8.8 Hz, 1H), 8.69 (d, J = 7.9 Hz, 1H), 

8.24 – 8.17 (m, 1H), 7.84 (d, J = 7.5 Hz, 1H), 7.73 – 7.68 (m, 2H), 7.68 – 7.59 (m, 3H), 7.40 

– 7.31 (m, 4H), 7.30 – 7.26 (m, 1H), 3.49 – 3.41 (m, 2H), 3.21 – 3.12 (m, 2H). 
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13C NMR (101 MHz, chloroform-d) δ 142.05, 135.91, 131.91, 131.16, 130.78, 129.74, 

128.51, 128.48, 128.13, 126.66, 126.23, 126.10, 126.08, 124.27, 123.35, 122.49, 36.62, 

35.48. 

HRMS(EI):  Calcd. for C22H18 [M]+ 282.1408. Found:  282.1411. 

 

4-(4-Acetylphenyl)butanenitrile (1.18) 

 

1-(4-Bromophenyl)ethan-1-one (40 mg, 0.2 mmol), 4-bromobutanenitrile (118.4 mg, 0.8 

mmol), zinc powder (52 mg, 0.8 mmol), TMEDA (116.2 mg, 1.0 mmol) and Fe/ppm Pd NPs 

(15.5 mg, 0.25 mol % Pd), in 1.0 mL 2 wt % TPGS-750-M/H2O were reacted at 45 °C for 

40 h yielding 29.7 mg (79%) of 4-(4-acetylphenyl)butanenitrile as a yellow oil 

(hexane/EtOAc : 90/10). 

1H NMR (500 MHz, chloroform-d) δ 7.91 (d, J = 8.3 Hz, 2H), 7.29 (d, J = 8.4 Hz, 2H), 

2.85 (t, J = 7.5 Hz, 2H), 2.59 (s, 3H), 2.34 (t, J = 7.0 Hz, 2H), 2.01 (p, J = 7.1 Hz, 2H). 

13C NMR (126 MHz, chloroform-d) δ 197.80, 145.48, 135.87, 128.97, 128.83, 119.30, 

34.48, 26.68, 16.63. 

HRMS(EI):  Calcd. for C12H13NO [M]+ 187.0997. Found:  187.0994. 

 

 

4-(6-(3-Phenoxypropyl)pyridin-3-yl)morpholine (1.19) 
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4-(6-Bromopyridin-3-yl)morpholine (48.6 mg, 0.2 mmol), (3-bromopropoxy)benzene 

(172.1 mg, 0.8 mmol), zinc powder (52 mg, 0.8 mmol), TMEDA (116.2 mg, 1.0 mmol) and 

Fe/ppm Pd NPs (15.5 mg, 0.25 mol % Pd), in 1.0 mL 2 wt % TPGS-750-M/H2O were 

reacted at rt for 16 h yielding 47 mg (79%) of 4-(4-acetylphenyl)butanenitrile as a yellow oil 

(hexane/EtOAc : 90/10). 

1H NMR (600 MHz, chloroform-d) δ 8.23 (s, 1H), 7.27 (m, 2H), 7.16 – 7.11 (m, 1H), 

7.08 (m, 1H), 6.93 (t, J = 7.3 Hz, 1H), 6.89 (d, J = 8.3 Hz, 2H), 3.99 (t, J = 6.2 Hz, 2H), 3.90 

– 3.84 (m, 4H), 3.18 – 3.12 (m, 4H), 2.92 (t, J = 7.5 Hz, 2H), 2.20 (p, J = 6.6 Hz, 2H). 

13C NMR (126 MHz, chloroform-d) δ 159.16, 152.50, 145.31, 137.69, 129.54, 123.57, 

123.04, 120.68, 114.66, 67.07, 66.86, 49.18, 33.62, 29.49. 

HRMS:  Calcd. for C18H22N2O2 [M]+ 298.1681. Found:  298.1677. 

 

t-Butyl 5-(4-ethoxy-4-oxobutyl)-1H-indole-1-carboxylate (1.20) 

 

t-Butyl 5-bromo-1H-indole-1-carboxylate (59.2 mg, 0.2 mmol), ethyl 4-bromobutanoate 

(156 mg, 0.8 mmol), zinc powder (52 mg, 0.8 mmol), TMEDA (116.2 mg, 1.0 mmol) and 

Fe/ppm Pd NPs (15.5 mg, 0.25 mol % Pd), in 1.0 mL 2 wt % TPGS-750-M/H2O were 
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reacted at 45 °C for 40 h yielding 54.2 mg (82%) of t-butyl 5-(4-ethoxy-4-oxobutyl)-1H-

indole-1-carboxylate as a yellow oil (hexane/EtOAc : 85/15). 

1H NMR (400 MHz, chloroform-d) δ 8.04 (d, J = 8.0 Hz, 1H), 7.57 (d, J = 3.5 Hz, 1H), 

7.36 (s, 1H), 7.14 (dd, J = 8.5, 1.5 Hz, 1H), 6.51 (d, J = 3.6 Hz, 1H), 4.12 (q, J = 7.1 Hz, 

2H), 2.74 (t, J = 7.5 Hz, 2H), 2.32 (t, J = 7.5 Hz, 2H), 1.99 (quin, J = 7.5 Hz, 2H), 1.67 (s, 

9H), 1.25 (t, J = 7.1 Hz, 3H). 

13C NMR (101 MHz, chloroform-d) δ 173.71, 149.91, 135.88, 133.83, 130.90, 126.15, 

125.09, 120.55, 115.07, 107.21, 83.62, 60.34, 35.11, 33.74, 28.31, 27.12, 14.36. 

HRMS(ESI):  Calcd. for C18H22N2O2Na [M+Na]+ 354.1681. Found:  354.1672 

 

1-Benzyl-4-(3-phenoxypropyl)-1H-pyrazole (1.21) 

 

1-Benzyl-4-bromo-1H-pyrazole (47.4 mg, 0.2 mmol), (3-bromopropoxy)benzene (172.1 

mg, 0.8 mmol), zinc powder (52 mg, 0.8 mmol), TMEDA (116.2 mg, 1.0 mmol) and 

Fe/ppm Pd NPs (15.5 mg, 0.25 mol % Pd), in 1.0 mL 2 wt % TPGS-750-M/H2O were 

reacted at 45 °C for 40 h yielding 39.9 mg (68%) of 1-benzyl-4-(3-phenoxypropyl)-1H-

pyrazole as a colorless oil (hexane/EtOAc : 85/15).  

1H NMR (500 MHz, chloroform-d) δ 7.41 (s, 1H), 7.33 (m, 4H), 7.28 (m, 1H), 7.21 (m, 

3H), 6.98 – 6.91 (m, 1H), 6.88 (dd, J = 7.7, 2.1 Hz, 2H), 5.27 (s, 2H), 3.97 (m, 2H), 2.69 – 

2.62 (m, 2H), 2.07 – 1.99 (m, 2H). 

13C NMR (126 MHz, chloroform-d) δ 159.09, 138.75, 136.64, 129.59, 128.98, 128.22, 

128.04, 127.89, 121.41, 120.78, 114.62, 66.83, 56.07, 30.49, 20.76. 
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HRMS(ESI):  Calcd. for C19H20N2OH [M+H]+ 293.1654. Found:  293.1647. 

 

2-Chloro-7-(4-fluorophenethyl)pyrazolo[1,5-a]pyrazine (1.22) 

 

7-Bromo-2-chloropyrazolo[1,5-a]pyrazine (46.4 mg, 0.2 mmol), 1-(2-bromoethyl)-4-

fluorobenzene (162.4 mg, 0.8 mmol), zinc powder (52 mg, 0.8 mmol), TMEDA (116.2 mg, 

1.0 mmol) and Fe/ppm Pd NPs (15.5 mg, 0.25 mol % Pd), in 1.0 mL 2 wt % TPGS-750-

M/H2O were reacted at 45 °C for 40 h yielding 36.2 mg (66%) of 2-chloro-7-(4-

fluorophenethyl)pyrazolo[1,5-a]pyrazine as a yellow oil (hexane/EtOAc : 60/40). 

1H NMR (400 MHz, chloroform-d) δ 7.91 (d, J = 1.1 Hz, 1H), 7.75 (d, J = 1.0 Hz, 1H), 

7.16 (dd, J = 8.5, 5.4 Hz, 2H), 6.97 (t, J = 8.7 Hz, 2H), 6.77 (s, 1H), 3.36 – 3.28 (m, 2H), 

3.20 – 3.10 (m, 2H). 

13C NMR (126 MHz, chloroform-d) δ 162.69, 160.75, 147.03, 141.95, 138.28, 135.94 (d, 

J(C-F) = 2.5 Hz), 133.56, 129.96 (d, J(C-F) = 7.6 Hz), 117.44 (d, J(C-F) = 26 Hz), 115.51 (d, J(C-F) 

= 21 Hz), 33.57, 32.71. 

19F NMR (376 MHz, chloroform-d) δ -116.67. 

HRMS(ESI):  Calcd. for C14H11ClFN3H [M+H]+ 276.0704. Found:  276.0697. 

 

1-Benzhydrylazetidin-3-yl 4-(4-acetylphenyl)butanoate (1.23) 
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1-(4-Bromophenyl)ethan-1-one (40 mg, 0.2 mmol), 1-benzhydrylazetidin-3-yl 4-

bromobutanoate (310.6 mg, 0.8 mmol), zinc powder (52 mg, 0.8 mmol), TMEDA (116.2 mg, 

1.0 mmol) and Fe/ppm Pd NPs (15.5 mg, 0.25 mol % Pd), in 1.0 mL 2 wt % TPGS-750-

M/H2O were reacted at 45 °C for 40 h yielding 55.6 mg (65%) of 1-benzhydrylazetidin-3-yl 

4-(4-acetylphenyl)butanoate as a white solid (hexane/EtOAc: 80/20). 

1H NMR (400 MHz, chloroform-d) δ 7.89 (d, J = 8.2 Hz, 2H), 7.43 – 7.35 (m, 4H), 7.31 

– 7.27 (m, 4H), 7.25 – 7.23 (m, 2H), 7.23 – 7.17 (m, 2H), 5.14 – 5.01 (m, 1H), 4.37 (s, 1H), 

3.59 (s, 2H), 3.00 (s, 2H), 2.70 (d, J = 7.4 Hz, 2H), 2.58 (s, 3H), 2.33 (t, J = 7.4 Hz, 2H), 

1.96 (quin, J = 7.5 Hz, 2H). 

13C NMR (101 MHz, chloroform-d) δ 197.94, 172.72, 147.19, 141.97, 135.46, 134.14, 

131.70, 128.84, 128.76, 127.55, 78.36, 60.26, 55.69, 35.16, 33.37, 26.71, 26.10. 

HRMS(ESI):  Calcd. for C28H29NO3H [M+H]+ 428.2226. Found:  428.2211. 

 

t-Butyl 4-(4-(3-phenoxypropyl)-1H-pyrazol-1-yl)piperidine-1-carboxylate (1.24) 

 

t-Butyl 4-(4-bromo-1H-pyrazol-1-yl)piperidine-1-carboxylate (66 mg, 0.2 mmol), (3-

bromopropoxy)-benzene (172.1 mg, 0.8 mmol), zinc powder (52 mg, 0.8 mmol), TMEDA 

(116.2 mg, 1.0 mmol) and Fe/ppm Pd NPs (15.5 mg, 0.25 mol % Pd), in 1.0 mL 2 wt % 

TPGS-750-M/H2O were reacted at 45 °C for 40 h yielding 39.9 mg (52%) of t-butyl 4-(4-(3-
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phenoxypropyl)-1H-pyrazol-1-yl)piperidine-1-carboxylate as a colorless oil (hexane/EtOAc : 

75/25). 

1H NMR (400 MHz, chloroform-d) δ 7.36 (s, 1H), 7.29 (m, 2H), 7.21 (s, 1H), 6.92 (m, 

3H), 4.20 (m, 3H), 3.97 (t, J = 6.1 Hz, 2H), 2.86 (t, J = 11.7 Hz, 2H), 2.66 (t, J = 7.5 Hz, 

2H), 2.11 – 1.99 (m, 4H), 1.91 – 1.82 (m, 2H), 1.47 (s, 9H). 

13C NMR (126 MHz, chloroform-d) δ 159.12, 154.74, 138.56, 129.59, 125.12, 120.77, 

120.55, 114.63, 79.99, 66.89, 59.24, 32.58, 30.56, 29.84, 28.56, 20.77. 

HRMS(ESI):  Calcd. for C22H31N3O3H [M+H]+ 386.2444. Found:  386.2436. 

 

Ethyl 4-(s-butyl)benzoate (1.26) 

 

Ethyl 4-bromobenzoate (45.8 mg, 0.2 mmol), 2-bromobutane (82.2 mg, 0.6 mmol), zinc 

powder (52 mg, 0.8 mmol), TMEDA (116.2 mg, 1.0 mmol) and Fe/ppm Pd NPs (15.5 mg, 

0.25 mol % Pd), in 1.0 mL 2 wt % TPGS-750-M/H2O were reacted at rt for 16 h. The crude 

product was washed by column chromatography hexane/EtOAc: 95/5 to remove the 2-

bromobutane and TMEDA. Then the mixture was analyzed by 1H NMR using ethylene 

carbonate as internal standard. 

 

Ethyl 8-(4-fluorophenethyl)-5-methyl-6-oxo-5,6-dihydro-4H-benzo[f]imidazo[1,5-

a][1,4]diazepine-3-carboxylate (1.27) 
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Ethyl 8-bromo-5-methyl-6-oxo-5,6-dihydro-4H-benzo[f]imidazo[1,5-a][1,4]diazepine-3-

carboxylate (72.8 mg, 0.2 mmol), 1-(2-bromoethyl)-4-fluorobenzene (162.4 mg, 0.8 mmol), 

zinc powder (52 mg, 0.8 mmol), TMEDA (116.2 mg, 1.0 mmol) and Fe/ppm Pd NPs (25 mg, 

0.40 mol % Pd), in 1.0 mL 2 wt % TPGS-750-M/H2O were reacted at 45 °C for 40 h 

yielding 54.5 mg (67%) of ethyl 8-(4-fluorophenethyl)-5-methyl-6-oxo-5,6-dihydro-4H-

benzo[f]imidazo[1,5-a][1,4]diazepine-3-carboxylate as a white solid (hexane/EtOAc : 70/30). 

1H NMR (400 MHz, chloroform-d) δ 7.90 (d, J = 1.8 Hz, 1H), 7.87 (s, 1H), 7.38 – 7.29 

(m, 2H), 7.12 (dd, J = 8.5, 5.5 Hz, 2H), 6.97 (t, J = 8.7 Hz, 2H), 5.18 (br, s, 1H), 4.44 (br, m, 

3H), 3.25 (s, 3H), 3.08 – 2.86 (m, 4H), 1.45 (t, J = 7.1 Hz, 3H).  

13C NMR (126 MHz, chloroform-d) δ 166.73, 163.13, 162.59, 160.64, 142.49, 136.48 (d, 

J(C-F) = 3.8 Hz), 135.70, 135.06, 133.00, 132.54, 130.26, 129.95 (d, J(C-F) = 7.6 Hz), 129.17, 

121.95, 115.43 (d, J(C-F) = 21.4 Hz), 61.18, 42.56, 37.39, 36.59, 36.04, 14.54. 

19F NMR (376 MHz, chloroform-d) δ -116.94. 

HRMS(ESI):  Calcd. for C23H22FN3O3H [M+H]+ 408.1723. Found:  408.1718. 

 

Benzyl (S)-2-(5-(1-(t-butoxycarbonyl)azetidin-3-yl)-1H-indole-3-carbonyl)pyrrolidine-

1-carboxylate (mixture of two rotamers, ratio = 3:7) (1.28) 
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Benzyl (S)-2-(5-bromo-1H-indole-3-carbonyl)pyrrolidine-1-carboxylate (85.5 mg, 0.2 

mmol), t-butyl 3-bromoazetidine-1-carboxylate (188.9 mg, 0.8 mmol), zinc powder (52 mg, 

0.8 mmol), TMEDA (116.2 mg, 1.0 mmol) and Fe/ppm Pd NPs (25 mg, 0.40 mol % Pd), in 

1.0 mL 2 wt % TPGS-750-M/H2O were reacted at 45 °C for 40 h yielding 58.3 mg (58%) of 

benzyl (S)-2-(5-(1-(t-butoxycarbonyl)azetidin-3-yl)-1H-indole-3-carbonyl)pyrrolidine-1-

carboxylate as a white solid (hexane/EtOAc : 60/40). 

1H NMR (400 MHz, chloroform-d) δ 9.65 – 9.12 (m, 1H), 8.34 – 8.05 (m, 1H), 7.75 – 

7.69 (m, 1H), 7.45 – 7.29 (m, 4H), 7.21 – 6.95 (m, 3H), 5.30 – 5.09 (m, 2H), 5.04 – 4.95 (m, 

1H), 4.42 – 4.27 (m, 2H), 4.10 – 3.92 (m, 2H), 3.83 – 3.56 (m, 3H), 2.37 – 2.20 (m, 1H), 

2.15 – 1.86 (m, 3H), 1.48 (s, 9H).. 

13C NMR (126 MHz, chloroform-d) δ 194.74, 193.73, 156.56, 155.43, 154.76, 136.91, 

136.65, 136.20, 135.42, 131.98, 131.38, 128.66, 128.17, 128.13, 127.93, 127.80, 127.64, 

126.29, 125.92, 122.64, 122.53, 120.93, 120.19, 115.07, 114.95, 112.03, 79.70, 79.59, 67.30, 

67.12, 62.65, 62.43, 57.09, 56.81, 47.61, 47.14, 33.94, 33.83, 32.04, 30.98, 28.61, 24.41, 

23.84. 

HRMS(ESI):  Calcd. for C29H33N3O5Na [M+Na]+ 526.2318. Found:  526.2304. 

 

N-(t-Butyl)-4'-((6-(2-(4'-cyano-[1,1'-biphenyl]-4-yl)ethyl)-4-oxo-2-propylquinazolin-

3(4H)-yl)methyl)-[1,1'-biphenyl]-2-sulfonamide (1.29) 
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4'-((6-Bromo-4-oxo-2-propylquinazolin-3(4H)-yl)methyl)-N-(t-butyl)-[1,1'-biphenyl]-2-

sulfonamide (113.7  mg, 0.2 mmol), 4'-(2-bromoethyl)-[1,1'-biphenyl]-4-carbonitrile (228.9 

mg, 0.8 mmol), zinc powder (52 mg, 0.8 mmol), TMEDA (116.2 mg, 1.0 mmol) and 

Fe/ppm Pd NPs (25 mg, 0.40 mol % Pd), in 1.0 mL 2 wt % TPGS-750-M/H2O were reacted 

at 45 °C for 40 h yielding 65.2 mg (47%) of N-(t-butyl)-4'-((6-(2-(4'-cyano-[1,1'-biphenyl]-

4-yl)ethyl)-4-oxo-2-propylquinazolin-3(4H)-yl)methyl)-[1,1'-biphenyl]-2-sulfonamide as a 

white solid (hexane/acetone : 65/35). 

1H NMR (400 MHz, chloroform-d) δ 8.16 (d, J = 7.4 Hz, 2H), 7.74 – 7.59 (m, 7H), 7.58 

– 7.47 (m, 7H), 7.30 (m, 3H), 5.47 (m, 2H), 3.51 (m, 1H), 3.08 (dddd, J = 16.6, 9.3, 5.6, 3.5 

Hz, 4H), 2.77 – 2.72 (t, J = 8.2 Hz, 2H), 1.86 (m, 2H), 1.03 (t, J = 7.3 Hz, 3H), 0.98 (s, 9H). 

13C NMR (126 MHz, chloroform-d) δ 162.72, 145.59, 142.20, 142.11, 139.38, 139.12, 

137.12, 136.65, 135.45, 132.73, 132.41, 132.00, 130.55, 129.42, 128.44, 128.13, 127.73, 

127.68, 127.60, 127.50, 127.42, 126.32, 126.17, 125.01, 120.34, 119.15, 110.81, 54.56, 

46.38, 37.58, 37.48, 37.28, 29.90, 20.88, 14.07. 

HRMS(ESI):  Calcd. for C43H42N4O3SH [M+H]+ 695.3056. Found:  695.3041. 



 

96 

 

 

t-Butyl 3-(4-(trifluoromethyl)phenyl)azetidine-1-carboxylate (1.30) 

 

1-Bromo-4-(trifluoromethyl)benzene (45 mg, 0.2 mmol), t-butyl 3-bromoazetidine-1-

carboxylate (141.7 mg, 0.6 mmol), zinc powder (52 mg, 0.8 mmol), TMEDA (116.2 mg, 1.0 

mmol) and Fe/ppm Pd NPs (15.5 mg, 0.25 % Pd), in 1.0 mL 2 wt % TPGS-750-M/H2O 

were reacted at rt for 16 h yielding 49.2 mg (82%) of t-butyl 3-(4-

(trifluoromethyl)phenyl)azetidine-1-carboxylate as a yellow oil (hexane/EtOAc: 85/15). 

1H NMR (400 MHz, chloroform-d) δ 7.61 (d, J = 8.1 Hz, 2H), 7.43 (d, J = 8.1 Hz, 2H), 

4.36 (t, J = 8.7 Hz, 2H), 3.97 (dd, J = 8.5, 6.0 Hz, 2H), 3.78 (ddd, J = 14.5, 8.6, 6.0 Hz, 1H), 

1.47 (s, 9H). 

13C NMR (126 MHz, chloroform-d) δ 156.48, 146.45, 129.49 (q, J(C-F) = 33 Hz), 127.31, 

125.85 (q, J(C-F) = 3.8 Hz), 123.16, 79.95, 33.46, 29.85, 28.55. 

19F NMR (376 MHz, chloroform-d) δ -62.50. 

Spectral data matched those previously reported.[4] 

 

Methyl 4-(oxetan-3-yl)benzoate (1.31) 

 

Methyl 4-bromobenzoate (43 mg, 0.2 mmol), 3-bromooxetane (82.2 mg, 0.6 mmol), zinc 

powder (52 mg, 0.8 mmol), TMEDA (116.2 mg, 1.0 mmol) and Fe/ppm Pd NPs (15.5 mg, 
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0.25 % Pd), in 1.0 mL 2 wt % TPGS-750-M/H2O were reacted at rt for 16 h yielding 33.1 

mg (86%) of methyl 4-(oxetan-3-yl)benzoate as a colorless oil (hexane/EtOAc : 90/10). 

1H NMR (400 MHz, chloroform-d) δ 8.04 (d, J = 8.3 Hz, 2H), 7.46 (d, J = 8.2 Hz, 2H), 

5.10 (dd, J = 8.3, 6.1 Hz, 2H), 4.77 (t, J = 6.3 Hz, 2H), 4.33 – 4.22 (m, 1H), 3.92 (s, 3H). 

13C NMR (101 MHz, chloroform-d) δ 166.97, 146.89, 130.25, 129.11, 126.96, 78.54, 

52.26, 40.39. 

Spectral data matched those previously reported.[4] 

 

t-Butyl 6-(tetrahydro-2H-pyran-4-yl)-1H-indole-1-carboxylate (1.32) 

 

t-Butyl 6-bromo-1H-indole-1-carboxylate (59.2 mg, 0.2 mmol), 4-bromotetrahydro-2H-

pyran (99 mg, 0.6 mmol), zinc powder (52 mg, 0.8 mmol), TMEDA (116.2 mg, 1.0 mmol) 

and Fe/ppm Pd NPs (15.5 mg, 0.25 % Pd), in 1.0 mL 2 wt % TPGS-750-M/H2O were 

reacted at rt for 16 h yielding 54.6 mg (91%) of t-butyl 6-(tetrahydro-2H-pyran-4-yl)-1H-

indole-1-carboxylate as a yellow powder (hexane/EtOAc : 85/15). 

1H NMR (400 MHz, chloroform-d) δ 8.08 (s, 1H), 7.54 (d, J = 3.6 Hz, 1H), 7.50 (d, J = 

8.1 Hz, 1H), 7.12 (dd, J = 8.1, 1.2 Hz, 1H), 6.53 (d, J = 3.7 Hz, 1H), 4.10 (dd, J = 11.0, 3.7 

Hz, 2H), 3.56 (td, J = 11.6, 2.4 Hz, 2H), 2.89 (tt, J = 11.6, 4.2 Hz, 1H), 1.93 – 1.79 (m, 4H), 

1.68 (s, 9H). 

