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Abstract

The conversion of aryl halides to primary arylamines with a convenient and inexpensive source 

of ammonia has been a long-standing synthetic challenge. Aqueous ammonia would be the most 

convenient and least expensive form of ammonia, but such a palladium-catalyzed amination 

reaction with a high concentration of water faces challenges concerning catalyst stability and 
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competing hydroxylation, and palladium-catalyzed reactions with this practical reagent are rare. 

Further, most reactions with ammonia to form primary amines are conducted with tert-butoxide 

base, but reactions with ammonium hydroxide would contain hydroxide as base. Thus, ammonia 

surrogates, ammonia in organic solvents, and ammonium salts have been used under anhydrous 

conditions instead with varying levels of selectivity for the primary amine. We report the 

palladium-catalyzed amination of aryl and heteroaryl chlorides and bromides with aqueous 

ammonia and a hydroxide base to form the primary arylamine with high selectivity. The 

palladium catalyst containing a new dialkyl biheteroaryl phosphine ligand (KPhos) suppresses 

both the formation of aryl alcohol and diarylamine side products. Mechanistic studies with a 

soluble hydroxide base revealed turnover-limiting reductive elimination of the arylamine and an 

equilibrium between arylpalladium amido and hydroxo complexes prior to the turnover-limiting 

step.

Graphical Abstract

INTRODUCTION

The coupling of nitrogen nucleophiles with aryl and heteroaryl halides with a transition-

metal catalyst has become one of the most widely used reactions to synthesize arylamines in 

settings ranging from academic laboratories to agrochemical, pharmaceutical, and materials 

discovery and process groups.1 A wide range of nitrogen nucleophiles form C−N bonds 

with the carbon at the site of C−X bonds (X = halogen or pseudohalogen) by this reaction.2 

While many reactions are conducted with complex nitrogen nucleophiles, the coupling with 

ammonia could be used to form arylamines on a large scale as intermediates to many 

amine, amide, sulfonamide, and heterocyclic end products. In this context, transition-metal-

catalyzed C−N coupling with ammonia or its surrogates provides a route that is milder than 

classical sequences of nitration and reduction to form arylamines.

The synthesis of primary arylamines from aryl halides has been achieved by various research 

groups, including our own (Figure 1a),3 but these reactions have required toxic ammonia 

gas, ammonia solutions in organic solvents that are expensive and lose their ammonia over 

time, or ammonium salts that require excess base and generate an additional equivalent of 

halide (Figure 1b).4 Each process has required a tert-butoxide base. Protected or masked 

ammonia sources, such as benzophenone imine, bis(trimethylsilyl)amide, primary amides, 

tert-butyl carbamate, (di)allylamine, and benzylamine, have been used to form a single 
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C−N bond with aryl halides, but these reagents require deprotection after the reaction is 

completed.

These procedures were developed because no palladium system has been reported to 

catalyze the most preferable reaction: the coupling of aqueous ammonia with aryl halides 

and a simple hydroxide base (Figure 1c).5 Aqueous ammonia would be the ideal source 

because it is readily available, less expensive than organic solutions of ammonia, and easier 

to handle and store safely than anhydrous ammonia. However, the palladium-catalyzed 

amination of aryl halides with aqueous ammonia is difficult to achieve. Such a reaction 

must confront a series of potential side reactions, including the formation of aryl alcohol 

and diarylether, instead of the desired primary arylamine, potential catalyst decomposition 

through intermediate palladium hydroxo compounds,6 and the need for hydroxide as base 

that is rarely used for palladium-catalyzed aminations. Although several copper-catalyzed 

C−N bond-forming reactions occur with aqueous ammonia, the scope of aryl halide 

coupling partners is largely limited to aryl iodides and bromides, the reactions require high 

temperatures, and catalyst loadings are high, usually between 5 and 10 mol %.7 The narrow 

scope of aryl halide electrophiles and higher loadings of catalysts make the development of a 

more general and efficient amination method necessary.