13C NMR (101 MHz, chloroform-d) δ 149.96, 142.56, 129.13, 125.86, 121.99, 120.93, 

113.39, 107.21, 83.67, 77.36, 68.67, 42.24, 34.60, 28.37. 
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Spectral data matched those previously reported.[5] 

 

 

Pyrrolidin-1-yl(4-(tetrahydro-2H-pyran-4-yl)phenyl)methanone (1.33) 

 

(4-Bromophenyl)(pyrrolidin-1-yl)methanone (50.8, 0.2 mmol), 4-bromotetrahydro-2H-

pyran (99 mg, 0.6 mmol), zinc powder (52 mg, 0.8 mmol), TMEDA (116.2 mg, 1.0 mmol) 

and Fe/ppm Pd NPs (15.5 mg, 0.25 % Pd), in 1.0 mL 2 wt % TPGS-750-M/H2O were 

reacted at rt for 16 h yielding 48.3 mg (93 %) of pyrrolidin-1-yl(4-(tetrahydro-2H-pyran-4-

yl)phenyl)methanone as a colorless oil (hexane/EtOAc : 80/20). 

1H NMR (400 MHz, chloroform-d) δ 7.51 (d, J = 8.1 Hz, 2H), 7.31 – 7.24 (m, 2H), 4.11 

(dd, J = 11.4, 2.7 Hz, 2H), 3.67 (t, J = 6.9 Hz, 2H), 3.56 (td, J = 11.4, 2.6 Hz, 2H), 3.48 (t, J 

= 6.5 Hz, 2H), 2.81 (ddd, J = 15.7, 11.2, 4.4 Hz, 1H), 1.99 (quin, J = 6.6 Hz, 2H), 1.90 (m, 

2H), 1.86 – 1.76 (m, 4H). 

13C NMR (126 MHz, chloroform-d) δ 169.76, 147.78, 135.41, 127.59, 126.73, 68.43, 

49.78, 46.32, 41.60, 33.88, 26.56, 24.60. 

Spectral data matched those previously reported.[5] 

 

t-Butyl 4-(3-isopropyl-1H-indol-6-yl)piperidine-1-carboxylate (1.34) 
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6-Bromo-3-isopropyl-1H-indole (47.6 mg, 0.2 mmol), t-butyl 4-bromopiperidine-1-

carboxylate (158.3 mg, 0.6 mmol), zinc powder (52 mg, 0.8 mmol), TMEDA (116.2 mg, 1.0 

mmol) and Fe/ppm Pd NPs (15.5 mg, 0.25 % Pd), in 1.0 mL 2 wt % TPGS-750-M/H2O 

were reacted at rt for 16 h yielding 55.2 mg (81%) of t-butyl 4-(3-isopropyl-1H-indol-6-

yl)piperidine-1-carboxylate as a yellow oil (hexane/EtOAc : 75/25). 

1H NMR (600 MHz, chloroform-d) δ 8.06 (s, 1H), 7.77 (d, J = 1.6 Hz, 1H), 7.27 – 7.24 

(m, 1H), 7.21 (d, J = 8.6 Hz, 1H), 6.96 (d, J = 2.1 Hz, 1H), 4.34 (tt, J = 7.6, 3.7 Hz, 1H), 

3.72 – 3.66 (m, 2H), 3.32 (ddd, J = 13.5, 7.7, 3.6 Hz, 2H), 3.15 (hept, J = 6.8 Hz, 1H), 2.11 

– 2.05 (m, 2H), 1.93 (m, 2H), 1.47 (s, 9H), 1.35 (d, J = 6.9 Hz, 6H). 

13C NMR (126 MHz, chloroform-d) δ 154.80, 135.28, 128.68, 124.68, 123.83, 122.06, 

120.66, 112.65, 112.37, 80.00, 49.64, 35.71, 28.54, 25.46, 24.81, 23.39. 

Spectral data matched those previously reported.[6] 

 

Ethyl 4-phenethylbenzoate (1.35) 

 

Ethyl 4-bromobenzoate (45.8 mg, 0.2 mmol), (2-bromoethyl)benzene (109.8 mg, 0.6 

mmol), zinc powder (52 mg, 0.8 mmol), TMEDA (116.2 mg, 1.0 mmol) and Fe/ppm Pd NPs 
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(15.5 mg, 0.25 % Pd), in 1.0 mL 2 wt % TPGS-750-M/H2O were reacted at rt for 16 h 

yielding 50.4 mg (99%) of ethyl 4-phenethylbenzoate as a yellow oil (hexane/EtOAc : 95/5). 

1H NMR (400 MHz, chloroform-d) δ 8.00 – 7.92 (m, 2H), 7.31 – 7.26 (m, 2H), 7.25 – 

7.13 (m, 5H), 4.37 (q, J = 7.1 Hz, 2H), 3.04 – 2.88 (m, 4H), 1.39 (t, J = 7.1 Hz, 3H). 

13C NMR (126 MHz, chloroform-d) δ 166.81, 147.18, 141.30, 129.78, 128.63, 128.58, 

128.52, 128.41, 126.21, 60.94, 38.01, 37.62, 14.49. 

Spectral data matched those previously reported.[7] 

 

4-(4-(1-Methylcyclopent-3-ene-1-carbonyl)phenyl)-2-(4-morpholinophenyl)-1-

phenylbutan-1-one (1.40) 

 

1H NMR (600 MHz, chloroform-d) δ 7.90 (d, J = 8.4 Hz, 2H), 7.77 (d, J = 8.2 Hz, 2H), 

7.47 (t, J = 7.4 Hz, 1H), 7.36 (t, J = 7.8 Hz, 2H), 7.18 (d, J = 7.9 Hz, 4H), 6.83 (d, J = 8.4 

Hz, 2H), 5.74 (s, 2H), 4.45 (t, J = 7.2 Hz, 1H), 3.86 – 3.78 (m, 4H), 3.17 – 3.10 (m, 6H), 

2.68 – 2.58 (m, 2H), 2.54 – 2.45 (m, 1H), 2.37 (d, J = 14.1 Hz, 2H), 2.14 (m, 1H), 1.39 (s, 

3H). 
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13C NMR (126 MHz, chloroform-d) δ 204.91, 199.77, 150.32, 146.71, 136.90, 133.51, 

132.95, 130.32, 129.24, 129.21, 128.78, 128.61, 128.50, 116.09, 66.99, 52.81, 51.90, 49.19, 

46.37, 34.94, 33.62, 28.05. 

HRMS(ESI):  Calcd. for C33H35NO3H [M+H]+ 494.2695. Found:  494.2678. 
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2.  Simplified Preparation of ppm Pd-Containing Nanoparticles as 

Heterogeneous Catalysts for Chemistry in Water 
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Hu, Y.; Li, X.; Jin, G.; Lipshutz, B. H. Simplified Preparation of ppm Pd-Containing 

Nanoparticles as Catalysts for Chemistry in Water. ACS. Catal., 2023, 13, 3179-3186 
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2.1 Background Introduction 

Cross coupling reactions, which typically rely on transitional metals to catalyze 

couplings between a sp2-hybridized halide and an organometallic reagent are widely used in 

both industry and academia.1,2,3 Traditional cross coupling reactions are differentiated by the 

organometallic reagent used. As shown in Figure 1, the use of organoboron, organozinc, 

organomagnesium (Grignard reagent), organotin, organolithium, organosilane, alkyne, 

alkene, and amine correspond, respectively, to the Suzuki-Miyaura, Negishi, Kumada, Stille, 

Murahashi, Hiyama, Sonogashira, Mizoroki-Heck, and Buchwald-Hartwig amination 

reactions. There are also some other cross couplings using thioesters to make ketones, such 

as reactions between thioesters and organozinc halides for Fukuyama reactions, or thioester 

and boronic acids for Liebeskind–Srogl reactions.  

 

Figure 1. Different cross coupling reactions with their coupling partners 

 

Those cross-coupling reactions hold great importance, as they enable the efficient 

formation of C-C, C-N, and C-O bonds, which are typically challenging using traditional 

methods. For instance, in material science, these reactions facilitate the selective and 

effective synthesis of innovative materials, including electron-conductive organic polymers4 

and liquid crystals.5 Likewise, in the pharmaceutical industry, cross-coupling reactions have 
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not only simplified the synthesis of highly functionalized drug molecules but have also 

inspired the structural design of potential drug candidates.6,7 

Various transition metals, including Pd,8 Ni,9 Fe,10 Co,11 Cu,12 and Cr,13 have been 

utilized in cross-coupling reactions. While several of these metals are earth abundant and 

have successfully catalyzed cross-coupling reactions, palladium remains the most favored 

due to its excellent reproducibility and reactivity.14,15 It is worth noting that the 2010 Nobel 

Prize in Chemistry was awarded to Suzuki, Heck, and Negishi for the development of 

palladium-catalyzed cross-coupling reactions. 

Organoboron compounds have been utilized in organic chemistry in 1970s, initially 

serving primarily for substitution reactions or in synthesizing dienes. Interestingly, in 1975, 

the Heck group observed that boronic acids can act as effective partners in cross-coupling 

reactions when used with stoichiometric quantities of palladium. This observation was 

further advanced in 1979 when the Suzuki group first demonstrated the use of a catalytic 

amount of palladium to catalyze the cross-coupling reaction between organoboron and 

alkenyl bromide, as shown in Scheme 1(1).16 Although initially limited to dienes as 

substrates, this method opened new avenues in the field of palladium-catalyzed cross-

coupling reactions. 

Over the past 40 years, a wide array of catalytic conditions has been investigated to 

optimize cross-coupling reactions, bringing the Suzuki reaction to one of the most frequently 

used reactions in synthetic chemistry. Among these developments, in 2005, the Buchwald 

group introduced a novel ligand, 'SPhos', specifically for the cross-coupling reaction.17 This 

innovation allows for the reaction to proceed with lower palladium loading or under milder 

conditions. Utilizing this approach, a diverse range of functionalized biaryls, heterobiaryls, 
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and alkenes have been successfully synthesized. Furthermore, SPhos and similar 

dialkylbiaryl phosphine ligands can be synthesized through a streamlined two-step, one-pot 

process, greatly enhancing their commercial availability and practicality. 

While palladium has demonstrated exceptional reactivity in catalyzing cross-coupling 

reactions, extensive research has focused on substituting palladium with more abundant and 

cost-effective first-row transition metals. In 2012, the Hartwig group reported the successful 

use of a readily synthesized nickel catalyst for the Suzuki reaction.18 This catalyst, a 

nickel(II) complex [(dppf)Ni(cinnamyl)Cl], is prepared through the oxidative addition of 

cinnamyl chloride to [(dppf)Ni(cod)]. It efficiently catalyzes the coupling of five-membered 

heteroaryl boronic acids with various nitrogen- and sulfur-containing heteroaryl halides. The 

resulting hetero-biaryl products were obtained in good to excellent yields, using a mere 0.5 

mol% loading of the nickel catalyst. 

Despite being one of the most utilized organic reactions in the synthesis of small 

molecules, a universally applicable set of conditions for the Suzuki reaction had remained 

elusive. This is mainly because the late-stage optimization was typically conducted towards 

one or two specific targets. In a significant breakthrough in 2022, the Burke group employed 

a combination of machine learning and automated experimentation to establish general 

conditions applicable to a broad range of Suzuki cross-coupling partners.19 They conducted 

a comprehensive screening involving 11 different substrates under 48 distinct conditions. 

Leveraging machine learning algorithms, they were able to identify three sets of conditions 

that are general for the Suzuki reaction. These conditions either outperformed or matched 

the yields of benchmark methodologies, representing a major step forward in streamlining 

and standardizing this pivotal reaction in organic chemistry. 
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Scheme 1. Representative work for Suzuki reaction 

 

 

Alkynes have played a pivotal role since the inception of metal-catalyzed cross-coupling 

reactions. The historical moment began in 1869 with Glaser's groundbreaking report on the 

homocoupling of metallic acetylides, a process catalyzed by copper. Subsequently, in 1963, 

Chodkiewicz advanced the field by reporting the C(sp)-C(sp2) coupling, which involved the 

reaction of aryl or vinyl halides with alkynes derived as copper salts. A significant 

development occurred in 1975 with the concurrent disclosure of palladium-catalyzed 

coupling of acetylenes with aryl or vinyl halides by three independent groups: Sonogashira, 
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Cassar, and Heck. Among these, the coupling conditions introduced by Sonogashira, which 

incorporated copper co-catalysis, were notable for their exceptionally mild reaction 

conditions.20 This contrasted sharply with the more rigorous conditions required in the non-

co-catalyzed processes reported by Cassar and Heck. This development marked a significant 

milestone in the advancement of cross-coupling methodologies. 

In 2000, a significant advancement in the field of Sonogashira reactions was made by the 

Fu and Buchwald groups, who jointly reported a highly versatile catalyst system.21 The 

system, consisting of Pd(PhCN)2Cl2 combined with P(tBu)3, proved to be an efficient 

catalyst for Sonogashira reactions for aryl bromides, enabling a broad spectrum of couplings 

to be conducted at room temperature. This represented a substantial improvement over 

previously reported catalyst systems, as it operated under much milder conditions. This 

study not only enhanced the versatility of the Sonogashira reaction but also underscored the 

effectiveness of bulky, electron-rich phosphines in facilitating palladium-catalyzed coupling 

reactions, contributing significantly to the field of organic synthesis. 

In 2015, the Lipshutz group made a notable contribution to the field of Suzuki reactions 

by introducing a novel ligand, ‘HandaPhos’. This innovation enabled the catalysis of Suzuki 

reactions in water, remarkably requiring only 0.1 mol % of palladium. Building on this 

breakthrough, in 2018, the same group further demonstrated the versatility of HandaPhos by 

applying it as a ligand in the Sonogashira reaction, again in an aqueous environment and 

with the same low palladium loading of just 0.1 mol %.22 Significantly, the Sonogashira 

reaction they reported was conducted in the absence of copper, a departure from traditional 

methodologies. This development not only represented a more sustainable and 
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environmentally friendly approach but also marked a significant advance in the efficiency 

and practicality of conducting these important cross-coupling reactions. 

In 2019, the Liu group introduced a general asymmetric copper-catalyzed Sonogashira 

C(sp3)–C(sp) coupling.23 This approach marked a significant leap in the field of 

enantioconvergent cross-coupling reactions. By employing a copper catalyst in conjunction 

with a cinchona-based chiral P,N-ligand, the group established a robust and versatile 

strategy for the construction of chiral C–C bonds, utilizing a radical intermediate. A notable 

aspect of this methodology was the successful direct incorporation of acetylene gas, 

highlighting its substantial potential for industrial applications. This innovative technique 

not only paves the way for new methods in enantioconvergent C–C bond formation but also 

sets a precedent for the exploration of novel catalyst systems. These systems was further 

applied to managing challenging asymmetric radical transformations by the same group, 

thus broadening the scope of possibilities in synthetic organic chemistry and catalysis. 

 

 

 

 

 

 

 

 

 

 



 

145 

 

Scheme 2. Representative work for Sonogashira reaction 

 

 

The Heck reaction stands out among classic cross-coupling reactions due to its unique 

requirement: unlike others, it does not require an organometallic compound. The reaction 

traces back to Richard Heck's inspiration from Pat Henry's research on the Wacker process 

mechanism. Motivated by these findings, Heck initially tested the reaction of 

organomercurial compounds and alkenes in the presence of catalytic amounts of Li2[PdCl4]. 
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This exploration culminated in 1968 with the publication of seven single-author back-to-

back communications, a significant academic feat.  

However, due to the high toxicity of organomercury reagents, there was a pressing need 

for safer alternatives. Addressing this concern, in 1972, Heck reported a method using just 1 

mol % Pd(OAc)2 to catalyze the C-C bond formation between aryl iodide and alkene.24 This 

method was further refined by various researchers and is now commonly known as the 

Mizoroki-Heck reaction. The elegance of the Heck reaction lies not only in its avoidance of 

organometallic reagents but also in its profound impact on the field of cross-coupling 

chemistry. The research into and application of its mechanism laid a foundational stone for 

the development of cross-coupling reactions, illustrating a remarkable blend of innovative 

chemistry and practical application. 

Regioselectivity and stereoselectivity have been central themes in the exploration and 

development of the Heck reaction since its discovery. The selectivity of this reaction is 

influenced by a multitude of factors, including the choice of ligand, electronic and steric 

effects, temperature, and the use of additives. A particularly noteworthy aspect is the role of 

halogen scavengers, such as silver (Ag) and titanium (Ti), which can potentially change the 

reaction mechanism towards a cationic pathway, thereby altering regioselectivity. A seminal 

example of this phenomenon was reported by the Hallberg group in 1985.25 They discovered 

that the addition of silver nitrate to the Heck reaction involving a terminal alkene could shift 

the β-elimination regioselectivity from the vinyl product to allylic product. While this 

specific condition may not be universally applicable due to the influence of other factors on 

selectivity, the Hallberg group's work presented a promising approach to addressing the 

longstanding challenge of controlling selectivity in the Heck reaction.  
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Traditionally, the Heck reaction has required high temperatures, often around 100°C. 

However, in a significant development in 2001, the Fu group introduced a versatile catalyst 

that enabled Heck reactions of aryl chlorides and bromides under much milder conditions.26 

This advancement was an improvement on the previously reported Pd/P(tBu)3-based catalyst. 

The key to this enhancement was the use of Cy2NMe instead of Cs2CO3 as the base. This 

modification allowed for the effective execution of Heck reactions involving a broad 

spectrum of aryl chlorides and bromides under exceptionally mild conditions. This catalyst 

system has since been recognized as one of the most universally applicable methods for 

conducting Heck couplings. Its ability to operate under milder conditions than traditionally 

required not only broadens the range of potential substrates but also represents a more 

environmentally friendly and energy-efficient approach to these types of chemical reactions. 

As the understanding of the Heck reaction's mechanisms deepens, there has been 

increasing development in research focused on selective β-elimination and alkene 

redistribution. Critical factors influencing these aspects include the choice of ligand (such as 

P,N-ligands or P,P-ligands), the selection of reactants (like aryl iodides or diaryliodonium 

salts), and the reaction pathway (involving Pd(II) or Pd(IV)). These variables can 

significantly determine the positioning of the alkene in the final product. 

A particularly interesting example of this nuanced control was presented by the Mo 

group in 2022.27 They demonstrated that, using the same palladacycle, the Heck reaction 

could yield two entirely different products simply by altering the reactant. This finding is 

significant as it underscores the multifaceted nature of the Heck reaction and the intricate 

interplay of various factors that govern its selectivity. While numerous factors can influence 

the outcome, the Mo group's work provides fresh insight into the Heck reaction, offering 
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new possibilities for its application and a deeper understanding of its underlying 

mechanisms.  

Scheme 3. Representative work for Mizoroki-Heck reaction 
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In 1976, Negishi's work introduced the cross-coupling of organoaluminum reagents 

using nickel catalysts. However, this method encountered a notable loss of stereospecificity 

in synthesizing conjugated dienes with organoaluminum reagents. This limitation was 

overcome by replacing nickel catalysts with palladium complexes, enhancing the reaction's 

fidelity. Negishi later expanded this methodology by incorporating zinc reagents in cross-

coupling processes.28 Most importantly, these findings demonstrated that traditional 

magnesium and lithium reagents could be substituted with other metals, such as 

organoaluminum intermediates and zinc, effectively participating in the crucial 

transmetallation step. This insight drives further innovations in the field of cross coupling. 

In 2001, Fu group pioneered the first comprehensive palladium-catalyzed Negishi cross-

coupling of aryl and vinyl chlorides, utilizing the commercially accessible and air-stable 

catalyst Pd(P(tBu)3)2.
29 This methodology is distinguished by several notable features: the 

use of an easily obtainable catalyst, Pd(P(tBu)3)2; compatibility with nitro functional groups; 

the ability to synthesize highly sterically hindered biaryls; effective coupling of sterically 

demanding vinyl chlorides with arylzinc reagents; applicability to alkylzincs, including the 

more challenging secondary alkylzincs; and a high turnover number, showcasing its 

efficiency and versatility in the realm of cross-coupling reactions. 

In 2009, the Buchwald group made a significant advancement in Negishi coupling, 

introducing 'CPhos' as a ligand for coupling secondary alkylzinc halides with aryl bromides 

and chlorides.30 This methodology demonstrated exceptional efficacy in coupling a broad 

range of aryl bromides and activated chlorides with secondary alkyl zinc reagents, notably 

suppressing the undesirable β-hydride elimination pathway by using the novel CPhos. The 

process's wide substrate scope and remarkable selectivity make it a versatile and powerful 
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tool for creating C(sp3)-C(sp2) bonds, which is considered as challenge at that time. 

Additionally, the Buchwald group provided insightful evidence that the superior selectivity 

for branched over linear products, observed with secondary alkyl zincs using CPhos, is 

attributed to the relatively slow rates of β-hydride elimination-reinsertion as compared to 

reductive elimination, offering deeper understanding into the reaction mechanism. 

In 2006, the Organ group reported a versatile and user-friendly Pd–NHC precatalyst, 

PEPPSI-IPr, highlighting its role as a universal cross-coupling catalyst.31 This innovation 

marked the first time a Negishi protocol was capable of consistently achieving cross-

coupling across a full range of alkyl and aryl partners on either side. The introduction of 

PEPPSI-IPr, an easily synthesized, air-stable, and highly active catalyst, significantly 

broadened the scope, reliability, and user-friendliness of the Negishi reaction. Furthermore, 

this method's practicality was enhanced by the fact that all reactions could be conducted 

using standard laboratory techniques, without the need for a glove box, as the precatalyst 

was stable and could be handled in air. 
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Scheme 4. Representative work for Negishi reaction 

 

 

Recent studies in our group have demonstrated the reactivity of Fe/ppm Pd nanoparticles 

(NPs) in cross-coupling reactions, under mild conditions in aqueous micellar solution. 

Tracing back to 2015, the initial NPs were synthesized by reducing FeCl3 in the presence of 

SPhos and Pd(OAc)2 in THF using MeMgCl.32 The resulting grey, powdery nanoparticles 

were observed to effectively catalyze the Suzuki-Miyaura reaction, requiring only 320 ppm 

of Pd, when used in the presence of an aqueous solution of "designer" surfactant TPGS-750-
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M.33 By altering the ligand and the amount of palladium involved, these nanoparticles can 

be engineered to catalyze each of these three couplings, all at ppm palladium levels (Figure 

2).34,35,36 Interestingly, these spherical nanoparticles undergo a morphological change, 

transitioning into far larger needle-like nanorods in an aqueous environment. They then 

synergize with the ligand and palladium in solution, functioning as an effective catalytic 

system. 

 

Figure 2. Different nanoparticles for cross coupling reactions in water 

 

While catalysis with nanoparticles in aqueous micellar solutions has demonstrated 

remarkable reactivity and environmental sustainability, certain challenges still limit its 

commercialization and broader industrial application. The phosphine within the 

nanoparticles is sensitive to oxygen, particularly undergoing autoxidation. This could lead to 

inconsistencies between batches during commercial production, causing storage issues for 

both suppliers and industries. Additionally, once formulated, these nanoparticles are 
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designed for a specific reaction due to the inclusion of a particular ligand and palladium, 

thereby limiting their versatility. To deal with those challenges, we have developed a 

simplified way to synthesize Fe nanoparticles alone, which not only eliminates the issue of 

air sensitivity but also demonstrated versatility, as the same nanoparticles were applicable 

across all four reaction types (vide infra). 
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2.2 Results and discussion 

Optimization of reaction conditions and use in synthesis  

A cross-coupling reaction catalyzed by nanoparticles (NPs) typically requires reagents 

such as iron chloride, palladium, a ligand, the cross-coupling partner, a base, and an aqueous 

reaction medium. The initial catalyst components, including iron trichloride, palladium, and 

the ligand, can be introduced into the reaction via two different methods: 1) they can be first 

reduced as part of the nanoparticles and subsequently added to the reaction vessel, or 2) they 

can be directly introduced into the reaction vessel. Considering the Suzuki-Miyaura reaction 

as an example, the traditional approach involves reducing the palladium, ligand, and iron 

trichloride to form an the initial, small (ca. 5 nm) NPs. These NPs were then added to a 2 wt % 

TPGS-750-M aqueous solution, accompanied by the cross-coupling partner and base (Table 

1, original procedure). By taking the palladium or ligand out from the original preparation of 

the NPs and then directly introducing these NPs into the reaction vessel, various methods to 

synthesize nanoparticles with different compositions, along with different reaction 

conditions, have been tested (Table 1, procedure A, B, C).  

As shown in Table 1, using 4-bromoanisole and (2-formylphenyl)boronic acid as cross-

coupling partners for a model Suzuki-Miyaura reaction, the nanoparticles synthesized via 

the original procedure resulted in an 86% yield. Meanwhile, Procedure A and Procedure B, 

which involved the direct addition of palladium or the ligand to the reaction vial, yielded 11% 

and 42%, respectively. These decreased yields might be due to the separation of palladium 

and the ligand. Then, Procedure C, which added both the palladium and ligand directly into 
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the reaction vial, achieved a 71% isolated yield, marking the highest yield among the three 

tested procedures. 

Table 1. Optimization of different procedures 

 

a Conditions: 4-bromoanisole (0.2 mmol), (2-formylphenyl)boronic acid (0.3 mmol), K3PO4
●H2O 

(0.3 mmol), FeCl3 (5 mol %), Pd(OAc)2 (320 ppm), SPhos (3 mol %), 2 wt % TPGS-750-M/H2O 

(0.4 mL), 45 °C ,16 h 

b Isolated yield 
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We subsequently optimized the loading of palladium and the ligand required for the 

reaction. As shown in Table 2, an optimal 5% SPhos concentration increased the yield to 

87%. Further, by supplementing with 180 ppm of Pd(OAc)2, a combination of 500 ppm of 

Pd(OAc)2 and 5% SPhos yielded the best result, producing a 99% isolated product. 

Table 2. Optimization of the palladium and ligand loading. 

 

a Conditions: 4-bromoanisole (0.2 mmol), (2-formylphenyl)boronic acid (0.3 mmol), K3PO4
●H2O 

(0.3 mmol), Fe NPs-3 (8 mg, containing 5 mol % FeCl3), Pd(OAc)2, SPhos, 2 wt % TPGS-750-

M/H2O (0.4 mL), 45 °C ,16 h 

b Isolated yield 

c Yield by 1H NMR, ethylene carbonate as internal standard 

 

A control experiment was subsequently carried out wherein either the palladium, ligand, 

or Fe NPs was removed from the reaction mixture in order to evaluate the importance of 

each component. As illustrated in Table 3, in the absence of any one of these components 

the reaction yielded less than 5% coupled product, as observed by 1H NMR. This result 

clearly indicates that the successful reaction necessitates the presence of the ligand, the Fe 
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NPs, and the palladium, together constituting the reactive catalytic system. While the 

catalytic species could potentially be in situ-formed nanoparticles and/or a biphasic catalyst 

involving solid NPs and ligands in solution, the exact nature of the catalyst needs further 

investigation. 

Table 3. Control experiment of Suzuki-Miyaura reaction 

 

a 5-Bromopyrimidine (0.2 mmol), naphthalen-1-ylboronic acid (0.3 mmol), Fe NPs-3 (8 mg, 5% Fe 

NPs), Pd(OAc)2 (500 ppm), SPhos (5 mol %), K3PO4·H2O (0.3 mmol), 2 wt % TPGS-750-M/H2O 

(0.4 mL), 45 °C, 24 h;  

b Isolated yield;  

c Yield by 1H NMR, ethylene carbonate as internal standard. 

 

The key to optimizing yield in various cross-coupling reactions is largely determined by 

the choice of the corresponding ligand (Figure 2). For instance, XPhos exhibits specific 

reactivity for the Sonogashira reaction in water. In this work, by adding the ligand directly 

into the pot, we gain flexibility as to which ligand to use based on the specific reaction 

conducted. This offers the versatility to run various cross-coupling reactions, and other 
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transition metal-catalyzed reactions, using the same Fe nanoparticles, all while requiring 

only ppm levels of metal. 

To validate our hypothesis, we changed the ligand from SPhos to XPhos and executed a 

Sonogashira reaction in aqueous micellar solution, using 4-bromoanisole and 

ethynylbenzene as cross-coupling partners. As shown in Table 4 (entry 1), our preliminary 

trial with K3PO4 as base and 1.5 equivalents of alkyne yielded 62% product. While 

diisopropylethylamine (DIPEA) emerged as the most effective base, it only improved the 

yield by 12%. Analysis of by-products via 1H NMR revealed the consumption of some 

aromatic bromide via homocoupling. Consequently, we increased the amount of alkyne to 

two equivalents, leading to an improved yield of 83%. Interestingly, the ligand loading 

significantly affected the reaction. In the case shown in entry 6, using just 3 mol % of XPhos, 

an impressive 98% of the product was isolated. On the contrary, a higher loading (10 mol %) 

of XPhos decreased the yield to 70%. This decline is possibly due to the coordination of 

excess bulky XPhos to palladium, thereby blocking the further oxidative addition from the 

aromatic bromide. Lastly, even though utilizing 1 mol % of XPhos yielded a competitive 96% 

(as seen in entry 7), further investigation indicated that 3 mol % of XPhos is optimal for 

preparing more complex molecules. 
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Table 4. Optimization of the conditions for Sonogashira reactions 

 

a Conditions: 4-bromoanisole (0.2 mmol), ethynylbenzene, base (0.4 mmol), Fe NPs-3 (8 mg, 

containing 5 mol % FeCl3), Pd(OAc)2 (500 ppm), XPhos, 2 wt % TPGS-750-M/H2O (0.4 mL), 45 °

C ,16 h 

b Yield determined by HPLC,1-fluoro-4-(trifluoromethyl)benzene as internal standard, isolated yield 

in parentheses 

 

 

Substrate scope  

After optimization of the conditions for Suzuki-Miyaura, Sonogashira, Mizoroki-Heck, 

and Negishi reactions in water, we extended the application of the Fe nanoparticles to a 

broader library of molecules to assess their generality as catalysts. To emphasize the 

reactivity and functional group tolerance of this methodology, our substrate Table mainly 

featured complex or heterocycle-containing molecules (Table 5). 
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Table 5. Representative cases of coupling reactions using the new preparation of NPs. 

Suzuki-Miyaura: 

 

a Aryl bromide (0.2 mmol), Ar'-BR2 (0.3 mmol), Fe NPs (8 mg, 5% Fe NPs), Pd(OAc)2 (500 ppm) in 

pot, SPhos (5 mol %), K3PO4·H2O (0.3 mmol), 2 wt % TPGS-750-M/H2O (0.4 mL), 45 °C, 24 h; 

b 55 °C, 48 h, 750 ppm Pd(OAc)2 
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Table 5, continued 

Sonogashira: 

 

a Aryl halide (0.2 mmol), alkyne (0.4 mmol), Fe NPs (8 mg, 5% Fe NPs), 500 ppm Pd(OAc)2 in pot, 

XPhos (3 mol %), DIPEA (0.4 mmol), 2 wt % TPGS-750-M/H2O (0.4 mL), 45 °C, 24 h; 

b 55 °C, 48 h, 750 ppm Pd(OAc)2. 
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Table 5, continued 

Mizoroki-Heck: 

 

a Aryl iodide (0.2 mmol), alkene (0.4 mmol), NPs (2.8 mg, 1.8% Fe NPs), 2500 ppm Pd(tBu3P)2 in 

pot, tBu3P (2.5 mol %), K3PO4 (0.6 mmol), NaCl (1.2 mmol), 2 wt % TPGS-750-M/H2O (0.4 mL), 

DMF (0.04 mL), 45 °C, 40 h. 
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Table 5, continued 

Nesighi: 

 

a Aryl bromide (0.2 mmol), alkyl bromide (0.8 mmol), NPs (8 mg, 5% Fe NPs), 2500 ppm Pd(OAc)2 

in pot, AmPhos (5 mol %), Zn powder (0.8 mmol), TMEDA (1.0 mmol), 2 wt % TPGS-750-M/H2O 

(1.0 mL), 45 °C, 40 h. 

 

In general, the four different types of cross-coupling reactions were conducted under 

aqueous micellar conditions at 45°C, with the same originally simplified NPs. For the 

Suzuki-Miyaura and Sonogashira reactions, only 500 ppm of palladium was required, while 

the Mizoroki-Heck reaction and the Negishi coupling needed 2500 ppm (0.25 mol %) of 

palladium. Not only are these reaction conditions greener and milder, but they also offer 

better metal economy when compared to traditional cross-coupling reactions. 
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This methodology demonstrates excellent reactivity and a broad tolerance for functional 

groups. For the Suzuki-Miyaura reaction, it effectively leads to products containing fluoride 

(2.1), an ether (2.1), aldehyde (2.2,2.6), a thioether (2.2), and nitrile (2.3), all giving over 90% 

yield. Moreover, this method has been successfully applied to various heterocycles, such as 

benzo[d][1,3]dioxole (2.1,2.2), benzofuran (2.3), pyrimidine (2.4), and benzothiophene (2.4), 

all of which afforded excellent yields. Notably, compound 2.5, synthesized using an aryl 

halide from the Merck Informer Library37 and coupled with N-methylindole, achieved an 

impressive 84% isolated yield. Even though the conditions required slightly higher 

temperature and an additional 250 ppm of palladium, the result was still considered good, 

especially given the compound's complexity and its significance to the pharmaceutical 

industry. Furthermore, compound 2.6, the BMIDA derivative, yielded the desired product in 

an impressive 96%. This high yield, obtained from a BMIDA compound traditionally 

considered more stable and less reactive,38 demonstrated the excellent reactivity of this 

catalyst system. 

For Sonogashira reactions, this method exhibited excellent compatibility with a range of 

functional groups, delivering outstanding yields for products containing trifluoromethyl (7), 

amides (2.8,2.9), carbamates (2.8), ethers (2.9), nitriles (2.10), and fluorides (2.10). 

Additionally, another aryl halide from the Merck Informer Library was effectively coupled 

with 4-chloroethynylbenzene, achieving an 81% yield of product 2.11. The Mizoroki-Heck 

reaction also showcased this methodology’s versatility, with amides (2.13, 2.17), ether-

containing products (2.13,2.14), internal alkenes (2.14), esters (2.15, 2.16, 2.17), amines 

(2.16), and chlorides (2.16, 2.17) all being well-accommodated, indicative of robust 

functional group tolerance. For Negishi reactions, the method proved equally efficient, 
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tolerating nitriles (2.18), amides (2.19), compounds with trifluoromethyl groups (2.19), 

fluorides (2.20), esters (2.21), and ether-containing products (2.22). 

Perhaps more noteworthy, heterocycles have been successfully utilized in these reactions, 

yielding products with a diverse array of structures. Compounds containing quinoline (2.7), 

thiophene (2.9, 2.10), pyrrolidine (2.9, 2.11, 2.13), pyridine (2.13), pyrimidine (2.16, 2.20), 

piperazine (2.17), benzothiophene (2.18, 2.23), oxetane (2.19), morpholine (2.20), indole 

(2.21), and tetrahydro-2H-pyran (2.23) were synthesized with remarkable efficiency, further 

exemplifying the methodology's broad functional group compatibility and its potential for 

generating high yields of structurally complex heterocycles. 

 

Characterization of the nanoparticles 

STEM imaging was utilized to characterize the structure and composition of the 

nanoparticles (NPs). Figure 3A illustrates that the NPs derived from only FeCl3, upon 

exposure to an aqueous environment, exhibit the identical 100 nm needle-like morphology 

in TPGS-750-M aqueous solution as seen when synthesized via the original protocol. This 

observation serves as a control, indicating that the pivotal factor leading to the eventual 

morphological transformation in water is the initial reduction of FeCl3 by MeMgCl. 
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Figure 3, STEM image for the NPs formed via the new route vs those following the original recipe. 

(A) High-angle annular dark field-scanning transmission electron microscopy (HAADF-STEM) 

image of Fe NPs with Pd(OAc)2 and SPhos in 2 wt % TPGS-750-M/H2O following the new 

approach. (B) Fe/ppm Pd nanocatalyst with SPhos in 2 wt % TPGS-750-M/H2O following the 

original procedure. 

 

Direct comparison between new and original procedure 

To evaluate the reactivity of the simplified method in comparison with the original 

procedure, four distinct products, each representing a different reaction, were selected for 

testing. Table 6 demonstrates that the yields for all four reactions using the new method 

were either higher or comparable to those obtained with the original protocol. The enhanced 

performance is attributed to the 'freshness' of the in situ generated NPs, which ensure the 

immediate availability of palladium on the NPs' surface for the upcoming reaction. 

Additionally, the minimized oxidation of the phosphine ligand also contributes significantly 

to this improvement, given its critical role in each of the coupling reactions. 
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Table 6. Comparisons between premade and in situ-prepared NPs as catalysts for coupling 

reactions 

 

a, using 500 ppm Pd catalyst; see Table 5; b, using 2500 ppm Pd catalyst; see Table 5. 

 

Application of air-stable ferrocene-based ligand in NPs catalysis 

Another significant advantage of this novel approach to ppm Pd NPs catalysis lies in the 

ability to change ligands without the necessity of synthesizing new nanoparticles. This 

flexibility is particularly advantageous when dealing with ligands that may exhibit 

limitations, such as sensitivity to air39 or when they offer poor reactivity when used with 

certain substrates. As shown in Table 7, the adaptability in this new catalytic system allows 

for the exchange of ligands, enabling the assessment of alternative, air-stable ferrocene-
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based ligands that have been recently reported by Colacot et al.,40 and which are currently 

commercially available from Sigma-Aldrich.41 These ligands avoid the limitations 

mentioned previously (vide supra). Specifically, the employment of ligand L1, instead of 

SPhos, markedly improved the results for the two tested Suzuki−Miyaura reactions, leading 

to biaryls 2.25 and 2.26. Similarly, substituting ligand L2 for Fu’s ligand removed the air-

sensitivity challenges associated with t-Bu3P and significantly enhanced the reactivity of the 

NP catalyst, resulting in better isolated yields of the unsaturated amide 2.27 and arylate 2.28. 

Table 7. Comparisons between ligands used in Suzuki−Miyaura and the Heck couplings 
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E Factor evaluation 

The NP-catalyzed Suzuki-Miyaura coupling between 3-bromobenzonitrile and 

benzofuran-2-ylboronic acid was carried out to determine the E Factor42 for this reaction 

(Scheme 5). While achieving a 95% yield of the desired product 2.3, the E Factor without 

water was determined to be a remarkably low 0.39, primarily because of the recyclability of 

the solvent and the obviation of any extraction process, due to product precipitation. The E 

Factor with water, in the case of the water is not recycled, was calculated to be 10, which 

still remains comparatively low relative to reactions conducted in organic solvents. 

Scheme 5. E Factor evaluation 

 

 

Gram-scale reaction 

A gram-scale Suzuki-Miyaura reaction between 4-bromoanisole and naphthalen-1-

ylboronic acid was carried out, as shown in Scheme 6. This reaction successfully yielded 1.4 

grams of the target product 2.29, achieved in quantitative yield. This outcome represents the 

potential for upscaling production using this methodology. 
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Scheme 6. Representative gram-scale coupling 

 

 

Recycle study 

A series of experiments was performed to evaluate the recyclability of the aqueous 

micellar solution. As illustrated in Scheme 7, an initial Suzuki-Miyaura coupling using a 2 

wt % TPGS-750-M aqueous solution as the reaction medium was conducted. Upon 

completion of the reaction, a minimal volume of methyl t-butyl ether (MTBE) was added to 

extract the product. Subsequent purification yielded a 95% of the desired product. The 

reaction medium was then reused by introducing fresh catalyst and new substrates for a 

Sonogashira reaction. This subsequent reaction proceeded with high reactivity, delivering 98% 

of the desired product. After another Suzuki-Miyaura coupling and Sonogashira reaction, 

the reaction medium, therefore, was effectively recycled three times, accommodating four 

distinct sets of coupling partners with no loss of reactivity. The consistent high performance 

across multiple recycles highlights the sustainability and efficiency of this method.43 
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Scheme 7. Recycle study 

 

 

One-pot reaction sequence 

The toolbox for reactions in water, including both bio-catalytic and chemo-catalytic 

processes, has seen significant expansion.44,45 Notably, the surfactant TPGS-750-M has 

shown potential benefits for both enzymatic catalysis and traditional organic synthetic 

reactions. Illustrated in Scheme 8 is a one-pot tandem sequence of reactions employing a 

micellar aqueous solution as the solvent system. Beginning with dihalide 2.30 and styrene 

2.31, a catalytic system composed of 2500 ppm Pd(t-Bu3)2, Fe NPs, and t-Bu3P were 

introduced, selectively catalyzing the Mizoroki-Heck reaction at the iodide position.35 

Subsequent addition of boronic acid 2.33 and 5 mol % of a ligand allowed the palladium to 
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re-equilibrate and facilitate a subsequent Suzuki-Miyaura coupling, in one pot. Remarkably, 

both the Fe NPs and the palladium were recycled in these steps. Thus, with proper design of 

the reaction sequence, the palladium needed already at the ppm level in water can be used 

further to great advantage, leading to “metal economy.” Without isolation, the nitro group in 

compound 2.34 was reduced to the corresponding amine 2.35 using carbonyl iron powder 

(CIP).46 Subsequentially, a SnAr reaction with triazine 2.36 introduced the heterocyclic 

triazine structure in compound 2.37.47 Finally, with no purification needed, the addition of 

ammonium hydroxide enabled the ultimate substitution reaction (i.e., SNAr), leading to 

product 2.38. Final purification led to an overall yield of 54% for the entire five-step 

sequence. 

Scheme 8. Sequential reactions, including two ppm Pd NP-catalyzed couplings, in water 
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Other reactions tested 

Other than the traditional C-C bond-forming cross-coupling reactions previously 

described, several other reactions catalyzed by transition metal catalysis have been explored. 

As shown in Scheme 9A, the substitution of the ligand with QPhos enabled the Fe NPs and 

Pd to effectively catalyze amination in aqueous media, requiring only 500 ppm of Pd. 

Furthermore, Scheme 9B illustrates that using dual metal catalysis, employing both 80 ppm 

Pd and 1600 ppm Ni, a nitro-containing precursor was efficiently converted to the 

corresponding amine. While the products in these reactions are relatively simple, they 

nevertheless provide a valuable foundation for future investigation. 

Scheme 9. Other reactions tested with Fe NPs 
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Conclusion 

In conclusion, this work has led to the introduction of a novel and streamlined 

methodology for the synthesis of iron nanoparticles (Fe NPs) and their applications to 

various cross-coupling reactions in aqueous media, utilizing ppm levels of Pd. This 

innovative approach not only simplifies the production of these sensitive nanoparticles but 

also establishes a standardized protocol that enhances reproducibility. Additionally, the 

newly developed Fe NPs removed the associated ligands and Pd, which are known to 

undergo autooxidation, thereby not only improving storability of the nanoparticles but also 

avoiding their variations in reactivity due to inconsistencies between batches. Significantly, 

the one-pot sequence demonstrated that the same Fe NPs and Pd can be employed in two 

different sequential cross-coupling reactions via re-equilibration of the ligand, which further 

highlights "metal economy". The success of this work provides the possibility to advance 

more transition metal catalyzed reactions, such as amination, nitro reduction, photocatalysis, 

C-H activation, etc. with less catalyst loading, greener reaction media, and milder conditions. 
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2.3 Appendix 

General Information  

All commercial reagents were used without further purification unless otherwise noted. 

The THF used for the preparation of NPs was distilled using a sodium benzophenone ketyl 

system. All other solvents were used as received, such as MeOH, EtOAc, hexanes, and Et2O, 

unless otherwise noted, and purchased from Fisher Scientific. FeCl3 (anhydrous, 98%) was 

purchased from Alfa Aesar (Lot number: D06Q37) and stored in an argon purged glove box. 

Methylmagnesium chloride was purchased from Sigma-Aldrich (product number: 189901) 

and was titrated precisely. Ligands were either purchased from Sigma-Aldrich, Combi-

Block or received from Johnson Matthey. Palladium acetate was received from Johnson 

Matthey. Pd(tBu3P)2 was purchased from Sigma-Aldrich. All palladium catalysts and 

ligands were stored in an argon purged glove box. K3PO4•H2O was purchased from Sigma-

Aldrich (≥95%, product number: 04249). DIPEA was purchased from Sigma-Aldrich 

(ReagentPlus®, ≥99%, product number: D125806). K3PO4 was purchased from Fisher 

Chemical (FCC, 97%, catalog number: 18-605-684). NaCl was purchased from Fisher 

Chemical (Crystalline/Certified ACS, catalog number: S271-500). Zinc powder was 

purchased from Alfa Aesar (~100 mesh, 99.9%, Lot number: Z21B027) and stored in an 

argon purged glove box. TMEDA was purchased from Sigma-Aldrich (≥99.5%, purified by 

redistillation, product number: 411019). A solution of 2 wt % TPGS-750-M/H2O solution 

was prepared by dissolving TPGS-750-M in degassed HPLC grade water and was stored in 

Schlenk flask under argon. TPGS-750-M was made as previously described1 and is available 

from Sigma-Aldrich (catalog number 733857). A standard 2 wt % aqueous solution of 
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TPGS-750-M was typically prepared on a 100 g scale by dissolving 2 g of the TPGS-750-M 

wax into 98 g of thoroughly degassed (steady stream of argon, minimum of 12 h bubbling 

time with stirring and heating). HPLC grade water in a Schlenk flask equipped with a stir 

bar and allowed to dissolve overnight with vigorous stirring under argon pressure (NOTE: 

Do not attempt to degas the aqueous phase with surfactant present; vigorous foaming will 

occur). The 2 wt % TPGS-750-M/H2O solution, once prepared, was kept in a Schlenk flask. 

Thin layer chromatography (TLC) was done using Silica Gel 60 F254 plates (0.25 mm thick) 

purchased from Merck. Column chromatography was done in glass columns using Silica gel 

60 (EMD, 40-63 μm) or with pre-packed 25-gram KP-Sil BiotageƟ SNAP Cartridges on the 

BiotageƟ Isolera One autocolumn. GC-MS data was recorded on an Agilent Technologies 

7890A GC system coupled with Agilent Technologies 5975C mass spectrometer using HP-

5MS column (30 m × 0.250 mm, 0.25 µ) purchased from Agilent Technologies. 1H, 13C, 

and 19F NMR spectra were recorded at 25 °C on an Agilent Technologies 400 MHz, a 

Varian Unity Inova 500 MHz, Varian Unity Inova 600 MHz, Bruker Avance III HD 400 

MHz or Bruker Avance NEO 500 MHz spectrometer in CDCl3 with residual CHCl3 (
1H = 

7.26 ppm, 13C = 77.16 ppm) or in DMSO-d6 with residual (CH3)2SO (1H = 2.50 ppm, 13C = 

39.52 ppm) as internal standards. Chemical shifts are reported in parts per million (ppm). 

NMR Data are reported as follows: chemical shift, multiplicity (s = singlet, d = doublet, dd 

= doublet of doublets, ddd = doublet of doublet of doublets, t = triplet, td = triplet of 

doublets, q = quartet, quin = quintet, m = multiplet), coupling constant (if applicable), and 

integration. Chemical shifts in 13C NMR spectra are reported in ppm on the δ scale from the 

central peak of residual CDCl3 (77.16 ppm) or the central peak of DMSO-d6 (39.52 ppm). 

High-resolution mass analyses (HRMS) were recorded on Waters GCT Premier GC TOF or 
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Agilent 6230 TOF LC/MS System. STEM images were obtained using ThermoFisher Talos 

G2 200X TEM/STEM w/ChemiSTEM EDS. 

 

Procedures to synthesize different NPs  

General procedure for NPs used in procedure A: 

In an oven-dried 25 mL microwave reaction vial purged with argon, covered with a 

rubber septum containing a PTFE-coated magnetic stir bar, 250 mg FeCl3 (1.54 mmol), 632 

mg SPhos (1.54 mmol) and 4 mL dry THF were added under a stream of dry argon. The 

mixture was stirred for 15 min. While maintaining a dry atmosphere at rt, 3.1 mL of 1 M 

solution of MeMgCl in THF was very slowly (1 drop/2 sec) added to the reaction mixture. 

After complete addition of the Grignard reagent, the mixture was stirred for an additional 15 

min at rt. THF were removed by rotary evaporator, and the solid-state Fe/SPhos NPs were 

transferred and stored in a glove box. 