We report the palladium-catalyzed amination of aryl and heteroaryl halides with aqueous 

ammonia and potassium hydroxide base enabled by the development of a new ligand 

(KPhos) based on a bipyrazole backbone (Figure 1d). The bipyrazole ligand suppresses 

formation of phenol, and appropriate substituents on the backbone and at phosphorus lead to 

the highest observed selectivities for formation of monoaryl- vs diarylamine products with 

a broad scope of aryl and heteroaryl halides. Mechanistic investigations, including kinetic 

analyses of the initial rates, show that reductive elimination of the arylamine is turnover-

limiting and that an equilibrium between arylpalladium(II) amido and arylpalladium(II) 

hydroxo complexes occurs before this turnover-limiting step.

RESULTS AND DISCUSSION

Reaction Development.

At the outset of our study to develop the selective monoarylation of ammonium hydroxide, 

we evaluated phosphine ligands with the G3 palladacyclic dimer (Figure 2a). Reactions with 

the catalyst generated from representative dialkyl arylphosphines showed that 1-chloro-4-

fluorobenzene 1a and aqueous ammonia form the desired aniline 2a as a major product, but 

with side products comprising the corresponding diarylamine (Ar2NH) from coupling of 

the product and aryl alcohol (ArOH) from coupling of the aryl halide with hydroxide. The 

biaryl substituent on phosphorus affected the selectivity for the formation of the phenol side 

product. Reactions with BrettPhos derivatives, which contain a sterically hindered biphenyl 

substituent, formed ArOH as the major side product,3g whereas reactions conducted with 

tBuBippyPhos as ligand, which contains a bipyrazole backbone, formed no observable 

ArOH.3f,8

With the result that the catalysts containing a bipyrazole ligand afford high selectivity for 

amination with ammonia over hydroxylation with water, we sought to further increase the 
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formation of the desired monoarylamine by suppressing the formation of the diarylamine 

side product. The reaction with the parent BippyPhos formed Ar2NH as the major side 

product, generating a 2.9:1 ratio of ArNH2 to Ar2NH. Bulkier alkyl substituents on the 

phosphorus of BippyPhos led to a slight improvement in the selectivity to form 2a over 

Ar2NH with AdBippyPhos giving a 5.8:1 ratio of ArNH2 to Ar2NH.

To design an AdBippyPhos ligand that would lead to higher selectivity for the primary 

amine,9 we installed a methyl group on the C4 position adjacent to the C−P bond 

(Figure 2b). We followed the hypothesis that arylpalladium(II) complexes in the selectivity-

determining step can adopt tetra- or tricoordinate isomers10 and proposed that the latter 

complex more readily coordinates the primary arylamine to provide the diarylamine side 

product. In this case, a new ligand with the methyl group in place of H could disfavor the 

tricoordinate complex, leading to a higher selectivity for the formation of primary arylamine. 

Furthermore, the methyl substituent should prevent metalation of the pyrazole C4 position 

that yields a palladacyclobutene complex, which would be an off-cycle species during the 

coupling reaction.11,12

The new bipyrazole ligand, 4-methyl AdBippyPhos (KPhos), was generated on a gram 

scale in up to 70% isolated yield over four steps from a bipyrazole without the need for 

chromato-graphic purification (Figure 2c). Fomepizole, 1,3-diphenyl-1,3-propanedione, and 

phenylhydrazine were assembled by a three-step process in one pot to afford the bipyrazole 

core.13 The C5−H bond of the bipyrazole was then lithiated in situ, and the resulting 

bipyrazolyl lithium was quenched with di(1-adamantyl)bromophosphine.14 Purification of 

KPhos from the crude mixture was accomplished by the formation of KPhos·HBF4, 

followed by filtration and neutralization.