 

General procedure for NPs used in procedure B: 

In an oven-dried 25 mL microwave reaction vial purged with argon, covered with a 

rubber septum containing a PTFE-coated magnetic stir bar, 250 mg FeCl3 (1.54 mmol) and 3 

mg Pd(OAc)2 (0.0133 mmol) were added, 4 mL dry THF were added under a stream of dry 

argon. The mixture was stirred for 15 min. While maintaining a dry atmosphere at rt, 3.1 mL 

of 1 M solution of MeMgCl in THF was very slowly (1 drop/2 sec) added to the reaction 

mixture. After complete addition of the Grignard reagent, the mixture was stirred for an 

additional 15 min at rt. THF were removed by rotary evaporator, and the solid-state Fe/ppm 

Pd NPs were transferred and stored in glove box. 
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General procedure for NPs used in procedure C: 

In an oven-dried 25 mL microwave reaction vial purged with argon, covered with a 

rubber septum containing a PTFE-coated magnetic stir bar, 250 mg FeCl3 (1.54 mmol) and 4 

mL dry THF were added under a stream of dry argon. The mixture was stirred for 15 min. 

While maintaining a dry atmosphere at rt, 3.1 mL of 1 M solution of MeMgCl in THF was 

very slowly (1 drop/2 sec) added to the reaction mixture. After complete addition of the 

Grignard reagent, the mixture was stirred for an additional 15 min at rt. THF were removed 

by rotary evaporator, and the solid-state Fe NPs were transferred and stored in glove box. 
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Optimization on ferrocene-based ligands on four different reactions 

 

a Aryl bromide (0.2 mmol), Ar'-BR2 (0.3 mmol), Fe NPs (8 mg, 5 % Fe NPs), Pd(OAc)2 (500 

ppm) in pot, ligand (5 mol %), K3PO4·H2O (0.3 mmol), 2 wt % TPGS-750-M/H2O (0.4 mL), 45 °C, 

24 h; 

b Aryl bromide (0.2 mmol), alkyne (0.3 mmol), Fe NPs (8 mg, 5 % Fe NPs), Pd(OAc)2 (500 ppm) 

in pot, ligand (5 mol %), DIPEA (0.4 mmol), 2 wt % TPGS-750-M/H2O (0.4 mL), 45 °C, 24 h; 
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c Aryl iodide (0.2 mmol), alkene (0.4 mmol), Fe NPs (2.8 mg, 5 % Fe NPs), 2500 ppm 

Pd(tBu3P)2 in pot, ligand (2.5 mol %), K3PO4 (0.6 mmol), NaCl (1.2 mmol), 2 wt % TPGS-750-

M/H2O (0.4 mL), DMF (0.04 mL), 45 °C, 40 h; 

d Aryl bromide (0.2 mmol), alkyl bromide (0.6 mmol), Fe NPs (8 mg, 5 % Fe NPs), 2500 ppm 

Pd(OAc)2 in pot, ligand (5 mol %), Zn powder (0.8 mmol), TMEDA (1.0 mmol), 2 wt % TPGS-750-

M/H2O (0.4 mL), 45 °C, 40 h; 

e Conversion based on 1H NMR, 1,3,5-trimethoxy benzene as internal standard 

 

Titration of MeMgCl in THF with LiCl/I2 

To an oven-dried 25 mL round bottom flask, anhydrous LiCl (424 mg, 10 mmol) was 

added under an argon atmosphere in the glovebox. The flask was sealed with a rubber 

septum, and 20 mL dry THF was added by syringe and the mixture was stirred at rt until the 

LiCl was completely dissolved, resulting in the formation of a 0.5 M solution of LiCl in THF. 

A 10 mL microwave vial equipped with a magnetic stirring bar and a septum was heated 

with a heat gun under reduced pressure and cooled to rt under an argon atmosphere. In the 

glovebox, the dry microwave vial was charged with accurately weighed I2 (127 mg, 0.5 

mmol) and capped with a rubber septum. The saturated solution of LiCl in THF (2 mL) was 

added and stirring was started. After the iodine was completely dissolved, the resulting 

brown solution was cooled to 0 °C in an ice bath. Another 5 mL round bottom flask 

equipped with a magnetic stirring bar and a septum was heated with a heat gun under 

reduced pressure and cooled to rt under an argon atmosphere. To this round bottom flask, 

methyl magnesium chloride solution (from Sigma-Aldrich, catalog No. 189901; 3 mL) and 

dry THF (6 mL) were added by syringe and then stirred. To the vial with I2, the methyl 
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magnesium chloride solution was added dropwise via a 1.00 mL syringe (0.01 mL 

graduation) until the brown color disappeared. The amount consumed contains 1 equiv of 

the methyl magnesium chloride relative to iodine. The MeMgCl solution was titrated five 

times. 

 

General procedure for Suzuki-Miyaura coupling reactions 

To a flame dried 1-dram vial equipped with an oven dried stir bar was added aryl 

bromide (0.2 mmol, 1 equiv), organoboron compound (0.3 mmol, 1.5 equiv) and K3PO4
●

H2O (69.2 mg, 0.3 mmol, 1.5 equiv). The vial was then transferred inside of a glove box. Fe 

NPs (8.0 mg, 5 mol % FeCl3) and SPhos (4.1 mg, 5 mol %, or another ligand) was added 

into the vial in the glovebox. The vial was then sealed with a rubber septum inside of the 

glovebox. 500 ppm of Pd(OAc)2 was added as a stock solution in THF, followed by the 

addition of 0.4 mL 2 wt % TPGS-750-M/H2O solution by syringe and the mixture was 

stirred vigorously at 45 °C for 16 h (unless otherwise noted). Then EtOAc was added, and 

the mixture stirred gently for 2 min at rt. Stirring was then stopped and the organic layer was 

decanted via pipette after centrifugation. The same extraction procedure was repeated twice. 

The combined organic extracts were dried under reduced pressure and purified by flash 

chromatography over silica gel. 

 

General procedure for Sonogashira coupling reactions 

To a flame dried 1-dram vial equipped with an oven-dried stir bar was added aryl halide 

(0.2 mmol, 1 equiv).  The vial was then transferred inside of a glove box. Fe NPs (8.0 mg, 5 
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mol % FeCl3) and XPhos (2.8 mg, 3 mol %, or another ligand) was added into the vial in the 

glovebox. The vial was then sealed with a rubber septum inside of the glovebox. 500 ppm of 

Pd(OAc)2 was added as a stock solution in THF, followed by the addition of alkyne (0.4 

mmol, 2.0 equiv), DIPEA (0.07 mL, 0.4 mmol, 2.0 equiv) and 0.4 mL 2 wt % TPGS-750-

M/H2O solution by syringe and the mixture was stirred vigorously at 45 °C for 16 h (unless 

otherwise noted). Then EtOAc was added, and the mixture stirred gently for 2 min at rt. 

Stirring was then stopped and the organic layer was decanted via pipette after centrifugation. 

The same extraction procedure was repeated twice. The combined organic extracts were 

dried under reduced pressure and purified by flash chromatography over silica gel. 

 

General procedure for Mizoroki-Heck coupling reactions 

To a flame-dried 1-dram vial equipped with an oven dried stir bar was added aryl iodide 

(0.2 mmol, 1 equiv), alkene (if it is solid), NaCl (70.2 mg, 1.2 mmol, 6 equiv) and K3PO4 

(127.4 mg, 0.6 mmol, 3 equiv). The vial was then transferred inside of a glove box. Fe NPs 

(2.8 mg, 1.8 mol % FeCl3) and tBu3P (1.5 mg, 2.5 mol %; or another ligand) was added into 

the vial in the glovebox. The vial was then sealed with a rubber septum inside of the 

glovebox. 2500 ppm of Pd(tBu3P)2 was added as a stock solution in DCM. The DCM was 

removed by vacuum and the vial was refilled with argon. The vial was then added 0.4 mL 2 

wt % TPGS-750-M/H2O solution, alkene (if it is liquid) and 0.04 mL DMF by syringe and 

the mixture was stirred vigorously at 45 °C for 40 h (unless otherwise noted). Then EtOAc 

was added, and the mixture stirred gently for 2 min at rt. Stirring was then stopped and the 

organic layer was decanted via pipette after centrifugation. The same extraction procedure 
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was repeated twice. The combined organic extracts were dried under reduced pressure and 

purified by flash chromatography over silica gel. 

 

General procedure for Negishi coupling reactions 

To a flame-dried 1-dram vial equipped with an oven-dried stir bar was added aryl 

bromide (0.2 mmol, 1 equiv). The vial was then transferred inside of a glove box. Fe NPs 

(8.0 mg, 5 mol % FeCl3), AmPhos (2.7 mg, 5 mol %; or another ligand) and zinc powder (52 

mg, 0.8 mmol, 4 equiv) was added into the vial in the glovebox. The vial was then sealed 

with a rubber septum inside of the glovebox. 2500 ppm of Pd(OAc)2 was added as a stock 

solution in THF, followed by the addition of alkyl bromide (0.8 mmol, 4 equiv), TMEDA 

(0.15 mL, 1.0 mmol, 5 equiv) and 1.0 mL 2 wt % TPGS-750-M/H2O solution by syringe and 

the mixture was stirred vigorously at 45 °C for 40 h (unless otherwise noted). Then EtOAc 

was added, and the mixture stirred gently for 2 min at rt. Stirring was then stopped and the 

organic layer was decanted via pipette after centrifugation. The same extraction procedure 

was repeated twice. The combined organic extracts were dried under reduced pressure and 

purified by flash chromatography over silica gel. 

 

STEM-EDS images for new Fe NPs with SPhos in 2 wt % TPGS-750-M/H2O solution 

The Fe NPs (4 mg) and SPhos (4.1 mg, 0.01 mmol) was added to a vial in the glove box, 

and the vial was covered with a septum. 500 ppm Pd(OAc)2 (0.0225 mg, 0.0001 mmol) were 

added by stock solution in THF. 2 wt % TPGS-750-M/H2O (2 mL) was inserted into the vial 

via syringe and the mixture was stirred for 15 min. 
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Figure S1. HAADF image showing new Fe NPs with SPhos in 2 wt % TPGS-750-M/H2O in a 500 

nm scale. 
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Figure S2. EDS analysis showing new Fe NPs with SPhos in 2 wt % TPGS-750-M/H2O. 

 

 

A 
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STEM-EDS images for original NPs with SPhos in 2 wt % TPGS-750-M/H2O solution 

The Fe/ppm Pd NPs were synthesized as reported.2 The Fe/ppm Pd NPs (4 mg) was 

added to a vial in the glove box, and the vial was covered with a septum. 2 wt % TPGS-750-

M/H2O (2 mL) was inserted into the vial via syringe and the mixture was stirred for 15 min. 

 

Figure S3. HAADF image showing original Fe/ppm Pd NPs with SPhos in 2 wt % TPGS-750-

M/H2O in a 100 nm scale. 
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Figure S4. EDS analysis showing original Fe/ppm Pd NPs with SPhos in 2 wt % TPGS-750-M/H2O. 
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E Factor evaluation 

 

To a flame-dried 1-dram vial equipped with an oven-dried stir bar was added 3-

bromobenzonitrile (36.4 mg, 0.2 mmol, 1 equiv), benzofuran-2-ylboronic acid (48.6 mg, 0.3 

mmol, 1.5 equiv) and K3PO4
●H2O (69.2 mg, 0.3 mmol, 1.5 equiv). The vial was then 

transferred inside of a glove box. Fe NPs (8.0 mg, 5 mol % FeCl3) and SPhos (4.1 mg, 5 

mol %) was added into the vial in the glovebox. The vial was then sealed with a rubber 

septum inside of the glovebox. 500 ppm of Pd(OAc)2 was added as a stock solution in THF, 

followed by the addition of 0.4 mL 2 wt % TPGS-750-M/H2O solution by syringe and the 

mixture was stirred vigorously at 45 °C for 48 h. Stirring was then stopped and the liquid 

was decanted carefully via pipette after centrifugation. The solid were dried under reduced 

pressure and purified by flash chromatography over silica gel to get 3-(benzofuran-2-

yl)benzonitrile (41.7 mg, 95 %) as a white solid. 

E Factor calculation: 
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Gram Scale Reaction 

 

To an oven-dried 50 mL round bottom flask with an oven-dried stir bar was added 

naphthalen-1-ylboronic acid (1.55 g, 9 mmol, 1.5 equiv), K3PO4
●H2O (2.08 g, 9 mmol, 1.5 

equiv). The flask was then transferred inside of a glove box. Fe NPs (240 mg, 5 mol % 

FeCl3) and SPhos (123 mg, 5 mol %) was added into the vial in the glovebox. The vial was 

then sealed with a rubber septum inside of the glovebox. 500 ppm of Pd(OAc)2 was added as 
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a stock solution in THF, followed by the addition of 12 mL 2 wt % TPGS-750-M/H2O 

solution by syringe and the mixture was stirred vigorously at 45 °C for 48 h. Then EtOAc 

was added, and the mixture stirred gently for 2 min at rt. Stirring was then stopped and the 

mixture were transferred into separatory funnel. The organic layer was collected. The same 

extraction procedure was repeated twice. The combined organic extracts were dried under 

reduced pressure and purified by flash chromatography over silica gel to get 1-(4-

methoxyphenyl)naphthalene (1.4 g, quant) as a white solid. 

 

 

Recycling reactions 

Scheme S1, Recycling reactions of Suzuki-Miyuara coupling and Sonogashira couplings 
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1st run: 

To a flame-dried 1-dram vial equipped with an oven-dried stir bar was added 6-

bromobenzo[d][1,3]dioxole-5-carbaldehyde (0.2 mmol, 45.8 mg, 1 equiv), (4-

(methylthio)phenyl)boronic acid (0.3 mmol, 50.4 mg, 1.5 equiv) and K3PO4
●H2O (69.2 mg, 

0.3 mmol, 1.5 equiv). The vial was then transferred inside of a glove box. Fe NPs (8.0 mg, 5 

mol % FeCl3) and SPhos (4.1 mg, 5 mol %) was added into the vial in the glovebox. The 

vial was then sealed with a rubber septum inside of the glovebox. 500 ppm of Pd(OAc)2 was 

added as a stock solution in THF, followed by the addition of 0.4 mL 2 wt % TPGS-750-

M/H2O solution by syringe and the mixture was stirred vigorously at 45 °C for 16 h. Then, 

0.4 mL MTBE was added, and the mixture stirred gently for 2 min at rt. Stirring was then 

stopped and the organic layer was decanted via pipette after centrifugation. The same 

extraction procedure was repeated twice. The combined organic extracts were dried under 

reduced pressure and purified by flash chromatography over silica gel with Hex/EtOAc: 

95/5 to obtain 6-(4-(methylthio)phenyl)benzo[d][1,3]dioxole-5-carbaldehyde. (51.7 mg, 

95%). 

2nd run: 

To the same vial, Fe NPs (8 mg, 5 mol % FeCl3), XPhos (2.8 mg. 3 mol %) were added 

under argon. The vial was then sealed with a rubber septum under an argon flow. Then, 3-

bromoquinoline (27 μL, 0.2 mmol, 1 equiv), 1-ethynyl-3,5-bis(trifluoromethyl)benzene 

(0.07 mL, 0.4 mmol, 2 equiv), and DIPEA (0.07 mL, 0.4 mmol, 2 equiv) were added to the 

vial via syringe. 300 ppm of Pd(OAc)2 was added as a stock solution in THF. The vial was 

then stirred vigorously at 45 °C for 16 h. Then, 0.4 mL MTBE was added, and the mixture 
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stirred gently for 2 min at rt. Stirring was then stopped and the organic layer was decanted 

via pipette after centrifugation. The same extraction procedure was repeated twice. The 

combined organic extracts were dried under reduced pressure and purified by flash 

chromatography over silica gel with hexanes/EtOAc : 95/5 to obtain 3-((3,5-

bis(trifluoromethyl)phenyl)ethynyl)quinoline. (71.4 mg, 98%). 

3rd run: 

To the same vial, Fe NPs (8 mg, 5 mol % FeCl3), SPhos (4.1 mg. 5 mol %), 5-

bromopyrimidine (31.8 mg, 0.2 mmol, 1 equiv), benzo[b]thiophen-2-ylboronic acid (53.4 

mg, 0.3 mmol, 1.5 equiv) and K3PO4
●H2O (69.2 mg, 0.3 mmol, 1.5 equiv) were added under 

argon. The vial was then sealed with a rubber septum under an argon flow. Then 300 ppm of 

Pd(OAc)2 was added as a stock solution in THF. The vial was then stirred vigorously at 45 °

C for 16 h. Then, 0.4 mL MTBE was added, and the mixture stirred gently for 2 min at rt. 

Stirring was then stopped and the organic layer was decanted via pipette after centrifugation. 

The same extraction procedure was repeated twice. The combined organic extracts were 

dried under reduced pressure and purified by flash chromatography over silica gel with 

hexanes/EtOAc:70/30 to 5-(benzo[b]thiophen-2-yl)pyrimidine. (40.3 mg, 95%). 

4th run: 

To the same vial, Fe NPs (8 mg, 5 mol % FeCl3), XPhos (2.8 mg. 3 mol %) and 2-(4-

iodophenoxy)-1-(pyrrolidin-1-yl)ethan-1-one (66.2 mg, 0.2 mmol, 1 equiv) were added 

under argon. The vial was then sealed with a rubber septum under an argon flow. Then 3-

ethynylthiophene (39 μL, 0.4 mmol, 2 equiv) and DIPEA (0.07 mL, 0.4 mmol, 2 equiv) 

were added to the vial via syringe. 300 ppm of Pd(OAc)2 was added as a stock solution in 
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THF followed by 0.15 mL 2 wt % TPGS-750-M aqueous solution to maintain the solvent 

volume. The vial was then stirred vigorously at 45 °C for 16 h. Then, 0.4 mL MTBE was 

added, and the mixture stirred gently for 2 min at rt. Stirring was then stopped and the 

organic layer was decanted via pipette after centrifugation. The same extraction procedure 

was repeated twice. The combined organic extracts were dried under reduced pressure and 

purified by flash chromatography over silica gel with hexanes/EtOAc:75/25 to obtain 1-

(pyrrolidin-1-yl)-2-(4-(thiophen-3-ylethynyl)phenoxy)ethan-1-one. (59.6 mg, 96%). 

 

One-pot sequence of reactions 

Scheme S2. One-Pot Reaction Sequence 
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Step 1: To a flame dried 1-dram vial equipped with an oven dried stir bar was added 1-

bromo-4-iodobenzene (141.5 mg, 0.5 mmol), K3PO4 (318 mg, 1.5 mmol, 3 equiv), and NaCl 

(175.5 mg, 3.0 mmol, 6 equiv) and the vial was then transferred into a glove box to which 

was added P(tBu)3 (2.5 mg, 0.0125 mmol, 2.5 mol %) inside of an argon-purged glove box. 

The vial was sealed with a rubber septum and removed from the glove box. Then, 

Pd(tBu3P)2 (0.64 mg, 0.00125 mmol, 2500 ppm) were added by stock solution in DCM. The 

DCM was removed by vacuum and the vial was refilled with argon. 1-Nitro-3-vinylbenzene 

(0.14 mL, 1.0 mmol, 2 equiv), DMF (0.1 mL) and 2 wt % TPGS-750-M/H2O (1.0 mL) was 

added to the vial via syringe and the vial were stirred vigorously under constant argon 

pressure at 45 °C for 16 h. The progress of the reaction was monitored by TLC. 

Step 2: After complete consumption of starting material, the septum was removed. 

SPhos (10.3 mg, 0.025 mmol, 5 mol %) and (1-methyl-1H-indol-5-yl)boronic acid (131.3 

mg, 0.75 mmol, 1.5 equiv) was added to the vial under argon flow. The vial was sealed with 

a rubber septum and stirred vigorously under constant argon pressure at 45 °C for overnight. 

The progress of the reaction was monitored by TLC. 

Step 3: After complete consumption of starting material, the septum was removed. 

Carbonyl iron powder (CIP; 140 mg, 2.5 mmol, 5 equiv) and NH4Cl (80.3 mg, 1.5 mmol, 3 

equiv) were added to the vial under an argon flow. The vial was sealed with a rubber septum. 

1 M HCl (0.5 mL, 0.5 mmol, 1 equiv) and THF (0.2 mL) were added via syringe and the 

contents of the vial were stirred vigorously under constant argon pressure at 45 °C for 

overnight. The progress of the reaction was monitored by TLC. 

Step 4: After complete consumption of starting material, the septum was removed. 

2,4,6-Trichloro-1,3,5-triazine (110 mg, 0.6 mmol, 1.2 equiv) and K3PO4 (106 mg, 0.5 mmol, 



 

201 

 

1 equiv) were added to the vial under an argon flow. The vial was sealed with a rubber 

septum and the contents stirred vigorously under constant argon pressure at rt overnight. The 

progress of the reaction was monitored by TLC. 

Step 5: After complete consumption of starting material, the septum was removed. 28% 

NH4OH aqueous solution (0.33 mL, 5 mmol, 10 equiv) was added via syringe and the 

contents of the vial were stirred vigorously under constant argon pressure at 60 °C for 

overnight. The reaction was then monitored by thin-layer chromatography until completion. 

Then, 2.0 mL EtOAc was added to the mixture after which it was stirred gently for 2 min at 

rt. Stirring was then stopped and the organic layer was decanted via a pipette after 

centrifugation. The same extraction procedure was repeated four times. The combined 

organic extracts were dried over anhydrous Na2SO4 and the solvent removed in vacuo, with 

the resulting crude material being purified by flash chromatography over silica gel with 

EtOAc/hexanes: 50/50 to afford (E)-6-chloro-N2-(3-(4-(1-methyl-1H-indol-5-

yl)styryl)phenyl)-1,3,5-triazine-2,4-diamine (122.2 mg, 54% overall yield) as a red solid. 

 

Analytical data 

2,2-Difluoro-5-(3-((2-fluorobenzyl)oxy)phenyl)benzo[d][1,3]dioxole (2.1) 

 

5-Bromo-2,2-difluorobenzo[d][1,3]dioxole (47.4 mg, 27 µL, 0.2 mmol), (3-((2-

fluorobenzyl)oxy)phenyl)-boronic acid (121.8 mg, 0.3 mmol), Pd(OAc)2 (0.0225 mg, 
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0.0001 mmol), SPhos (4.1 mg, 0.01 mmol), Fe NPs (8 mg, 5 mol % FeCl3) and K3PO4•H2O 

(69.2 mg, 0.3 mmol) in 0.4 mL 2 wt % TPGS-750-M/H2O were reacted at 45 °C for 24 h 

yielding 68.1 mg (95%) of 2,2-difluoro-5-(3-((2-fluorobenzyl)oxy)phenyl)-

benzo[d][1,3]dioxole as a yellow oil (hexanes/EtOAc: 90/10). 

1H NMR (400 MHz, chloroform-d) δ 7.35 – 7.28 (m, 4H), 7.25 (dd, J = 7.7, 2.1 Hz, 1H), 

7.12 – 7.05 (m, 3H), 7.04 – 6.97 (m, 3H), 5.09 (s, 2H). 

13C NMR (101 MHz, chloroform-d) δ 164.31, 161.86, 155.27, 143.66, 142.93, 139.64 (d, 

J(C-F) = 8 Hz), 134.59, 131.07, 130.24 (d, J(C-F) = 9 Hz), 130.11, 129.25, 124.99, 122.32 (d, 

J(C-F) = 3 Hz), 121.81, 114.82 (d, J(C-F) = 21.2 Hz), 113.88 (d, J(C-F) = 22.2 Hz), 113.44, 

111.15, 109.02, 69.92 (d, J(C-F) = 2 Hz). 

19F NMR (376 MHz, chloroform-d) δ -49.94, -112.70. 

HRMS(EI):  Calcd. for C20H13F3O3
+: 358.0817 Found: 358.0816. 

 

6-(4-(Methylthio)phenyl)benzo[d][1,3]dioxole-5-carbaldehyde (2.2) 

 

6-Bromobenzo[d][1,3]dioxole-5-carbaldehyde (45.8 mg, 0.2 mmol), (4-

(methylthio)phenyl)boronic acid (50.4 mg, 0.3 mmol), Pd(OAc)2 (0.0225 mg, 0.0001 mmol), 

SPhos (4.1 mg, 0.01 mmol), Fe NPs (8 mg, 5 mol % FeCl3) and K3PO4•H2O (69.2 mg, 0.3 

mmol) in 0.4 mL 2 wt % TPGS-750-M/H2O were reacted at 45 °C for 24 h yielding 50.8 mg 

(93%) of 6-(4-(methylthio)phenyl)benzo[d][1,3]dioxole-5-carbaldehyde as a white solid 

(hexanes/EtOAc : 90/10). 
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1H NMR (400 MHz, chloroform-d) δ 9.75 (s, 1H), 7.45 (s, 1H), 7.31 (d, J = 8.4 Hz, 2H), 

7.25 (d, J = 8.4 Hz, 2H), 6.81 (s, 1H), 6.08 (s, 2H), 2.53 (s, 3H). 

13C NMR (126 MHz, chloroform-d) δ 190.63, 152.25, 147.89, 143.12, 139.25, 134.17, 

130.60, 128.93, 126.19, 110.24, 106.48, 102.23, 15.67. 

Spectral data matched those previously reported.2 

 

3-(Benzofuran-2-yl)benzonitrile (2.3) 

 

3-Bromobenzonitrile (36.4 mg, 0.2 mmol), benzofuran-2-MIDA boronate (81.9 mg, 0.3 

mmol), Pd(OAc)2 (0.0225 mg, 0.0001 mmol), SPhos (4.1 mg, 0.01 mmol), Fe NPs (8 mg, 5 

mol % FeCl3) and K3PO4•H2O (69.2 mg, 0.3 mmol) in 0.4 mL 2 wt % TPGS-750-M/H2O 

were reacted at 45 °C for 24 h yielding 42.0 mg (96%) of 3-(benzofuran-2-yl)benzonitrile as 

a white solid (hexanes/EtOAc : 95/5). 

1H NMR (400 MHz, chloroform-d) δ 7.98 (t, J = 1.5 Hz, 1H), 7.91 (dt, J = 7.8, 1.5 Hz, 

1H), 7.83 (ddd, J = 16.6, 6.8, 2.5 Hz, 2H), 7.61 (m, 2H), 7.53 (t, J = 7.8 Hz, 1H), 7.42 – 7.34 

(m, 2H). 

13C NMR (101 MHz, chloroform-d) δ 141.39, 140.44, 139.80, 135.77, 131.45, 130.67, 

129.96, 129.89, 125.29, 125.06, 124.16, 122.53, 121.20, 118.60, 113.41. 

Spectral data matched those previously reported.3 
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5-(Benzo[b]thiophen-2-yl)pyrimidine (2.4) 

 

5-Bromopyrimidine (31.8 mg, 0.2 mmol), benzo[b]thiophen-2-ylboronic acid (53.4 mg, 

0.3 mmol), Pd(OAc)2 (0.0225 mg, 0.0001 mmol), SPhos (4.1 mg, 0.01 mmol), Fe NPs (8 mg, 

5 mol % FeCl3) and K3PO4•H2O (69.2 mg, 0.3 mmol) in 0.4 mL 2 wt % TPGS-750-M/H2O 

were reacted at 45 °C for 24 h yielding 42.6 mg (100%) of 5-(benzo[b]thiophen-2-

yl)pyrimidine as a yellow solid (hexanes/EtOAc : 70/30). 

1H NMR (400 MHz, chloroform-d) δ 9.17 (s, 1H), 9.04 (s, 2H), 7.85 (ddd, J = 14.2, 6.6, 

3.0 Hz, 2H), 7.65 (s, 1H), 7.44 – 7.35 (m, 2H). 

13C NMR (126 MHz, chloroform-d) δ 157.92, 154.05, 140.21, 140.03, 136.20, 128.80, 

125.60, 125.23, 124.27, 122.58, 122.05. 

Spectral data matched those previously reported.4 

 

5,5-Dimethyl-3-((5-(1-methyl-1H-indol-5-yl)pyridin-2-yl)oxy)-4-(4-

(methylsulfonyl)phenyl)furan-2(5H)-one (2.5) 
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3-((5-Bromopyridin-2-yl)oxy)-5,5-dimethyl-4-(4-(methylsulfonyl)phenyl)furan-2(5H)-

one (87.7 mg, 0.2 mmol), (1-methyl-1H-indol-5-yl)boronic acid (52.5 mg, 0.3 mmol), 

Pd(OAc)2 (0.0338 mg, 0.00015 mmol), SPhos (4.1 mg, 0.01 mmol), Fe NPs (8 mg, 5 mol % 

FeCl3) and K3PO4•H2O (69.2 mg, 0.3 mmol) in 0.4 mL 2 wt % TPGS-750-M/H2O were 

reacted at 55 °C for 48 h yielding 82.1 mg (84%) of 5,5-dimethyl-3-((5-(1-methyl-1H-indol-

5-yl)pyridin-2-yl)oxy)-4-(4-(methylsulfonyl)phenyl)furan-2(5H)-one as a white solid 

(hexanes/EtOAc : 75/25). 

1H NMR (400 MHz, chloroform-d) δ 8.37 (d, J = 2.3 Hz, 1H), 8.01 (d, J = 8.5 Hz, 2H), 

7.95 (dd, J = 8.5, 2.5 Hz, 1H), 7.80 (d, J = 8.5 Hz, 2H), 7.75 (s, 1H), 7.44 – 7.34 (m, 2H), 

7.10 (d, J = 3.1 Hz, 1H), 7.06 (d, J = 8.5 Hz, 1H), 6.54 (d, J = 3.0 Hz, 1H), 3.83 (s, 3H), 

3.06 (s, 3H), 1.79 (s, 6H). 

13C NMR (101 MHz, chloroform-d) δ 165.97, 160.01, 148.24, 145.61, 141.31, 138.84, 

138.07, 136.42, 135.08, 134.78, 129.84, 129.04, 129.02, 128.60, 127.92, 120.94, 119.36, 

110.77, 109.83, 101.38, 84.36, 44.39, 32.98, 26.46. 

HRMS(EI):  Calcd. for C27H24N2O5SH+: 489.1484 Found: 489.1488. 

 

 4'-Methoxy-[1,1'-biphenyl]-2-carbaldehyde (2.6) 

 

4-Bromoanisole (37.4 mg, 25 µL, 0.2 mmol), (2-formylphenyl)boronic acid (45.0 mg, 

0.3 mmol), Pd(OAc)2 (0.0225 mg, 0.0001 mmol), SPhos (4.1 mg, 0.01 mmol), Fe NPs (8 mg, 

5 mol % FeCl3) and K3PO4•H2O (69.2 mg, 0.3 mmol) in 0.4 mL 2 wt % TPGS-750-M/H2O 
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were reacted at 45 °C for 24 h yielding 42.0 mg (99%) 4'-methoxy-[1,1'-biphenyl]-2-

carbaldehyde as a white solid (hexanes/EtOAc : 95/5). 

1H NMR (400 MHz, chloroform-d) δ 10.00 (s, 1H), 8.01 (d, J = 8.7 Hz, 1H), 7.62 (td, J 

= 7.5, 1.4 Hz, 1H), 7.50 – 7.41 (m, 2H), 7.31 (d, J = 8.7 Hz, 2H), 7.01 (d, J = 8.7 Hz, 2H), 

3.88 (s, 3H). 

13C NMR (126 MHz, chloroform-d) δ 192.83, 159.84, 145.80, 133.90, 133.67, 131.44, 

130.93, 130.16, 127.76, 127.52, 114.08, 55.54. 

Spectral data matched those previously reported.5 

 

3-((3,5-bis(Trifluoromethyl)phenyl)ethynyl)quinoline (2.7) 

 

3-Bromoquinoline (47.4 mg, 27 µL, 0.2 mmol), 1-ethynyl-3,5-

bis(trifluoromethyl)benzene (121.8 mg, 65 µL, 0.4 mmol), Pd(OAc)2 (0.0225 mg, 0.0001 

mmol), XPhos (2.9 mg, 0.006 mmol), Fe NPs (8 mg, 5 mol % FeCl3) and DIPEA (51.7 mg, 

0.07 mL, 0.4 mmol) in 0.4 mL 2 wt % TPGS-750-M/H2O were reacted at 45 °C for 24 h 

yielding 73.1 mg (100%) of 3-((3,5-bis(trifluoromethyl)phenyl)ethynyl)quinoline as a 

yellow oil (hexanes/EtOAc : 80/20). 

1H NMR (600 MHz, chloroform-d) δ 9.01 (d, J = 2.1 Hz, 1H), 8.35 (d, J = 1.6 Hz, 1H), 

8.12 (d, J = 8.4 Hz, 1H), 8.02 (s, 2H), 7.86 (s, 1H), 7.82 (d, J = 8.1 Hz, 1H), 7.79 – 7.74 (m, 

1H), 7.60 (t, J = 7.3 Hz, 1H). 
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13C NMR (126 MHz, chloroform-d) δ 151.82, 147.40, 139.21, 132.29 (q, J(C-F) = 34 Hz) , 

131.70, 130.87, 129.66, 127.90, 127.21, 127.15, 125.14, 123.04 (q, J(C-F) = 274 Hz), 122.21 

(hept, J(C-F) = 4 Hz), 116.16, 90.10, 89.43. 

19F NMR (376 MHz, chloroform-d) δ -63.14. 

HRMS(EI):  Calcd. for C19H9F6NH+: 366.0717 Found: 366.0722. 

 

Methyl (2-(3-benzamidoprop-1-yn-1-yl)phenyl)carbamate (2.8) 

 

Methyl (2-bromophenyl)carbamate (46 mg, 0.2 mmol), N-(prop-2-yn-1-yl)benzamide 

(63.7 mg, 0.4 mmol), Pd(OAc)2 (0.0225 mg, 0.0001 mmol), XPhos (2.9 mg, 0.006 mmol), 

Fe NPs (8 mg, 5 mol % FeCl3) and DIPEA (51.7 mg, 0.07 mL, 0.4 mmol) in 0.4 mL 2 wt % 

TPGS-750-M/H2O were reacted at 45 °C for 24 h yielding 51.6 mg (84%) of methyl (2-(3-

benzamidoprop-1-yn-1-yl)phenyl)carbamate as a yellow oil (hexanes/ EtOAc : 70/30). 

1H NMR (400 MHz, chloroform-d) δ 8.12 (d, J = 8.3 Hz, 1H), 7.82 (d, J = 7.3 Hz, 2H), 

7.52 (t, J = 7.3 Hz, 1H), 7.44 (t, J = 7.4 Hz, 3H), 7.38 – 7.28 (m, 2H), 6.97 (t, J = 7.5 Hz, 

1H), 6.63 (br, 1H), 4.52 (d, J = 5.3 Hz, 2H), 3.76 (s, 3H). 

13C NMR (126 MHz, chloroform-d) δ 167.42, 153.89, 139.55, 133.88, 132.04, 131.99, 

130.03, 128.77, 127.21, 122.62, 117.99, 110.87, 92.08, 79.02, 52.52, 30.82. 

HRMS(EI):  Calcd. for C18H16N2O3H
+: 309.1239 Found: 309.1244. 

 



 

208 

 

1-(Pyrrolidin-1-yl)-2-(4-(thiophen-3-ylethynyl)phenoxy)ethan-1-one (2.9) 

 

2-(4-Iodophenoxy)-1-(pyrrolidin-1-yl)ethan-1-one (66.2 mg, 0.2 mmol), 3-

ethynylthiophene (43.3 mg, 39 µL, 0.4 mmol), Pd(OAc)2 (0.0225 mg, 0.0001 mmol), XPhos 

(2.9 mg, 0.006 mmol), Fe NPs (8 mg, 5 mol % FeCl3) and DIPEA (51.7 mg, 0.07 mL, 0.4 

mmol) in 0.4 mL 2 wt % TPGS-750-M/H2O were reacted at 45 °C for 24 h yielding 62.4 mg 

(100%) of 1-(pyrrolidin-1-yl)-2-(4-(thiophen-3-ylethynyl)phenoxy)ethan-1-one as a yellow 

solid (hexanes/EtOAc : 70/30). 

1H NMR (400 MHz, chloroform-d) δ 7.48 (dd, J = 3.0, 1.1 Hz, 1H), 7.46 – 7.42 (m, 2H), 

7.29 (dd, J = 5.0, 3.0 Hz, 1H), 7.17 (dd, J = 5.0, 1.1 Hz, 1H), 6.95 – 6.89 (m, 2H), 4.64 (s, 

2H), 3.52 (td, J = 6.8, 4.6 Hz, 4H), 1.97 (p, J = 7.1, 6.6 Hz, 2H), 1.86 (p, J = 6.5 Hz, 2H). 

13C NMR (101 MHz, chloroform-d) δ 166.30, 158.14, 133.19, 129.99, 128.31, 125.41, 

122.62, 116.41, 114.86, 88.69, 83.57, 68.13, 46.39, 46.17, 26.41, 23.93. 

HRMS(EI):  Calcd. for C18H17NO2SNa+: 334.0878 Found: 334.0894. 

 

5-Fluoro-2-(thiophen-3-ylethynyl)benzonitrile (2.10) 
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2-Bromo-5-fluorobenzonitrile (40 mg, 0.2 mmol), 3-ethynylthiophene (43.3 mg, 39 µL, 

0.4 mmol), Pd(OAc)2 (0.0225 mg, 0.0001 mmol), XPhos (2.9 mg, 0.006 mmol), Fe NPs (8 

mg, 5 mol % FeCl3) and DIPEA (51.7 mg, 0.07 mL, 0.4 mmol) in 0.4 mL 2 wt % TPGS-

750-M/H2O were reacted at 45 °C for 24 h yielding 43 mg (95%) of 5-fluoro-2-(thiophen-3-

ylethynyl)benzonitrile as a yellow oil (hexanes/EtOAc : 90/10). 

1H NMR (400 MHz, chloroform-d) δ 7.64 (dd, J = 3.0, 1.2 Hz, 1H), 7.59 (dd, J = 8.8, 

5.2 Hz, 1H), 7.36 (dd, J = 7.9, 2.6 Hz, 1H), 7.33 (dd, J = 5.0, 3.0 Hz, 1H), 7.31 – 7.26 (m, 

1H), 7.25 (dd, J = 5.0, 1.2 Hz, 1H). 

13C NMR (126 MHz, chloroform-d) δ 161.33 (d, J(C-F) = 253.3 Hz), 134.19 (d, J(C-F) = 

8.8 Hz), 130.52, 129.95, 125.90, 123.89 (d, J(C-F) = 3.8 Hz), 121.06, 120.57 (d, J(C-F) = 21.4 

Hz), 119.81 (d, J(C-F) = 25.2 Hz), 116.72 (d, J(C-F) = 10.1 Hz), 116.52 (d, J(C-F) = 2.5 Hz), 

91.13, 84.30. 

19F NMR (376 MHz, chloroform-d) δ -108.80. 

HRMS(EI):  Calcd. for C13H6FNSNa+: 250.0103 Found: 250.0110. 

 

 1-(t-Butyl) 2-methyl (2S,4R)-4-((4-((4-chlorophenyl)ethynyl)-7-fluoroisoindoline-2-

carbonyl)oxy)pyrrolidine-1,2-dicarboxylate (2.11) 
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1-(t-Butyl)-2-methyl-(2S,4R)-4-((4-bromo-7-fluoroisoindoline-2-

carbonyl)oxy)pyrrolidine-1,2-dicarboxylate (97.5 mg, 0.2 mmol), 1-chloro-4-

ethynylbenzene (54.6 mg, 0.4 mmol), Pd(OAc)2 (0.0338 mg, 0.00015 mmol), XPhos (2.9 

mg, 0.006 mmol), Fe NPs (8 mg, 5 mol % FeCl3), and DIPEA (51.7 mg, 0.07 mL, 0.4 mmol) 

in 0.4 mL 2 wt % TPGS-750-M/H2O were reacted at 55 °C for 48 h yielding 88 mg (81%) 

of 1-(t-butyl)-2-methyl-(2S,4R)-4-((4-((4-chlorophenyl)ethynyl)-7-fluoroisoindoline-2-

carbonyl)oxy) pyrrolidine-1,2-dicarboxylate (hexanes/EtOAc : 75/25). 

1H NMR (400 MHz, chloroform-d) δ 7.50 (d, J = 3.6 Hz, 1H), 7.44 (m, 2H), 7.40 – 7.31 

(m, 2H), 7.04 – 6.94 (m, 1H), 5.34 (s, 1H), 4.84 (d, J = 17.6 Hz, 2H), 4.76 (m, 2H), 4.44 (m, 

J = 35.7, 7.6 Hz, 1H), 3.76 (m, 5H), 2.56 – 2.41 (m, 1H), 2.25 (m, 1H), 1.44 (m, 9H). 

13C NMR (126 MHz, chloroform-d) δ 173.28, 173.00, 158.78, 158.62, 156.77, 156.62, 

154.55, 154.52, 153.95, 153.92, 153.86, 142.39, 142.35, 134.93, 133.33, 133.28, 133.02, 

132.98, 131.73, 128.96, 128.95, 123.99, 123.84, 121.23, 121.18, 115.17, 115.07, 115.01, 

114.91, 92.35, 86.14, 80.76, 80.69, 74.13, 74.06, 73.39, 73.37, 58.21, 57.78, 53.57, 53.11, 

52.85, 52.54, 52.34, 50.45, 50.01, 37.12, 36.12, 36.08, 28.51, 28.39. 

19F NMR (376 MHz, chloroform-d) δ -114.97, -115.07, -115.30, -115.51. 

HRMS(EI):  Calcd. for C28H28ClFN2O6Na+: 565.1517 Found: 565.1520. 

 

1-Methoxy-4-(p-tolylethynyl)benzene (2.12) 
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1-Bromoanisole (37.4 mg, 25 µL, 0.2 mmol), 1-ethynyl-4-methylbenzene (46.5 mg, 51 

µL, 0.4 mmol), Pd(OAc)2 (0.0225 mg, 0.0001 mmol), XPhos (2.9 mg, 0.006 mmol), Fe NPs 

(8 mg, 5 mol % FeCl3), and DIPEA (51.7 mg, 0.07 mL, 0.4 mmol) in 0.4 mL 2 wt % TPGS-

750-M/H2O were reacted at 45 °C for 24 h yielding 42.8 mg (96%) of 1-methoxy-4-(p-

tolylethynyl)benzene as a yellow crystal (hexanes/EtOAc : 97/3). 

1H NMR (500 MHz, chloroform-d) δ 7.46 (d, J = 8.9 Hz, 2H), 7.40 (d, J = 8.1 Hz, 2H), 

7.14 (d, J = 7.9 Hz, 2H), 6.87 (d, J = 8.8 Hz, 2H), 3.83 (s, 3H), 2.36 (s, 3H). 

13C NMR (126 MHz, chloroform-d) δ 159.63, 138.16, 133.12, 131.48, 129.22, 120.64, 

115.75, 114.11, 88.79, 88.33, 55.45, 21.64. 

Spectral data matched those previously reported.6 

 

(E)-2-(4-(2-(Pyridin-2-yl)vinyl)phenoxy)-1-(pyrrolidin-1-yl)ethan-1-one (2.13) 

 

2-(4-Iodophenoxy)-1-(pyrrolidin-1-yl)ethan-1-one (66.2 mg, 0.2 mmol), 2-vinylpyridine 

(42 mg, 43 µL, 0.4 mmol), Pd(tBu3P)2 (0.26 mg, 0.0005 mmol), tBu3P (1 mg, 0.005 mmol), 

Fe NPs (2.8 mg, 1.8 mol % FeCl3), K3PO4 (127.4 mg, 0.6 mmol), and NaCl (70.2 mg, 1.2 

mmol) in 0.4 mL 2 wt % TPGS-750-M/H2O with 0.04 mL DMF were reacted at 45 °C for 

40 h yielding 61.7 mg (100%) of (E)-2-(4-(2-(pyridin-2-yl)vinyl)phenoxy)-1-(pyrrolidin-1-

yl)ethan-1-one as a yellow solid (hexanes/EtOAc : 60/40). 
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1H NMR (500 MHz, chloroform-d) δ 8.56 (d, J = 4.6 Hz, 1H), 7.64 – 7.58 (m, 1H), 7.55 

(d, J = 16.1 Hz, 1H), 7.49 (d, J = 8.7 Hz, 2H), 7.33 (d, J = 7.9 Hz, 1H), 7.12 – 7.06 (m, 1H), 

7.02 (d, J = 16.1 Hz, 1H), 6.93 (d, J = 8.6 Hz, 2H), 4.62 (s, 2H), 3.50 (q, J = 6.8 Hz, 4H), 

1.94 (p, J = 6.8 Hz, 2H), 1.82 (p, J = 6.8 Hz, 2H). 

13C NMR (126 MHz, chloroform-d) δ 166.36, 158.35, 155.88, 149.64, 136.59, 132.14, 

130.31, 128.55, 126.29, 121.92, 121.84, 114.97, 68.06, 46.28, 46.07, 26.31, 23.85. 

HRMS(EI):  Calcd. for C19H20N2O2H
+: 309.1603 Found: 309.1601. 

 

(E)-1-(4-((3-Methylbut-2-en-1-yl)oxy)styryl)-3-nitrobenzene (2.14) 

 

1-Iodo-4-((3-methylbut-2-en-1-yl)oxy)benzene (57.6 mg, 0.2 mmol), 1-nitro-3-

vinylbenzene (59.7 mg, 56 µL, 0.4 mmol), Pd(tBu3P)2 (0.26 mg, 0.0005 mmol), tBu3P (1 mg, 

0.005 mmol), Fe NPs (2.8 mg, 1.8 mol % FeCl3), K3PO4 (127.4 mg, 0.6 mmol) and NaCl 

(70.2 mg, 1.2 mmol) in 0.4 mL 2 wt % TPGS-750-M/H2O with 0.04 mL DMF were reacted 

at 45 °C for 40 h yielding 54.3 mg (88%) of (E)-1-(4-((3-methylbut-2-en-1-yl)oxy)styryl)-3-

nitrobenzene as a yellow solid (hexanes/EtOAc : 90/10). 

1H NMR (500 MHz, chloroform-d) δ 8.33 (t, J = 1.8 Hz, 1H), 8.06 (ddd, J = 8.1, 2.1, 0.8 

Hz, 1H), 7.76 (d, J = 7.8 Hz, 1H), 7.49 (m, 3H), 7.18 (d, J = 16.3 Hz, 1H), 6.99 (d, J = 16.3 

Hz, 1H), 6.94 (d, J = 8.7 Hz, 2H), 5.51 (tt, J = 6.7, 1.3 Hz, 1H), 4.55 (d, J = 6.7 Hz, 2H), 

1.81 (s, 3H), 1.76 (s, 3H). 
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13C NMR (126 MHz, chloroform-d) δ 159.45, 148.87, 139.70, 138.64, 132.12, 131.47, 

129.62, 129.07, 128.26, 123.96, 121.69, 120.70, 119.56, 115.15, 65.01, 25.98, 18.37. 

HRMS(EI):  Calcd. for C19H19NO3Na+: 332.1263 Found: 332.1259. 

 

t-Butyl (E)-3-(4-methoxyphenyl)acrylate (2.15) 

 

4-Iodoanisole (46.8 mg, 0.2 mmol), t-butyl acrylate (51.3 mg, 59 µL, 0.4 mmol), 

Pd(tBu3P)2 (0.26 mg, 0.0005 mmol), tBu3P (1 mg, 0.005 mmol), Fe NPs (2.8 mg, 1.8 mol % 

FeCl3), K3PO4 (127.4 mg, 0.6 mmol), and NaCl (70.2 mg, 1.2 mmol) in 0.4 mL 2 wt % 

TPGS-750-M/H2O with 0.04 mL DMF were reacted at 45 °C for 40 h yielding 46.9 mg 

(100%) of t-butyl (E)-3-(4-methoxyphenyl)acrylate as a white solid (hexanes/ EtOAc : 

90/10). 

1H NMR (400 MHz, chloroform-d) δ 7.54 (d, J = 15.9 Hz, 1H), 7.45 (d, J = 8.7 Hz, 2H), 

6.89 (d, J = 8.8 Hz, 2H), 6.24 (d, J = 15.9 Hz, 1H), 3.83 (s, 3H), 1.53 (s, 9H). 

13C NMR (126 MHz, chloroform-d) δ 166.83, 161.26, 143.34, 129.69, 127.55, 117.86, 

114.39, 80.36, 55.49, 28.38. 