Reactions catalyzed by the G3 palladacyclic dimer and KPhos under the same conditions 

as those with other dialkyl (bi)arylphosphine ligands occurred with exceptionally high yield 

and selectivity for the primary amine (Figure 2a). Comparison of the selectivity to that 

with the nonmethylated analog (AdBippyPhos) showed that the additional methyl group 

present in KPhos increased the selectivity of monoarylation over diarylation dramatically, 

from 5.8:1 for AdBippyPhos to 178:1 for KPhos. This increase in selectivity for amination 

was evaluated further by tracking the progress of amination reactions with KPhos and 

AdBippyPhos (Figure 2d). Under homogeneous conditions with arylpalladium(II) bromide 

complex OA1 or OA2 as the catalyst and the soluble base TBA(OH), the time courses 

of the reactions were recorded by 19F NMR spectroscopy, and the results are shown in 

Figure 2d. The catalyst containing KPhos reacted with higher turnovers and selectivity 

for the formation of monoarylamine 2a over the corresponding diarylamine than did the 

catalyst containing AdBippyPhos. Although the KPhos-ligated palladium catalyst reacted 

more slowly than the AdBippyPhos-ligated analog, we used this new ligand for the rest of 

our studies because the selectivity for monoarylation and the turnover numbers were higher 

than with AdBippyPhos.15

To understand the origin of the high selectivity with the KPhos ligand, the geometry of 

arylpalladium(II) bromide complex OA1 was determined by single-crystal X-ray diffraction 

(Figure 3a). The geometry of OA1 at the palladium atom is distorted square planar 
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(∠C26−Pd1−C14 = 168.95°), with the phosphine ligand coordinated in a bidentate fashion 

through phosphorus and C4 of the distal pyrazole ring. The distortion of the bond angles 

results from steric interactions between the adamantyl groups on phosphorus and the aryl 

group bound to the palladium. As shown in Figure 3b, the distances between one of the 

hydrogens in the methyl substituent and the hydrogens of the adamantyl groups are 2.156 

and 2.124 Å respectively, implying that rotation of the C−P bond of OA1 to provide the 

three-coordinate intermediate in Figure 2b is restricted. In addition, the distances between 

the ortho-hydrogens of the aryl group to palladium and the hydrogens of the adamantyl 

groups (~2.3 Å) are shorter than the 1,3-diaxial distances between adamantyl hydrogens 

(~2.5 Å, Figure 3c). This feature limits the scope of the amination of ortho-substituted aryl 

halides and is discussed later in this paper.

Scope of Aryl Halides that React with Aqueous Ammonia.

A diverse set of aryl chlorides and bromides undergo catalytic coupling with aqueous 

ammonia to give aniline products (Table 1). The reactions of aryl halides containing 

electron-donating para-substituents resulted in the formation of primary arylamines 2a−g 
in good yields. Electron deficient aryl halides bearing trifluoromethoxy (2h), trifluoromethyl 

(2i), acyl (2j−l), carbamoyl (2m), cyano (2p), nitro (2q), sulfonyl (2t), or sulfamoyl (2u) 

groups also underwent the reaction to furnish the corresponding aniline derivatives. We did 

not observe defluorinated side products derived from SNAr processes with aryl chlorides 

or bromides containing an aryl fluoride. Aminojulolidine product 2g was synthesized on 

3 mmol scale from the corresponding aryl bromide, demonstrating the high activity of the 

palladium catalyst derived from KPhos and Pd-G3 dimer in >1.0 mmol scale reactions.

Aryl halides derived from carbonyl derivatives, such as alkyl aryl ketones, a diaryl ketone, 

and an N,N-disubstituted benzamide, converted to the corresponding primary arylamines 

(2j−m) in good yields without side reactions, such as hydration, hydrolysis, or condensation. 

However, methyl and tert-butyl 4-chlorobenzoates underwent saponification under the 

reaction conditions, yielding the corresponding 4-amino- and 4-chloro-benzoic acids. An 

aryl chloride bearing a secondary benzylic alcohol underwent the catalytic amination, 

providing 2n without the formation of aryl alkyl ether or 4-aminoacetophenone that 

would arise from reaction of an arylpalladium(II) alkoxo complex. It is remarkable that 4-

chloroaniline, which possesses a primary arylamine moiety, afforded 1,4-phenylenediamine 

2o as the sole product, underscoring the high selectivity for monoarylation. Reactions 

involving functional groups on the aryl halide that have been detrimental to previously 

reported palladium catalyst systems gave the corresponding anilines in good yields (2p−s). 