Spectral data matched those previously reported.7 

 

2-Ethylhexyl (E)-3-(4-((2,5-dichloropyrimidin-4-yl)amino)phenyl)acrylate (2.16) 
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2,5-Dichloro-N-(4-iodophenyl)pyrimidin-4-amine (73.2 mg, 0.2 mmol), 2-ethylhexyl 

acrylate (73.7 mg, 83 µL, 0.4 mmol), Pd(tBu3P)2 (0.26 mg, 0.0005 mmol), tBu3P (1 mg, 

0.005 mmol), Fe NPs (2.8 mg, 1.8 mol % FeCl3), K3PO4 (127.4 mg, 0.6 mmol), and NaCl 

(70.2 mg, 1.2 mmol) in 0.4 mL 2 wt % TPGS-750-M/H2O with 0.04 mL DMF were reacted 

at 45 °C for 40 h yielding 80.3 mg (95%) of 2-ethylhexyl (E)-3-(4-((2,5-dichloropyrimidin-

4-yl)amino)phenyl)acrylate as a yellow oil (hexanes/EtOAc : 50/50). 

1H NMR (400 MHz, chloroform-d) δ 8.22 (s, 1H), 7.72 – 7.59 (m, 3H), 7.55 (d, J = 8.6 

Hz, 2H), 7.38 (s, 1H), 6.40 (d, J = 16.0 Hz, 1H), 4.22 – 4.03 (m, 2H), 1.65 (m, 1H), 1.47 – 

1.27 (m, 8H), 0.91 (m, 6H). 

13C NMR (126 MHz, chloroform-d) δ 167.32, 158.30, 156.17, 155.04, 143.53, 138.71, 

131.14, 129.15, 120.98, 117.94, 114.09, 67.14, 38.98, 30.58, 29.07, 23.97, 23.10, 14.19, 

11.15. 

HRMS(EI):  Calcd. for C21H25Cl2N3O2Na+: 444.1222 Found: 444.1222. 

 

(1R,4S)-1,7,7-Trimethylbicyclo[2.2.1]heptan-2-yl (E)-3-(4-(4-(2-(4-chlorophenoxy)-

acetyl)piperazin-1-yl)phenyl)acrylate (2.17) 
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2-(4-Chlorophenoxy)-1-(4-(4-iodophenyl)piperazin-1-yl)ethan-1-one (91.3 mg, 0.2 

mmol), (1R,4S)-1,7,7-trimethylbicyclo[2.2.1]heptan-2-yl acrylate (83.3 mg, 85 µL, 0.4 

mmol), Pd(tBu3P)2 (0.26 mg, 0.0005 mmol), tBu3P (1 mg, 0.005 mmol), Fe NPs (2.8 mg, 

1.8 mol % FeCl3), K3PO4 (127.4 mg, 0.6 mmol) and NaCl (70.2 mg, 1.2 mmol) in 0.4 mL 2 

wt % TPGS-750-M/H2O with 0.04 mL DMF were reacted at 45 °C for 40 h yielding 106.3 

mg (99%) of (1R,4S)-1,7,7-trimethylbicyclo[2.2.1]heptan-2-yl (E)-3-(4-(4-(2-(4-

chlorophenoxy)acetyl)piperazin-1-yl)phenyl)acrylate as a yellow oil (hexanes/EtOAc : 

60/40). 

1H NMR (500 MHz, chloroform-d) δ 7.55 (d, J = 15.9 Hz, 1H), 7.43 (d, J = 8.7 Hz, 2H), 

7.24 (d, J = 8.9 Hz, 2H), 6.89 (d, J = 8.9 Hz, 2H), 6.85 (d, J = 8.7 Hz, 2H), 6.25 (d, J = 15.9 

Hz, 1H), 4.78 (dd, J = 7.3, 4.1 Hz, 1H), 4.71 (s, 2H), 3.75 (d, J = 19.0 Hz, 4H), 3.33 – 3.18 

(m, 4H), 1.89 – 1.66 (m, 4H), 1.57 (td, J = 12.2, 4.0 Hz, 1H), 1.27 – 1.03 (m, 5H), 0.87 (m, 

6H). 

13C NMR (126 MHz, chloroform-d) δ 167.06, 166.30, 156.43, 151.86, 143.89, 129.68, 

129.60, 126.86, 126.21, 116.00, 115.83, 115.62, 80.91, 68.02, 48.95, 48.67, 48.15, 47.06, 

45.17, 45.08, 41.87, 38.98, 33.85, 27.17, 20.26, 20.12, 11.61. 

HRMS(EI):  Calcd. for C31H37ClN2O4Na+: 559.2339 Found: 559.2338. 
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4-(Benzo[b]thiophen-5-yl)butanenitrile (2.18) 

 

5-Bromobenzo[b]thiophene (42.6 mg, 0.2 mmol), 4-bromobutanenitrile (118.4 mg, 80 

µL, 0.8 mmol), Pd(OAc)2 (0.11 mg, 0.0005 mmol), AmPhos (2.7 mg, 0.01 mmol), Fe NPs 

(8 mg, 5 mol % FeCl3), Zn powder (52 mg, 0.8 mmol) and TMEDA (116.2 mg, 0.15 mL, 

1.0 mmol) in 1.0 mL 2 wt % TPGS-750-M/H2O were reacted at 45 °C for 40 h yielding 38.5 

mg (96%) of 4-(benzo[b]thiophen-5-yl)butanenitrile as a yellow oil (hexanes/EtOAc : 

90/10). 

1H NMR (400 MHz, chloroform-d) δ 7.82 (d, J = 8.3 Hz, 1H), 7.67 – 7.61 (m, 1H), 7.45 

(d, J = 5.4 Hz, 1H), 7.30 (d, J = 5.4 Hz, 1H), 7.18 (dd, J = 8.3, 1.4 Hz, 1H), 2.91 (t, J = 7.4 

Hz, 2H), 2.33 (t, J = 7.1 Hz, 2H), 2.04 (p, J = 7.2 Hz, 2H). 

13C NMR (126 MHz, chloroform-d) δ 140.12, 138.04, 135.86, 127.05, 125.09, 123.65, 

123.31, 122.75, 119.63, 34.33, 27.25, 16.41. 

HRMS(EI):  Calcd. for C12H11NSNa+: 224.0510 Found: 224.0510. 

 

 

N-(4-Methyl-3-(oxetan-3-yl)phenyl)-3-(trifluoromethyl)benzamide (2.19) 

 

N-(3-Bromo-4-methylphenyl)-3-(trifluoromethyl)benzamide (71.6 mg, 0.2 mmol), 3-

bromooxetane (109.6 mg, 62 µL, 0.8 mmol), Pd(OAc)2 (0.11 mg, 0.0005 mmol), AmPhos 
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(2.7 mg, 0.01 mmol), Fe NPs (8 mg, 5 mol % FeCl3), Zn powder (52 mg, 0.8 mmol) and 

TMEDA (116.2 mg, 0.15 mL, 1.0 mmol) in 1.0 mL 2 wt % TPGS-750-M/H2O were reacted 

at 45 °C for 40 h yielding 50.6 mg (76%) of N-(4-methyl-3-(oxetan-3-yl)phenyl)-3-

(trifluoromethyl)benzamide as a white powder (hexanes/EtOAc : 70/30). 

1H NMR (400 MHz, DMSO-d6) δ 10.43 (s, 1H), 8.35 – 8.24 (m, 2H), 7.96 (d, J = 7.7 Hz, 

1H), 7.84 – 7.74 (m, 2H), 7.69 – 7.61 (m, 1H), 7.15 (d, J = 8.2 Hz, 1H), 4.96 (dd, J = 8.3, 

5.7 Hz, 2H), 4.73 – 4.63 (m, 2H), 4.48 (q, J = 7.8 Hz, 1H), 2.09 (s, 3H). 

13C NMR (126 MHz, DMSO-d6) δ 163.83, 139.61, 137.06, 135.82, 131.80, 131.08, 

130.18, 129.73, 129.22 (q, J(C-F) = 32.8 Hz), 128.11 (q, J(C-F) = 3.8 Hz), 124.21 (q, J(C-F) = 

3.8 Hz), 124.04 (q, J(C-F) = 273.4 Hz), 118.68, 117.83, 76.15, 36.70, 18.42. 

19F NMR (376 MHz, DMSO-d6) δ -61.09. 

HRMS(EI):  Calcd. for C18H16F3NO2H
+: 336.1211 Found: 336.1208. 

 

4-(5-(4-Fluorophenethyl)pyrimidin-2-yl)morpholine (2.20) 

 

4-(5-Bromopyrimidin-2-yl)morpholine (48.8 mg, 0.2 mmol), 1-(2-bromoethyl)-4-

fluorobenzene (162.4 mg, 0.11 mL, 0.8 mmol), Pd(OAc)2 (0.11 mg, 0.0005 mmol), AmPhos 

(2.7 mg, 0.01 mmol), Fe NPs (8 mg, 5 mol % FeCl3), Zn powder (52 mg, 0.8 mmol), and 

TMEDA (116.2 mg, 0.15 mL, 1.0 mmol) in 1.0 mL 2 wt % TPGS-750-M/H2O were reacted 
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at 45 ° C for 40 h yielding 48.7 mg (76%) of 4-(5-(4-fluorophenethyl)pyrimidin-2-

yl)morpholine as a yellow oil (hexanes/EtOAc : 70/30). 

1H NMR (400 MHz, chloroform-d) δ 8.07 (s, 2H), 7.08 (ddd, J = 8.3, 5.3, 2.5 Hz, 2H), 

7.00 – 6.92 (m, 2H), 3.75 (m, 8H), 2.82 (t, J = 7.2 Hz, 2H), 2.72 (t, J = 7.2 Hz, 2H). 

13C NMR (126 MHz, chloroform-d) δ 162.56, 161.34 (d, J(C-F) = 55.4 Hz), 157.71, 

136.37 (d, J(C-F) = 3.8 Hz), 130.05 (d, J(C-F) = 7.6 Hz), 122.42, 115.41 (d, J(C-F) = 21.4 Hz), 

66.96, 44.53, 36.84, 31.61. 

19F NMR (376 MHz, chloroform-d) δ -117.04. 

HRMS(EI):  Calcd. for C16H18FN3OH+: 288.1512 Found: 288.1526. 

 

t-Butyl 5-(4-ethoxy-4-oxobutyl)-1H-indole-1-carboxylate (2.21) 

 

t-Butyl 5-bromo-1H-indole-1-carboxylate (59.2 mg, 0.2 mmol), ethyl 4-bromobutanoate 

(156 mg, 0.8 mmol), Pd(OAc)2 (0.11 mg, 0.0005 mmol), AmPhos (2.7 mg, 0.01 mmol), Fe 

NPs (8 mg, 5 mol % FeCl3), Zn powder (52 mg, 0.8 mmol) and TMEDA (116.2 mg, 0.15 

mL, 1.0 mmol) in 1.0 mL 2 wt % TPGS-750-M/H2O were reacted at 45 °C for 40 h yielding 

56.9 mg (86%) of t-butyl 5-(4-ethoxy-4-oxobutyl)-1H-indole-1-carboxylate as a yellow oil 

(hexanes/EtOAc : 90/10). 

1H NMR (600 MHz, chloroform-d) δ 8.14 – 7.91 (br, 1H), 7.60 – 7.50 (m, 1H), 7.37 – 

7.34 (m, 1H), 7.13 (dd, J = 8.5, 1.6 Hz, 1H), 6.51 (d, J = 3.6 Hz, 1H), 4.12 (q, J = 7.1 Hz, 
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2H), 2.74 (t, J = 7.5 Hz, 2H), 2.32 (t, J = 7.5 Hz, 2H), 1.99 (p, J = 7.5 Hz, 2H), 1.67 (s, 9H), 

1.25 (t, J = 7.1 Hz, 3H). 

13C NMR (126 MHz, chloroform-d) δ 173.77, 149.96, 135.91, 133.86, 130.93, 126.19, 

125.12, 120.58, 115.10, 107.24, 83.67, 60.39, 35.15, 33.79, 28.35, 27.16, 14.40. 

Spectral data matched those previously reported.8 

 

1-(4-(3-Phenoxypropyl)phenyl)ethan-1-one (2.22) 

 

1-(4-Bromophenyl)ethan-1-one (40 mg, 0.2 mmol), (3-bromopropoxy)benzene (172 mg, 

0.13 mL, 0.8 mmol), Pd(OAc)2 (0.11 mg, 0.0005 mmol), AmPhos (2.7 mg, 0.01 mmol), Fe 

NPs (8 mg, 5 mol % FeCl3), Zn powder (52 mg, 0.8 mmol), and TMEDA (116.2 mg, 0.15 

mL, 1.0 mmol) in 1.0 mL 2 wt % TPGS-750-M/H2O were reacted at 45 °C for 40 h yielding 

41.1 mg (81%) of 1-(4-(3-phenoxypropyl)phenyl)ethan-1-one as a yellow oil 

(hexanes/EtOAc : 90/10). 

1H NMR (500 MHz, chloroform-d) δ 7.89 (d, J = 8.2 Hz, 2H), 7.33 – 7.26 (m, 4H), 6.95 

(t, J = 7.3 Hz, 1H), 6.89 (d, J = 7.8 Hz, 2H), 3.96 (t, J = 6.2 Hz, 2H), 2.92 – 2.84 (m, 2H), 

2.59 (s, 3H), 2.13 (m, 2H). 

13C NMR (126 MHz, chloroform-d) δ 198.00, 159.02, 147.55, 135.35, 129.61, 128.90, 

128.76, 120.87, 114.63, 66.63, 32.38, 30.66, 26.72. 

Spectral data matched those previously reported.8 
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4-(Benzo[b]thiophen-5-yl)tetrahydro-2H-pyran (2.23) 

 

5-Bromobenzo[b]thiophene (42.6 mg, 0.2 mmol), 4-bromotetrahydro-2H-pyran (132 mg, 

0.06 mL, 0.8 mmol), Pd(OAc)2 (0.11 mg, 0.0005 mmol), AmPhos (2.7 mg, 0.01 mmol), Fe 

NPs (8 mg, 5 mol % FeCl3), Zn powder (52 mg, 0.8 mmol) and TMEDA (116.2 mg, 0.15 

mL, 1.0 mmol) in 1.0 mL 2 wt % TPGS-750-M/H2O were reacted at 45 °C for 40 h yielding 

36.1 mg (83%) of 4-(benzo[b]thiophen-5-yl)tetrahydro-2H-pyran as a yellow oil 

(hexanes/EtOAc : 90/10). 

1H NMR (400 MHz, chloroform-d) δ 7.83 (d, J = 8.3 Hz, 1H), 7.68 (s, 1H), 7.44 (d, J = 

5.4 Hz, 1H), 7.31 (d, J = 5.4 Hz, 1H), 7.24 (dd, J = 8.4, 1.3 Hz, 1H), 4.12 (dd, J = 11.1, 3.7 

Hz, 2H), 3.57 (td, J = 11.6, 2.3 Hz, 2H), 2.88 (tt, J = 11.6, 4.1 Hz, 1H), 1.97 – 1.79 (m, 4H). 

13C NMR (126 MHz, chloroform-d) δ 142.28, 140.09, 137.85, 126.83, 123.89, 123.85, 

122.58, 121.36, 68.58, 41.68, 34.41. 

HRMS(EI):  Calcd. for C13H14OSH+: 219.0844 Found: 219.0853. 

 

1-Methoxy-4-(phenylethynyl)benzene (2.24) 

 

1-Bromoanisole (37.4 mg, 25 µL, 0.2 mmol), ethynylbenzene (40.9 mg, 44 µL, 0.4 

mmol), Pd(OAc)2 (0.0225 mg, 0.0001 mmol), XPhos (2.9 mg, 0.006 mmol), Fe NPs (8 mg, 
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5 mol % FeCl3) and DIPEA (51.7 mg, 0.07 mL, 0.4 mmol) in 0.4 mL 2 wt % TPGS-750-

M/H2O were reacted at 45 ° C for 24 h yielding 39.6 mg (95%) of 1-methoxy-4-

(phenylethynyl)benzene as a yellow crystal (hexanes/EtOAc : 97/3). 

1H NMR (400 MHz, chloroform-d) δ 7.57 – 7.45 (m, 4H), 7.39 – 7.29 (m, 3H), 6.96 – 

6.84 (m, 2H), 3.83 (s, 3H). 

13C NMR (126 MHz, chloroform-d) δ 159.76, 133.19, 131.59, 128.44, 128.07, 123.74, 

115.52, 114.14, 89.51, 88.20, 55.44. 

Spectral data matched those previously reported.9 

 

Pyrrolidin-1-yl(4-(thiophen-3-yl)phenyl)methanone (2.25) 

 

(4-Bromophenyl)(pyrrolidin-1-yl)methanone (50.8 mg, 0.2 mmol), thiophen-3-ylboronic 

acid (50.4 mg, 0.3 mmol), Pd(OAc)2 (0.0225 mg, 0.0001 mmol), LS1 (FcPAd2) (4.9 mg, 

0.01 mmol), Fe NPs (8 mg, 5 mol % FeCl3) and K3PO4•H2O (69.2 mg, 0.3 mmol) in 0.4 mL 

2 wt % TPGS-750-M/H2O were reacted at 45 °C for 24 h yielding 48.8 mg (95%) of 

pyrrolidin-1-yl(4-(thiophen-3-yl)phenyl)methanone as a white solid (hexanes/EtOAc : 

80/20). 

1H NMR (400 MHz, chloroform-d) δ 7.65 – 7.53 (m, 4H), 7.49 (t, J = 2.0 Hz, 1H), 7.39 

(d, J = 2.0 Hz, 2H), 3.65 (t, J = 6.8 Hz, 2H), 3.47 (t, J = 6.4 Hz, 2H), 1.91 (ddt, J = 34.2, 

13.0, 6.5 Hz, 4H). 
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13C NMR (126 MHz, chloroform-d) δ 169.48, 141.56, 137.27, 135.79, 127.92, 126.60, 

126.26, 126.21, 121.15, 49.74, 46.35, 26.53, 24.53. 

HRMS(EI):  Calcd. for C15H15NOSNa+: 280.0772 Found: 280.0769. 

 

2-Fluoro-4-(6-formylbenzo[d][1,3]dioxol-5-yl)benzonitrile (2.26) 

 

6-Bromobenzo[d][1,3]dioxole-5-carbaldehyde (45.8 mg, 0.2 mmol), (4-cyano-3-

fluorophenyl)boronic acid (49.5 mg, 0.3 mmol), Pd(OAc)2 (0.0225 mg, 0.0001 mmol), LS1 

(FcPAd2) (4.9 mg, 0.01 mmol), Fe NPs (8 mg, 5 mol % FeCl3) and K3PO4•H2O (69.2 mg, 

0.3 mmol) in 0.4 mL 2 wt % TPGS-750-M/H2O were reacted at 45 °C for 24 h yielding 27.4 

mg (51%) of 2-fluoro-4-(6-formylbenzo[d][1,3]dioxol-5-yl)benzonitrile as a yellow oil 

(hexanes/EtOAc : 90/10). 

1H NMR (400 MHz, chloroform-d) δ 9.72 (s, 1H), 7.71 (t, J = 7.3 Hz, 1H), 7.49 (s, 1H), 

7.26 – 7.21 (m, 2H), 6.80 (s, 1H), 6.14 (s, 2H). 

13C NMR (126 MHz, chloroform-d) δ 188.99, 162.89 (d, J(C-F) = 261.2 Hz), 152.59, 

149.08, 145.37 (d, J(C-F) = 8.1 Hz), 139.65 (d, J(C-F) = 1.8 Hz), 133.47, 128.97, 126.80 (d, J(C-

F) = 3.4 Hz), 118.16 (d, J(C-F) = 20.1 Hz), 113.65, 109.95, 107.36, 102.75, 101.39 (d, J(C-F) = 

15.5 Hz).  

19F NMR (376 MHz, chloroform-d) δ -105.49. 

HRMS(EI):  Calcd. for C15H8FNO3H+: 270.0566 Found: 270.0561. 
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(E)-3-(4-((2,5-Dichloropyrimidin-4-yl)amino)phenyl)-1-morpholinoprop-2-en-1-one 

(2.27) 

 

2,5-Dichloro-N-(4-iodophenyl)pyrimidin-4-amine (73.2 mg, 0.2 mmol), 1-

morpholinoprop-2-en-1-one (56.5 mg, 0.4 mmol), Pd(tBu3P)2 (0.26 mg, 0.0005 mmol), LS2 

(FcPAd2PtBu2) (4.0 mg, 0.005 mmol), Fe NPs (2.8 mg, 1.8 mol % FeCl3), K3PO4 (127.4 mg, 

0.6 mmol) and NaCl (70.2 mg, 1.2 mmol) in 0.4 mL 2 wt % TPGS-750-M/H2O with 0.04 

mL DMF were reacted at 45 °C for 40 h yielding 69.5 mg (92%) of (E)-3-(4-((2,5-

dichloropyrimidin-4-yl)amino)phenyl)-1-morpholinoprop-2-en-1-one as a yellow oil 

(hexanes/ EtOAc : 50/50). 

1H NMR (500 MHz, chloroform-d) δ 8.23 (s, 1H), 7.70 – 7.65 (m, 3H), 7.56 (d, J = 8.5 

Hz, 2H), 7.37 (s, 1H), 6.81 (d, J = 15.4 Hz, 1H), 3.70 (m, 8H). 

13C NMR (126 MHz, chloroform-d) δ 165.66, 158.32, 156.24, 155.04, 142.38, 138.30, 

131.88, 128.88, 121.08, 116.15, 114.08, 66.99, 46.77, 41.71, 29.82. 

Spectral data matched those previously reported.10 

 

(Tetrahydrofuran-2-yl)methyl (E)-3-(4-(2-oxo-2-(pyrrolidin-1-

yl)ethoxy)phenyl)acrylate (2.28) 
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2-(4-Iodophenoxy)-1-(pyrrolidin-1-yl)ethan-1-one (66.2 mg, 0.2 mmol), 

(tetrahydrofuran-2-yl)methyl acrylate (62.5 mg, 59 µL, 0.4 mmol), Pd(tBu3P)2 (0.26 mg, 

0.0005 mmol), LS2 (FcPAd2PtBu2) (4.0 mg, 0.005 mmol), Fe NPs (2.8 mg, 1.8 mol % 

FeCl3), K3PO4 (127.4 mg, 0.6 mmol) and NaCl (70.2 mg, 1.2 mmol) in 0.4 mL 2 wt % 

TPGS-750-M/H2O with 0.04 mL DMF were reacted at 45 °C for 40 h yielding 63.9 mg 

(89%) of (tetrahydrofuran-2-yl)methyl (E)-3-(4-(2-oxo-2-(pyrrolidin-1-

yl)ethoxy)phenyl)acrylate as a yellow oil (hexanes/EtOAc : 80/20). 

1H NMR (400 MHz, chloroform-d) δ 7.63 (d, J = 16.0 Hz, 1H), 7.44 (d, J = 8.7 Hz, 2H), 

6.93 (d, J = 8.7 Hz, 2H), 6.34 (d, J = 16.0 Hz, 1H), 4.63 (s, 2H), 4.27 (dd, J = 11.2, 3.2 Hz, 

1H), 4.17 (qd, J = 6.9, 3.3 Hz, 1H), 4.09 (dd, J = 11.1, 6.9 Hz, 1H), 3.90 (q, J = 6.8 Hz, 1H), 

3.80 (q, J = 7.9, 7.5 Hz, 1H), 3.49 (q, J = 6.6 Hz, 4H), 1.92 (m, 7H), 1.63 (dq, J = 11.9, 7.2 

Hz, 1H). 

13C NMR (126 MHz, chloroform-d) δ 167.26, 166.08, 159.89, 144.61, 129.90, 128.03, 

115.90, 115.12, 76.76, 68.58, 67.93, 66.60, 46.32, 46.07, 28.12, 26.35, 25.78, 23.89. 

HRMS(EI):  Calcd. for C20H25NO5H
+: 360.1811 Found: 360.1797. 
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1-(4-Methoxyphenyl)naphthalene (2.29) 

 

Following the procedure for a gram-scale reaction. 

1H NMR (400 MHz, chloroform-d) δ 7.98 – 7.89 (m, 2H), 7.85 (d, J = 8.2 Hz, 1H), 7.56 

– 7.47 (m, 2H), 7.44 (m, 4H), 7.09 – 7.02 (m, 2H), 3.91 (s, 3H). 

13C NMR (101 MHz, chloroform-d) δ 159.09, 140.05, 133.98, 133.27, 131.97, 131.25, 

128.40, 127.47, 127.05, 126.21, 126.06, 125.84, 125.54, 113.86, 55.50. 

Spectral data matched those previously reported.11 

 

(E)-6-Chloro-N2-(3-(4-(1-methyl-1H-indol-5-yl)styryl)phenyl)-1,3,5-triazine-2,4-

diamine (2.30) 

 

Following the procedure for the one-pot sequence. 

1H NMR (400 MHz, DMSO-d6) δ 9.98 (s, 1H), 8.00 (s, 1H), 7.91 – 7.84 (m, 1H), 7.75 – 

7.59 (m, 6H), 7.59 – 7.54 (m, 1H), 7.51 (s, 2H), 7.36 (d, J = 3.0 Hz, 1H), 7.32 (m, 2H), 7.25 

(s, 2H), 6.49 (d, J = 3.1 Hz, 1H), 3.82 (s, 3H). 
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13C NMR (126 MHz, DMSO-d6) δ 168.42, 166.96, 164.05, 140.92, 139.36, 137.58, 

136.10, 134.95, 130.84, 130.44, 128.90, 128.65, 128.32, 127.96, 127.11, 126.83, 121.12, 

120.21, 119.70, 118.43, 118.25, 110.17, 100.88, 32.59. 

HRMS(EI):  Calcd. for C26H21ClN6H+: 453.1595 Found: 453.1616 
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NMR spectra 
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3.  Efforts towards using Dipyridyldithiocarbonate (DPDTC) as an 

Environmentally Responsible Reagent for Ketone Synthesis via Fukuyama 

Reactions in Water 
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3.1 Background Introduction 

Ketones, a fundamental functional group, play important roles in the field of organic 

chemistry. Ketone-containing compounds are extensively found in a diverse range of 

molecules, including natural products,1,2 pharmaceuticals,3 agrochemicals,4 organic 

electronics,5 fragrances,6,7 and polymers.8,9 For example, ketones constitute the core 

structural element in numerous small-molecule drugs, such as Warfarin (anticoagulant), 

Topsentin (antitumor), Lanperisone (muscle relaxant), Prasterone (DHEA), Amfenac (anti-

inflammatory), and Ocinaplon (anxiolytic), as shown in Figure 1. Moreover, ketones are 

frequently used as versatile precursors in the synthesis of heterocycles10 and natural 

products,11,12 given that they could be easily converted into imines or enamines. Beyond 

their traditional use in organic synthesis, ketones also serve as key precursors in enzymatic 

catalysis leading to chiral amines and alcohols.13,14 

 

Figure 1. Examples of ketone-containing small-molecule drugs 
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While ketones are crucial in organic synthesis, a general and robust method for their 

synthesis has not yet been established. The conventional methodologies for ketone synthesis 

include: 1) oxidation of secondary alcohols using stoichiometric amounts of oxidants such 

as KMnO4, CrO3, or PCC;15 2) Friedel-Crafts acylation catalyzed by Lewis acids such as 

AlCl3, TiCl4 or FeCl3;
16 3) nucleophilic addition of organometallic reagents, like 

organolithium, organomagnesium (Grignard reagent), or organozinc reagent to Weinreb 

amides;17 4) cross coupling reactions catalyzed by palladium or nickel;18 5) decarboxylative 

addition with nitriles or esters.19  

A common industrial method for synthesizing ketones or aldehydes is the use of Pd or 

Ni to catalyze the oxidation of alkenes, a process known as the Wacker Process. 

Traditionally, Wacker oxidation occurs in wet DMF and typically follows Markovnikov's 

rule, resulting in ketones as the primary products. However, there is significant research 

interest in achieving anti-Markovnikov selective oxidation for the direct synthesis of 

aldehydes, which is considered highly desirable. In 2018, the Kang group reported  

controlling the regioselectivity of Wacker oxidation within the same catalytic system.20 They 

developed a method for regioselectivity-controllable aerobic Wacker oxidation that under 

room temperature and does not require copper or silver. A catalytic amount of tert-butyl 

nitrite was used as a simple organic redox co-catalyst. Notably, they found that by switching 

the solvent from ethanol/water to tert-butanol, the selectivity of the oxidation on the terminal 

alkene can be altered from ketone to aldehyde. 

Scheme 1. Kang’s work for regioselectivity controlled Wacker oxidation 
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Friedel-Crafts acylation is a pivotal transformation in organic synthesis. Typically, this 

reaction involves the electrophilic substitution of an aromatic compound with an acylating 

agent, facilitated by more than one equivalent of an acid catalyst such as anhydrous AlCl3, 

which complexes with the ketone product. However, the catalysts used in this traditional 

method are not easily recoverable or recyclable, and the reaction generally requires high 

temperatures. Addressing these limitations, in 2004, the Sharghi group introduced a simple, 

economical, and efficient alternative using zinc oxide (ZnO) as a novel catalyst.21 They 

developed a highly efficient, solvent-free protocol for the Friedel-Crafts acylation of 

aromatic compounds using non-toxic and inexpensive ZnO powder. This environmentally 

friendly and safe method offers several advantages: a straightforward reaction setup that 

does not require specialized equipment, mild reaction conditions, high yields, significantly 

reduced reaction times, and the complete elimination of solvents. 

Scheme 2. Sharghi’s work for F-C acylation under mild, solvent free condition 
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Using chelation to limit the second Grignard addition to a ketone is a widely used 

method for synthesizing ketones by Grignard reagents. In 2022, the Hirao group reported a 

novel approach for synthesizing unsymmetrical ketones through double chelation-controlled 

sequential substitution of N-triazinylamide/Weinreb Amide by organometallic reagents.17 A 

key finding in their research was the activation of the carbonyl group by a 2,4-dimethoxy-

1,3,5-triazinyl (DMT)-amino group, which effectively prevents overaddition. This 

characteristic of the DMT-amino group is analogous to the function of the Weinreb amide, 

yet exhibits higher reactivity. The reactant in their study, featuring a DMT-amino group 

alongside a Weinreb amide group, functioned as a synthetic equivalent of the dicationic 

carbonyl group. Remarkably, this reactant underwent sequential nucleophilic substitution 

with diverse organometallic reagents, successfully yielding unsymmetrical ketones without 

producing any detectable tertiary alcohols. This new protocol presents a valuable tool for 

complex synthetic applications in organic chemistry. 

Scheme 3. Hirao’s work for the synthesis of asymmetric ketone with DMT-amino group and 

Weinreb amide 
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The awarding of the 2010 Nobel Prize in Chemistry for Pd-catalyzed cross-coupling 

reactions underscored their critical role in organic synthesis. It is also used in carbonylation 

processes. In 2008, the Beller group reported a general synthesis of diaryl ketones, utilizing 

a three-component cross-coupling method that combines aryl and heteroaryl bromides, 

carbon monoxide, and boronic acids.22 This reaction provides efficient access to a variety of 

biologically active compounds, exemplified by the two-step preparation of Suprofen. 

Noteworthy attributes of this catalyst include its high selectivity and enhanced reactivity. 

Additionally, the system is easy to handle due to its air-stable nature. It's important to note 

that the scope of carbonylation extends beyond ketone synthesis, as it is also extensively 

employed in the production of amides, aldehydes, carboxylic acids, and esters. 

Scheme 4. Beller’s work for using carbonylation to synthesize diaryl ketone 
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Decarboxylative chemistry has long been a staple in both chemistry and biochemistry. 

However, its wider application has been hindered by challenges such as harsh reaction 

conditions and limitations in substrate scope. In a significant advancement, the Baran group 

in 2017 introduced a novel concept of 'redox active esters' for generating radicals from 

carboxylic acids, leading to the publication of six papers in that year alone. This 

breakthrough extended the utility of decarboxylative strategies. By 2019, the Baran group 

further broadened the application of redox active esters to include the synthesis of ketones, 

alcohols, and amines.23 They demonstrated a one-step coupling reaction where carboxylic 

acids were converted into redox active esters. These esters, whether used in-situ or isolated, 

could then be coupled with another molecule of carboxylic acid in the presence of nickel as 

a catalyst to produce ketones. The decarboxylation of redox active esters represents a 

versatile and valuable approach for bond-breaking and the modular installation of new 

functional groups, significantly enhancing the scope and efficiency of synthetic methods in 

organic chemistry. 

Scheme 5. Baran’s work for using redox active ester to synthesize dialkyl ketone 
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Although these reactions have been successfully applied to the synthesis of several target 

molecules, they each have certain drawbacks. These include low levels of regioselectivity, 

the use of highly toxic stoichiometric oxidants, challenges associated with functional group 

compatibility, and the generation of large amounts of organic waste. In brief, they have been 

developed in a traditional sense, and for the most part, under unsustainable reaction 

conditions.24 

Among the reactions mentioned previously, the Fukuyama reaction has captured our 

interest due to its significant role in synthetic organic chemistry, distinguished by its high 

chemoselectivity, mild reaction conditions, and reliance on less toxic reagents.25 Notably, 

this method is compatible with sensitive functional groups, including ketones, esters, 

sulfides, and aldehydes. The remarkable reactivity and selectivity of the Fukuyama reaction 

can be attributed to the rapid transmetalation rate of organozinc reagents, compared to the 

nucleophilic addition of zinc reagents to other functional groups that might be present. 

Despite its numerous synthetic applications, the mechanism of the Fukuyama reaction 

remains insufficiently explored. The proposed mechanism for a conventional Pd-catalyzed 

Fukuyama is presented in Figure 2. 
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Figure 2. Proposed mechanism for the conventional Pd-catalyzed Fukuyama reaction 

 

Originally developed as a chelation group akin to the Weinreb amide, the 2-S-pyridyl 

group by the Fukuyama group to achieve a novel reduction. In 1990, they reported the 

reduction of ethyl thioesters to corresponding aldehydes using triethylsilane and Pd/C. In a 

significant expansion of this methodology in 1998, the same group demonstrated the 

applicability of thioesters in cross-coupling reactions. Utilizing 5 mol % of Pd(PPh3)2Cl2 as 

a catalyst, they successfully coupled thioesters with organozinc reagents, yielding ketone 

products within a timeframe ranging from 5 minutes to 2 hours.26 This reaction has since 

gained considerable significance in synthetic organic chemistry, particularly due to its high 

chemoselectivity, mild reaction conditions, and the employment of less toxic reagents. 

In 2012, the Weix group published a study detailing a novel method for synthesizing 

functionalized dialkyl ketones from carboxylic acid derivatives and alkyl halides.27 While 
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most of the cases in their work utilized acyl chlorides as the carboxylic acid derivatives, they 

notably reported three cases where ketones were synthesized from thioesters. A key aspect 

of their methodology was the use of Zn or Mn in combination with alkyl iodide, as opposed 

to the more commonly used organozinc iodide. This approach suggested that the Ni/Zn 

catalytic system could facilitate the reaction through an alternative mechanism involving the 

generation of radicals, thereby broadening the understanding and potential optimization of 

this catalytic system in organic synthesis. 

Professor Tohru Fukuyama's initial focus on developing novel methodologies for the 

synthesis of natural products has led to significant contributions in organic synthesis, 

particularly with the development of the Fukuyama reaction. In 2016, the Kishi group made 

a notable advancement in this area by reporting a method for in situ generation of 

organozinc reagents, which they subsequently utilized in the synthesis of ketones.28 Their 

work involved a comprehensive investigation of the reactivity of organozinc reagent 

formation and the Fukuyama reaction. They provided two distinct conditions for the 

formation of zinc reagents and three different conditions for the Fukuyama reaction. 

Furthermore, they developed a one-pot method for synthesizing ketones, demonstrating its 

effectiveness for late-stage coupling in the convergent synthesis of complex molecules. This 

methodology was exemplified in their synthesis of a precursor containing all the carbon 

atoms of Eribulin, highlighting the method's utility and versatility in crafting complex 

molecular structures. 
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Scheme 6. Representative cases for Fukuyama reaction 

 

 

Although the Fukuyama reaction offers distinct advantages in synthesis, it still has its 

limitations and drawbacks in terms of applications. A notable challenge is the additional step 

required for the synthesis and purification of the intermediate thioester, akin to the process 

using a Weinreb amide. It also needs an extra step to generate the organozinc reagent, 

especially given the limited commercial availability of these reagents. Additionally, the use 

of ethanethiol for synthesizing ethyl thioesters is problematic due to its strong and 

unpleasant odor, potentially restricting its large-scale industrial application.29 Lastly, the 

traditional Fukuyama reaction typically employs organic solvents such as THF, toluene, or 
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1,3-dimethyl-2-imidazolidinone (DMI), which translates into a large amount of organic 

waste.20 

Our group has recently developed a little-explored carboxylic acid activating reagent, 

dipyridyldithiocarbonate (DPDTC).30 This reagent has been successfully utilized to 

transform carboxylic acids into thioesters that can subsequently be reduced to aldehydes or 

alcohols,31 or which can undergo reactions with thiols, alcohols, or amines to synthesize 

thioesters, esters, or amides, respectively.30,32 A notable advantage of both DPDTC and 2-

mercaptopyridine, the precursor in DPDTC synthesis, is their lack of odor, possibly due to 

their non-volatile nature and thione resonance. Additionally, our group has developed a 

Negishi reaction in water that employs in situ-formed organozinc reagents from alkyl 

bromides/iodides and zinc.33,34 While organozinc reagents and thioesters are typically 

sensitive to water, leading to proto-quenching and hydrolysis, the addition of the designer 

surfactant TPGS-750-M offers new opportunities for their use.35 The feasibility of a one-pot 

process involving in situ-generated organozinc reagents together with freshly prepared 

thioesters in water has inspired us to refine the Fukuyama reaction into a greener, simpler, 

and more universally applicable method. 
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3.2 Results and discussion 

DPDTC synthesis and purification 

Since DPDTC is needed as the activating reagent for a carboxylic acid, a robust 

procedure to synthesize DPDTC on a large scale has been developed. Initially, testing on a 

smaller scale, the synthesis involves combining one equivalent of solid, easy-to-handle 

triphosgene with six equivalents of 2-mercaptopyridine in DCM, using triethylamine as base. 

As shown in Scheme 7, this approach produced DPDTC with an isolated yield of 89%, after 

being purified by column chromatography. 

 

Scheme 7. synthesis of DPDTC 

 

 

The method for large-scale purification of DPDTC was subsequently explored. As 

shown in Figure 3, the reaction mixture turned into an orange-colored slurry containing solid 

salts after 16 hours. These salts, potentially ammonium chloride resulting from triethylamine, 

has good solubility in DCM, posing challenges for subsequent purification steps. Various 

solvents, including EtOAc, DCM, Et2O, MTBE, and methanol, were evaluated for their 

solubilization of salt impurities and DPDTC. Et2O emerged as the most ideal, demonstrating 

minimal solubility for the salt impurities while efficiently solubilizing DPDTC. Based on 

these findings, the solvent was switched to Et2O, followed by filtration of the reaction 

mixture to enhance removal of salt impurities.  
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Following the elimination of salt impurities, the predominant impurities identified were 

unreacted 2-mercaptopyridine and its corresponding disulfide derivative. Further work-up 

with various extraction conditions revealed that washing with saturated Na2CO3 aqueous 

solution was most effective in removing 2-mercaptopyridine. The use of more basic 

solutions, such as NaOH aqueous solution, was avoided to prevent hydrolysis of DPDTC. 

The disulfide impurity, on the other hand, proved resistant to extraction under these 

conditions. Nonetheless, its amount could be significantly reduced by conducting the 

reaction under an argon atmosphere. Alternatively, it could be removed in subsequent 

trituration. 

  

Figure 3. Large scale purification of DPDTC 

 

After solvent removal, the process yielded a sticky yellow oil as the crude product. 

Given that DPDTC is solid at room temperature, recrystallization and trituration were 

initially selected for purification. Nonetheless, the resultant oil proved challenging to 

completely solidify, persisting as a liquid or semi-solid state even after extended vacuum 

exposure overnight or subsequent solvent exchanges. This difficulty in solidification was 

likely due to the minimal amounts of solvent trapped within the mixture. A breakthrough 

was achieved by introducing seed crystals into the mixture, which facilitated solidification 

of the oil within one minute. Subsequently, the solid crude product was obtained by further 
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removing of residual solvent under vacuum. As the final purification step, i-PrOH was 

employed in minimal quantities for trituration, resulting in the isolation of a pale-yellow 

solid as the pure product. This method proved to be efficient, yielding an 82% of the target 

compound, with the largest batch processed amounting to 55 grams. 

 

Thioester formation  

As shown in Table 1, three different conditions using 1.1 equivalents of DPDTC were 

evaluated for synthesizing thioesters from carboxylic acids: 1) a neat reaction at 60 °C; 2) 

with 10 mol % DMAP in 2 M EtOAc at 60 °C; 3) with 10 mol % DMAP in 2 M EtOAc at 

room temperature. Extensive testing across various carboxylic acids revealed that the first 

set of conditions; i.e., conducting the reaction in a neat environment consistently yielded the 

highest conversion for most carboxylic acids. However, for those carboxylic acids that do 

not melt and lead to blockage of the stir bar, the third set of conditions proved more 

effective, enhancing solubility, and consequently improving the yield. 

Table 1. Various reaction conditions for thioester synthesis 

 

The utilization of DPDTC for thioester synthesis has been demonstrated to be highly 

effective and broadly applicable. As shown in Table 2, various of carboxylic acids were 

successfully converted into thioesters with excellent yields. The reaction exhibited 
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remarkable tolerance to the presence of various functional groups, including aldehydes, 

halides, amides, amines, and the presence of a Bpin residue, as well as heterocyclic 

compounds such as pyridine, thiophene, and pyrrole. Notably, the thioester derived from the 

drug molecule indomethacin was isolated with an impressive yield of 79%. 

Table 2. Thioesters synthesized from carboxylic acids. 

 

a Carboxylic acid (2 mmol), DPDTC (2.1 mmol, 521.0 mg), 60 °C, 3 - 6 h; 

b Carboxylic acid (2 mmol), DPDTC (2.1 mmol, 521.0 mg), DMAP (0.2 mmol, 24.4 mg), EtOAc (1 

mL), rt, 3 - 6 h. 
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Optimization of Fukuyama reaction conditions  

The initial optimization results using nickel salts and ligands are shown in Table 3. 

Employing 1 mol % Ni(acac)2 as the catalyst without any ligand, together with 1.0 

equivalent of S-(pyridin-2-yl)benzothioate, 3.0 equivalents of iodobutane, and 3.0 

equivalents of Zn nanopowder in a 2 wt % TPGS-750-M aqueous solution, yielded the 

desired product in 35% yield.  

Table 3. Screening of nickel salts and ligands 

 

a S-(pyridin-2-yl)benzothioate (0.4 mmol), 1-iodobutane (1.2 mmol), Ni salt (1 mol %), ligand (2 

mol %), Zn nanopowder (1.2 mmol), 2 wt % TPGS-750-M/H2O (1 mL), rt, 16 h;  

b Isolated yield. 
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Introducing 2 mol % 1,10-phenanthroline as a ligand enhanced the yield to 74%. Further 

experimentation with various nickel salts combined with 1,10-phenanthroline as ligand was 

conducted. Notably, as shown in entries 4, 5, 9, 10, 11, and 12, pre-ligated nickel with a 

phosphine ligand resulted in yields lower than 30%. Ni(COD)2 and NiBr2(glyme) emerged 

as the most effective catalysts, producing a 78% yield of the desired ketone product. 

Subsequent screening of different ligands revealed that various substituted phenanthrolines 

did not significantly enhance the yield. Consequently, 1,1'-pyridine (entry 17) was selected 

for future reactions due to its comparable reactivity and cost-effectiveness. 

However, it was found that the conditions that worked for the previous thioester were 

not generally applicable. Under the same conditions, when the starting material was 

switched to S-(pyridin-2-yl) naphthalene-2-carbothioate, the yield decreased to 61%. 

Additional optimization involving temperature, surfactants, and catalyst loading were 

explored, but none significantly enhanced the reaction (see the Table in the SI). The addition 

of various additives, however, did impact the reaction. Initially, a cuprous salt was 

intentionally added as a scavenger of the byproduct, 2-mercaptopyridine, to prevent 

potential catalyst poisoning. This approach improved the yield to 74% (entry 14). 

Interestingly, increasing the amount of cuprous salt (entries 13-16) did not substantially 

benefit the reaction. Moreover, adding an extra equivalent of 2-mercaptopyridine had no 

effect on the reaction (entry 2). This led us to hypothesize that cuprous acetate might not act 

as a scavenger of 2-mercaptopyridine but as a Lewis acid, activating the carbonyl group. 

Subsequent screening of various Lewis acids identified 0.75 equivalents of ZnCl2•TMEDA 

as the most effective, achieving a 95% yield. Notably, using one equivalent of ZnCl2 

resulted in only a 61% yield (entry 28), possibly due to the hydrolysis of ZnCl2 to Zn(OH)2, 
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which lacks an activating effect (entry 29). Further, the addition of an extra equivalent of 

TMEDA reduced the yield to 20% (entry 18), indicating that the reaction did not benefit 

from the TMEDA-Zn coordination effect. Instead, TMEDA likely acted as a base, leading to 

hydrolysis of the thioester. 

Table 4. Optimization of additives 

 

a S-(pyridin-2-yl) naphthalene-2-carbothioate (0.4 mmol), 1-iodobutane (1.2 mmol), NiBr2(glyme) (1 

mol %), 1,1’-bipyridine (2 mol %), Zn nanopowder (1.2 mmol), additives, 2 wt % TPGS-750-

M/H2O (1 mL), rt, 16 h;  

b Isolated yield. 
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Substrate scope 

With the optimized conditions established, a series of reactions involving different 

thioesters and alkyl iodides were performed to assess generality. These reactions 

demonstrated notable success, showing tolerance for methoxy groups (3.27, 3.29, 3.30, 3.33), 

ester groups (3.27), and TIPS groups (3.29). Compounds containing heterocycles, such as 

benzo[d][1,3]dioxole (3.31, 3.32) and indomethacin (3.33), gave lower yield outcomes. Both 

aliphatic thioesters (3.28) and secondary alkyl iodides (3.30) were well accommodated, 

resulting in moderate-to-good yields. 

Table 5. Substrate scope 

 

a Thioester (0.4 mmol), alkyl iodide (1.2 mmol), NiBr2(glyme) (1 mol %), 1,1’-bipyridine (2 mol %), 

Zn nanopowder (1.2 mmol), ZnCl2•TMEDA (0.3 mmol), 2 wt % TPGS-750-M/H2O (1 mL), rt, 16 h;  

b Reaction performed in pure water, with 2 mol % NiBr2(glyme) and 4 mol % 1,1’-bipyridine. 
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Despite some successful examples, the reaction exhibits certain limitations. As shown in 

Scheme 8A, the nickel hydride generated in situ effectively catalyzes the dehalogenation 

reaction. It has been observed that aryl bromides or chlorides tend to yield ketone products 

accompanied by dehalogenation. Additionally, a byproduct of the reaction, 2-

mercaptopyridine, acts as a relatively potent nucleophile. This is observed in Scheme 8B, 

where alkyl chlorides, serving as an electrophile, undergo substitution to form thioethers 

under the reaction conditions. Lastly, the conditions demonstrate enhanced reactivity with 

electron-rich compounds. In contrast, electron-deficient aromatic thioesters or benzylic 

thioesters rapidly undergo hydrolysis in water, as shown in Schemes 8C and 8D. 

 

Scheme 8, Limitations with the condition 
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One-pot reaction test 

A one-pot reaction sequence, starting with carboxylic acid and ending in ketone 

formation, was evaluated. As shown in Scheme 9, this one-pot approach yielded the desired 

ketone product with an 80% isolated yield. This yield is slightly lower than that obtained 

when starting from the thioester, the difference likely attributable to inefficient mixing due 

to the viscosity of the crude product formed in the first step. This mixing issue could 

potentially be solved by the addition of a co-solvent. 

Scheme 9. One-pot reaction test for Fukuyama reaction in water 

 

 

Conclusion 

In conclusion, this work focuses on optimizing and developing the initial substrate scope 

for a safe, effective, and green one-pot method to synthesize ketones from carboxylic acids. 

This process involves the use of a readily formed thioester intermediate and an in-situ 

generated organozinc reagent. Both the potential and limitations of this reaction have been 

thoroughly investigated, providing a robust reference for future research projects in similar 

areas. 
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3.3 Appendix 

General Information  

All commercial reagents were used without further purification unless otherwise noted. 

All solvents were used as received, such as MeOH, EtOAc, hexanes, iPrOH, and Et2O, 

unless otherwise noted, and purchased from Fisher Scientific. 2-Pyridinethiol (97%, Catalog 

No.: PY-7722) was purchased from CombiBlock. Triphosgene (98%, Product number: 

T1467) was purchased from TCI and stored under 4 °C. Nickel salt and ligands were 

purchased from Sigma-Aldrich, Combi-Block and TCI. All nickel catalysts tested were 

stored in an argon purged glove box. NiBr2(glyme) (98%, Catalog No.: QH-4240) was 

purchased from CombiBlock. ZnCl2 •TMEDA was purchased from CombiBlock (98%, 

Catalog No.: QH-6590). Zinc nanopowder (40-60 nm avg. part. size, ≥99% trace metals 

basis, Product No. 578002) was purchased from Sigma Aldrich and stored in an argon 

purged glove box. A solution of 2 wt % TPGS-750-M/H2O solution was prepared by 

dissolving TPGS-750-M in degassed HPLC grade water and was stored in Schlenk flask 

under argon. TPGS-750-M was made as previously described and is available from Sigma-

Aldrich (catalog number 733857). A standard 2 wt % aqueous solution of TPGS-750-M was 

typically prepared on a 100 g scale by dissolving 2 g of the TPGS-750-M wax into 98 g of 

thoroughly degassed (steady stream of argon, minimum of 12 h bubbling time with stirring 

and heating). HPLC grade water in a Schlenk flask equipped with a stir bar and allowed to 

dissolve overnight with vigorous stirring under argon pressure (NOTE: Do not attempt to 

degas the aqueous phase with surfactant present; vigorous foaming will occur). The 2 wt % 

TPGS-750-M/H2O solution, once prepared, was kept in a Schlenk flask. Thin layer 
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chromatography (TLC) was done using Silica Gel 60 F254 plates (0.25 mm thick) purchased 

from Merck. Column chromatography was done in glass columns using Silica gel 60 (EMD, 

40-63 μm). 1H, 13C, and 19F NMR spectra were recorded at 25 °C on an Agilent 

Technologies 400 MHz, a Varian Unity Inova 500 MHz, Varian Unity Inova 600 MHz, 

Bruker Avance III HD 400 MHz or Bruker Avance NEO 500 MHz spectrometer in CDCl3 

with residual CHCl3 (1H = 7.26 ppm, 13C = 77.16 ppm) or in DMSO-d6 with residual 

(CH3)2SO (1H = 2.50 ppm, 13C = 39.52 ppm) as internal standards. Chemical shifts are 

reported in parts per million (ppm). NMR Data are reported as follows: chemical shift, 

multiplicity (s = singlet, d = doublet, dd = doublet of doublets, ddd = doublet of doublet of 

doublets, t = triplet, td = triplet of doublets, q = quartet, quin = quintet, m = multiplet), 

coupling constant (if applicable), and integration. Chemical shifts in 13C NMR spectra are 

reported in ppm on the δ scale from the central peak of residual CDCl3 (77.16 ppm) or the 

central peak of DMSO-d6 (39.52 ppm). 

 

DPDTC synthesis and purification  

 

To a flame-dried 250 mL round-bottom flask (RBF) equipped with a PTFE-coated 

magnetic stir bar was added 2-mercaptopyridine (6 equiv, 60 mmol, 6.67 g) and DCM (100 

mL) then the flask was sealed with a rubber septum. Et3N (6 equiv, 60 mmol, 8.3 mL) was 

added via syringe and the solution was stirred until all components were fully dissolved. The 

reaction was cooled down to 0 °C in ice bath. A solution of triphosgene (1 equiv, 10 mmol, 
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2.97 g) in DCM (12.5 mL) was added to the RBF slowly. Upon full addition, 

triethylammonium chloride was observed to precipitate. The reaction was allowed to warm 

to rt and stir overnight. 

Upon completion, the reaction mixture was firstly filtered to remove the undissolved 

ammonium chloride. Then DCM was removed via vacuum and diethyl ether (100 mL) was 

added to dissolve the DPDTC. The solution was filtered again to remove the ammonium 

chloride to the maximum extent. The resulting diethyl ether solution was washed with 

saturated aqueous Na2CO3 solution (100 mL × 3) to remove the 2-mercaptopyridine. Then 

the organic phase was dried over anhydrous Na2SO4 and concentrated in vacuo to a crude oil. 

A seed crystal of DPDTC was added to the crude oil to facilitate the solidification of the 

oil. The resultant solid was mechanically pulverized into powder and subjected to high 

vacuum for 1 h to ensure dryness. Minimal amount of i-PrOH (5 mL × 2) was added to 

conduct the trituration. The simi-solid was thoroughly mixed and filtered to yield the 

DPDTC as a pile yellow powder (6.11 g, 82%). 

 

Thioester formation  

Condition 1: To a flame-dried 2-dram vial equipped with a PTFE-coated magnetic stir 

bar was added carboxylic acid (1 equiv, 5 mmol) and DPDTC (1.05 equiv, 5.15 mmol, 1.28 

g) then the vial was sealed with a rubber septum. An argon needle was introduced to ensure 

the CO2 emission. The reaction was stirred under 60 ° C for 3–6 h. Upon completion, DCM 

was added to dissolve the crude product. Column chromatography or recrystallization was 

then carried out to obtain the pure thioester. 
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Condition 2: To a flame-dried 2-dram vial equipped with a PTFE-coated magnetic stir 

bar was added carboxylic acid (1 equiv, 5 mmol), DPDTC (1.05 equiv, 5.15 mmol, 1.28 g), 

DMAP (0.5 mmol, 0.1 equiv, 61.09 mg), and EtOAc (2.5 mL) then the vial was sealed with 

a rubber septum. An argon needle was introduced to ensure the CO2 emission. The reaction 

was stirred under 60 °C for 3–6 h. Upon completion, EtOAc was added to dissolve the crude 

product. Column chromatography or recrystallization was then carried out to obtain the pure 

thioester. 

Condition 3: The same as Condition 2, except the reaction was conducted at rt. 

 

Fukuyama reaction optimization 

Table S1. Optimization of catalyst loading, temperature and solvent 
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a S-(pyridin-2-yl) naphthalene-2-carbothioate (0.4 mmol), 1-iodobutane (1.2 mmol), NiBr2(glyme), 

1,1’-bipyridine, Zn nanopowder (1.2 mmol), solvent (1 mL), 16 h;  

b Yield based on 1H NMR, 1,3,5-trimethoxybenzene as internal standard. 

 

General procedure for the Fukuyama reaction 

To a flame-dried 1-dram vial equipped with an oven dried stir bar was added thioester 

(0.4 mmol), alkyl iodide (if it is a solid, 1.2 mmol), bipyridine (2 mol %, 0.008 mmol, 1.3 

mg), and ZnCl2•TMEDA (0.75 equiv, 0.3 mmol, 75 mg). The vial was then transferred to an 

argon purged glovebox. NiBr2(glyme) (1 mol %, 0.004 mmol, 1.2 mg) and zinc nanopowder 

(3 equiv, 1.2 mmol, 78 mg) were added inside of a glove box. The vial was then sealed with 

a rubber septum inside of the glovebox. A 2 wt % TPGS-750-M/H2O solution and alkyl 

iodide (if it is a liquid, 1.2 mmol) were added to the vial by syringe and the mixture was 

stirred (450 rpm) at rt for 16 h. Upon completion, EtOAc (4 mL) was added, and the mixture 

was stirred gently for 2 min at rt. Stirring was then stopped and the organic layer was 

decanted via pipette after centrifugation. The same extraction procedure was repeated twice. 

The combined organic extracts were dried under reduced pressure and purified by flash 

chromatography over silica gel. 

 

Analytical data 

S,S-di(pyridin-2-yl) carbonodithioate 

 

Following the DPDTC synthesis procedure. 
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1H NMR (400 MHz, chloroform-d) δ 8.62 (ddd, J = 4.9, 1.9, 0.9 Hz, 2H), 7.74 (td, J = 

7.6, 1.9 Hz, 2H), 7.68 (dt, J = 7.9, 1.2 Hz, 2H), 7.31 (ddd, J = 7.3, 4.9, 1.4 Hz, 2H). 

13C NMR (101 MHz, chloroform-d) δ 185.80, 150.74, 150.73, 137.56, 130.58, 124.22. 

 

S-(Pyridin-2-yl) benzothioate 

 

Following the thioester synthesis Condition 1. 

1H NMR (400 MHz, chloroform-d) δ 8.68 (ddd, J = 4.9, 1.9, 0.9 Hz, 1H), 8.02 (m, 2H), 

7.79 (td, J = 7.6, 1.9 Hz, 1H), 7.73 (m, 1H), 7.65 – 7.59 (m, 1H), 7.53 – 7.46 (m, 2H), 7.34 

(ddd, J = 7.3, 4.9, 1.2 Hz, 1H). 

13C NMR (101 MHz, chloroform-d) δ 189.50, 151.50, 150.68, 137.31, 136.71, 134.05, 

131.00, 128.97, 127.72, 123.78. 

 

S-(Pyridin-2-yl) 4-methoxybenzothioate 

 

Following the thioester synthesis Condition 1. 

1H NMR (500 MHz, chloroform-d) δ 8.67 (m, 1H), 8.04 – 7.97 (m, 2H), 7.82 – 7.75 (m, 

1H), 7.73 (m, 1H), 7.36 – 7.30 (m, 1H), 6.97 (m, 2H), 3.89 (s, 3H). 

13C NMR (126 MHz, chloroform-d) δ 187.87, 164.35, 151.81, 150.59, 137.23, 131.08, 

130.01, 129.44, 123.64, 114.16, 55.72. 
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S-(Pyridin-2-yl) naphthalene-2-carbothioate 

 

Following the thioester synthesis Condition 1. 

1H NMR (400 MHz, chloroform-d) δ 8.74 – 8.69 (m, 1H), 8.64 – 8.60 (m, 1H), 8.05 – 

7.98 (m, 2H), 7.91 (m, 2H), 7.85 – 7.76 (m, 2H), 7.67 – 7.55 (m, 2H), 7.36 (ddd, J = 6.7, 4.8, 

1.6 Hz, 1H). 

13C NMR (126 MHz, chloroform-d) δ 189.41, 151.57, 150.70, 137.37, 136.15, 134.00, 

132.59, 131.07, 129.84, 129.46, 128.96, 128.91, 128.01, 127.23, 123.82, 123.34. 

 

S-(Pyridin-2-yl) [1,1'-biphenyl]-3-carbothioate 

 

Following the thioester synthesis Condition 1. 

1H NMR (400 MHz, chloroform-d) δ 8.73 – 8.66 (m, 1H), 8.24 (t, J = 1.7 Hz, 1H), 8.00 

(dt, J = 7.8, 1.3 Hz, 1H), 7.87 – 7.78 (m, 2H), 7.76 (m, 1H), 7.66 – 7.61 (m, 2H), 7.57 (t, J = 

7.8 Hz, 1H), 7.48 (m, 2H), 7.43 – 7.38 (m, 1H), 7.35 (ddd, J = 7.0, 4.9, 1.2 Hz, 1H). 

13C NMR (126 MHz, chloroform-d) δ 189.56, 151.47, 150.72, 142.17, 139.93, 137.36, 

137.30, 132.67, 131.01, 129.46, 129.14, 128.13, 127.35, 126.50, 126.34, 123.84. 

 

S-(Pyridin-2-yl) 6-bromopyridine-2-carbothioate 
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Following the thioester synthesis Condition 1. 

1H NMR (500 MHz, chloroform-d) δ 8.75 – 8.65 (m, 1H), 7.93 – 7.87 (m, 1H), 7.78 (td, 

J = 7.7, 1.8 Hz, 1H), 7.75 – 7.70 (m, 2H), 7.68 (m, 1H), 7.34 (dd, J = 7.5, 4.9 Hz, 1H). 

13C NMR (126 MHz, chloroform-d) δ 190.37, 152.40, 151.84, 150.87, 141.59, 139.62, 

137.30, 133.09, 130.82, 123.82, 119.65. 

 

S-(Pyridin-2-yl) quinoline-3-carbothioate 

 

Following the thioester synthesis Condition 1. 

1H NMR (500 MHz, chloroform-d) δ 9.42 (d, J = 2.3 Hz, 1H), 8.83 (d, J = 2.1 Hz, 1H), 

8.71 (ddd, J = 4.8, 1.8, 0.8 Hz, 1H), 8.18 (d, J = 8.5 Hz, 1H), 8.00 – 7.96 (m, 1H), 7.87 (m, 

1H), 7.83 (td, J = 7.6, 1.9 Hz, 1H), 7.78 (dt, J = 7.9, 0.9 Hz, 1H), 7.69 – 7.64 (m, 1H), 7.38 

(ddd, J = 7.4, 4.8, 1.2 Hz, 1H). 

13C NMR (126 MHz, chloroform-d) δ 188.09, 150.87, 150.60, 150.40, 147.90, 137.51, 

136.82, 132.54, 131.03, 129.72, 129.56, 129.31, 128.02, 126.87, 124.12. 

 

S-(Pyridin-2-yl) 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzothioateS-(pyridin-

2-yl) 
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Following the thioester synthesis Condition 1. 

1H NMR (400 MHz, chloroform-d) δ 8.72 – 8.64 (m, 1H), 7.99 (d, J = 8.2 Hz, 2H), 7.91 

(d, J = 8.2 Hz, 2H), 7.79 (td, J = 7.6, 1.8 Hz, 1H), 7.73 (m, 1H), 7.34 (ddd, J = 7.3, 4.9, 1.1 

Hz, 1H), 1.36 (s, 12H). 

13C NMR (126 MHz, chloroform-d) δ 189.73, 151.46, 150.70, 138.63, 137.32, 135.24, 

131.00, 126.69, 123.81, 84.45, 25.02. 

 

S-(Pyridin-2-yl) 2-formylbenzothioate 

 

Following the thioester synthesis Condition 1. 

1H NMR (400 MHz, chloroform-d) δ 8.54 (ddd, J = 4.9, 1.8, 0.9 Hz, 1H), 7.94 (d, J = 

7.7 Hz, 1H), 7.76 – 7.71 (m, 2H), 7.69 – 7.65 (m, 1H), 7.65 – 7.59 (m, 2H), 7.36 (dt, J = 8.0, 

0.9 Hz, 1H), 7.16 (ddd, J = 7.4, 4.9, 1.0 Hz, 1H). 

13C NMR (126 MHz, chloroform-d) δ 169.36, 155.28, 150.00, 146.25, 137.16, 134.57, 

130.33, 126.59, 125.89, 123.58, 123.48, 121.60, 83.12. 

 

S-(Pyridin-2-yl) 4-(dimethylamino)benzothioate 
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Following the thioester synthesis Condition 2. 

1H NMR (400 MHz, chloroform-d) δ 8.65 (dt, J = 4.9, 1.4 Hz, 1H), 7.96 – 7.89 (m, 2H), 

7.75 (m, 2H), 7.29 (ddd, J = 5.5, 4.9, 2.9 Hz, 1H), 6.69 – 6.64 (m, 2H), 3.08 (s, 6H). 

13C NMR (126 MHz, chloroform-d) δ 186.76, 154.17, 152.62, 150.32, 137.06, 131.11, 

130.00, 123.94, 123.27, 110.88, 40.20. 

 

S-(Pyridin-2-yl) 4-chloro-2-fluorobenzothioate 

 

Following the thioester synthesis Condition 1. 

1H NMR (400 MHz, chloroform-d) δ 8.69 (ddd, J = 4.8, 1.8, 0.8 Hz, 1H), 7.87 (m, 1H), 

7.80 (td, J = 7.7, 1.9 Hz, 1H), 7.72 (dt, J = 7.9, 1.0 Hz, 1H), 7.36 (ddd, J = 7.5, 4.8, 1.2 Hz, 

1H), 7.28 – 7.22 (m, 2H). 

13C NMR (126 MHz, chloroform-d) δ 185.49, 161.60, 159.52, 150.80, 140.63 (d, J(C-F) = 

10.4 Hz), 137.47, 131.03, 130.96 (d, J(C-F) = 2.3 Hz), 125.19 (d, J(C-F) = 3.7 Hz), 124.13, 

123.72 (d, J(C-F) = 11.4 Hz), 117.96 (d, J(C-F) = 25.6 Hz). 

19F NMR (471 MHz, chloroform-d) δ -107.12 (dd, J = 10.0, 7.8 Hz). 

 

S-(Pyridin-2-yl) 4-bromobenzothioate 
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Following the thioester synthesis Condition 1. 

1H NMR (400 MHz, chloroform-d) δ 8.68 (ddd, J = 4.8, 1.8, 0.8 Hz, 1H), 7.91 – 7.85 (m, 

2H), 7.79 (td, J = 7.7, 1.9 Hz, 1H), 7.71 (dt, J = 7.9, 1.0 Hz, 1H), 7.68 – 7.61 (m, 2H), 7.35 

(ddd, J = 7.5, 4.8, 1.2 Hz, 1H). 

13C NMR (126 MHz, chloroform-d) δ 188.35, 150.73, 150.51, 137.15, 135.20, 132.04, 

130.73, 128.95, 128.86, 123.70. 

 

S-(Pyridin-2-yl) benzo[d][1,3]dioxole-5-carbothioate 

 

Following the thioester synthesis Condition 2. 

1H NMR (400 MHz, chloroform-d) δ 8.65 (ddd, J = 4.8, 1.8, 0.8 Hz, 1H), 7.76 (td, J = 

7.7, 1.9 Hz, 1H), 7.72 – 7.64 (m, 2H), 7.43 (d, J = 1.8 Hz, 1H), 7.31 (ddd, J = 7.4, 4.9, 1.3 

Hz, 1H), 6.87 (d, J = 8.2 Hz, 1H), 6.05 (s, 2H). 

13C NMR (126 MHz, chloroform-d) δ 187.57, 152.59, 151.56, 150.56, 148.33, 137.20, 

131.03, 130.98, 124.02, 123.66, 108.28, 107.50, 102.20. 

 

S-(Pyridin-2-yl) (R)-3,3,3-trifluoro-2-methoxy-2-phenylpropanethioate 
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Following the thioester synthesis Condition 1. 

1H NMR (400 MHz, chloroform-d) δ 8.65 (ddd, J = 4.8, 1.9, 0.8 Hz, 1H), 7.75 (td, J = 

7.7, 1.9 Hz, 1H), 7.64 – 7.60 (m, 2H), 7.57 (dt, J = 7.9, 1.0 Hz, 1H), 7.44 (m, 3H), 7.31 (ddd, 

J = 7.5, 4.8, 1.1 Hz, 1H), 3.67 (q, J = 1.7 Hz, 3H). 

13C NMR (126 MHz, chloroform-d) δ 195.26, 150.82, 137.39, 131.81, 130.77, 130.04, 

128.88, 127.60, 127.59, 124.00, 123.13 (q, J(C-F) = 291.0 Hz), 87.98 (q, J(C-F) = 26.4 Hz), 

56.04. 

19F NMR (471 MHz, chloroform-d) δ -68.85. 

 

S-(Pyridin-2-yl) 3-(thiophen-2-yl)propanethioate 

 

Following the thioester synthesis Condition 1. 

1H NMR (400 MHz, chloroform-d) δ 8.62 (ddd, J = 4.8, 1.9, 0.8 Hz, 1H), 7.74 (td, J = 

7.7, 1.9 Hz, 1H), 7.61 (dt, J = 7.9, 1.0 Hz, 1H), 7.32 – 7.27 (m, 2H), 6.28 (dd, J = 3.1, 1.9 

Hz, 1H), 6.06 (m, 1H), 3.06 (m, 4H). 

13C NMR (126 MHz, chloroform-d) δ 195.40, 153.37, 151.37, 150.54, 141.57, 137.35, 

130.31, 123.74, 110.42, 105.93, 42.43, 23.68. 
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S-(Pyridin-2-yl) 2-(1-(4-chlorobenzoyl)-5-methoxy-2-methyl-1H-indol-3-

yl)ethanethioate 

 

Following the thioester synthesis Condition 2. 

1H NMR (400 MHz, chloroform-d) δ 8.60 (ddd, J = 4.8, 1.8, 0.8 Hz, 1H), 7.75 – 7.65 (m, 

3H), 7.58 (dt, J = 7.9, 0.9 Hz, 1H), 7.51 – 7.45 (m, 2H), 7.29 – 7.25 (m, 1H), 6.98 (d, J = 2.5 

Hz, 1H), 6.89 (d, J = 9.0 Hz, 1H), 6.69 (dd, J = 9.0, 2.5 Hz, 1H), 4.00 (s, 2H), 3.84 (s, 3H), 

2.45 (s, 3H). 

13C NMR (126 MHz, chloroform-d) δ 194.50, 168.41, 156.33, 151.67, 150.54, 139.57, 

137.27, 137.21, 133.80, 131.38, 131.01, 130.55, 130.21, 129.30, 123.70, 115.15, 112.13, 

111.43, 101.24, 55.86, 39.71, 13.66. 

 

1-Phenylpentan-1-one 

 

Following the general Fukuyama reaction procedure. 

1H NMR (500 MHz, chloroform-d) δ 8.04 – 7.91 (m, 2H), 7.61 – 7.50 (m, 1H), 7.46 (m, 

2H), 3.01 – 2.92 (m, 2H), 1.73 (p, J = 7.5 Hz, 2H), 1.44 – 1.39 (m, 2H), 0.96 (t, J = 7.3 Hz, 

3H). 
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13C NMR (126 MHz, chloroform-d) δ 200.77, 137.26, 133.00, 128.69, 128.20, 38.49, 

26.64, 22.64, 14.08. 

 

1-(Naphthalen-2-yl)pentan-1-one 

 

Following the general Fukuyama reaction procedure. 

1H NMR (400 MHz, chloroform-d) δ 8.48 (m, 1H), 8.04 (dd, J = 8.6, 1.7 Hz, 1H), 7.97 

(m, 1H), 7.94 – 7.85 (m, 2H), 7.63 – 7.53 (m, 2H), 3.16 – 3.05 (m, 2H), 1.79 (p, J = 7.5 Hz, 

2H), 1.50 – 1.42 (m, 2H), 0.99 (t, J = 7.3 Hz, 3H). 

13C NMR (126 MHz, chloroform-d) δ 200.60, 135.53, 134.46, 132.58, 129.62, 129.55, 

128.41, 128.34, 127.78, 126.72, 124.00, 38.44, 26.68, 22.56, 14.00. 

 

4-(4-Methoxyphenyl)-4-oxobutyl benzoate 

 

Following the general Fukuyama reaction procedure. 

1H NMR (400 MHz, chloroform-d) δ 8.03 (m, 2H), 7.99 – 7.92 (m, 2H), 7.59 – 7.52 (m, 

1H), 7.43 (m, 2H), 6.96 – 6.89 (m, 2H), 4.43 (t, J = 6.3 Hz, 2H), 3.87 (s, 3H), 3.11 (t, J = 7.2 

Hz, 2H), 2.24 (p, J = 6.7 Hz, 2H). 

13C NMR (126 MHz, chloroform-d) δ 197.79, 166.72, 163.65, 133.06, 130.44, 130.40, 

130.07, 129.71, 128.50, 113.89, 64.55, 55.62, 34.74, 23.67. 
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1-(1-(4-Chlorobenzoyl)-5-methoxy-2-methyl-1H-indol-3-yl)hexan-2-one 

 

Following the general Fukuyama reaction procedure. 

1H NMR (400 MHz, chloroform-d) δ 7.66 (d, J = 8.5 Hz, 2H), 7.47 (d, J = 8.5 Hz, 2H), 

6.91 – 6.83 (m, 2H), 6.67 (dd, J = 9.1, 2.4 Hz, 1H), 3.82 (s, 3H), 3.69 (s, 2H), 2.47 (t, J = 7.4 

Hz, 2H), 2.37 (s, 3H), 1.56 (m, 2H), 1.31 – 1.24 (m, 3H), 0.87 (t, J = 7.3 Hz, 3H). 

13C NMR (126 MHz, chloroform-d) δ 207.89, 168.30, 156.12, 139.31, 135.80, 133.90, 

131.18, 130.90, 130.76, 129.16, 115.04, 112.92, 111.65, 101.22, 55.73, 41.38, 39.05, 25.90, 

22.27, 13.85, 13.45. 
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NMR spectra 
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