Meta-substituted aryl halides and 2-chloronaphthalene participated in the amination reaction 

to afford primary arylamines 2l and 2v−y.

The reactions of 1-chloronaphthalene or aryl chlorides possessing ortho-substituents 

proceeded to lower conversion under standard reaction conditions than those lacking 

ortho-substituents, presumably due to the steric demand of the KPhos ligand from the 

increased size of the adamantyl substituents at phosphorus and the ortho-substituent of aryl 

halides caused by the methyl group on the ligand, as illustrated in the ORTEP diagram 

of OA1 (Figure 3c). However, reactions of such ortho-substituted aryl chlorides with 
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aqueous ammonia conducted with AdBippyPhos in place of KPhos as the ligand formed 

the corresponding primary arylamines in good yields (2z−aa) with high selectivity for 

monoarylation that results from the steric properties of the substrate.

A wide range of heteroaryl chlorides and bromides also reacted to afford primary 

arylamines. Aryl halides containing 5-membered heterocycles such as 1,3-benzodioxole, 

indole, indazole, pyrrole, benzothiazole, and benzothiophene provided the corresponding 

products in good yields (2ab−ah). In addition, various aminopyridines (2ai−ak), quinolines 

(2al−ao), and quinoxaline (2ap) formed under the reaction conditions. The selectivity 

between the formation of mono- and diarylamine consistently exceeded 20:1 under the 

reaction conditions for all substrates included in Table 1 by the analysis of the crude reaction 

mixture by 1H NMR spectroscopy. While the vast majority of substrates tested reacted 

to form the arylamine product, a few examples of substrates that decomposed or were 

unreactive are provided in the Supporting Information.

We also investigated the effect of the ratio of ligand to catalyst and Pd(0) source on the yield 

of primary arylamine. The reaction to form 2ae with a 1:1 ratio of KPhos to Pd-G3 dimer 

instead of the standard 2:1 ratio formed 2ae in 83% isolated yield. Moreover, product 2ae 
was isolated in quantitative yield when 0.5 mol % Pd2(dba)3 was used instead of 0.5 mol % 

Pd-G3 dimer. These results demonstrate the high activity of the catalyst system generated in 
situ from KPhos and a Pd(0) source.

Investigation of the Reaction Mechanism.

The major phosphine-ligated palladium species during initial rate measurements was 

determined by 19F and 31P NMR spectroscopy to be the KPhos-ligated arylpalladium(II) 

hydroxo complex [(KPhos)Pd(Ar)(OH)] (Pd-(Ar)OH, Ar = 4-fluorophenyl) under 

conditions of the kinetic studies with the soluble base (Figure 4). This species was 

independently generated by combining (KPhos)Pd(4−F-C6H4)Cl (OA3) and TBA(OH)

·30H2O in the presence of excess 1-chloro-4-fluorobenzene (see Supporting Information). 

We were unable to isolate Pd-(Ar)OH because it reacts to form the corresponding phenol 

and biaryl products in the absence of ammonia, and attempts to generate Pd-(Ar)OH from 

OA3 in the absence of the added aryl halide led to nonspecific decomposition and formation 

of palladium black. The resting state of the catalytic reaction with KOH as base is more 

complex than that with TBA(OH)·30H2O. We propose an arylpalladium complex lacking a 

phosphine ligand is the major species, but the lack of reactivity without ligand shows that the 

small amount of ligated palladium is the active catalyst (see Supporting Information).16

To reveal the effects of the atypical, monophasic, organic-aqueous solvent, and hydroxide 

base and the effect of the new structure of the phosphine on the mechanism of this process, 

we analyzed initial rates of the reactions depicted in Figure 5a with varied concentrations of 

the reagents, catalysts, and aniline product, and we monitored the evolution of the palladium 

catalyst by NMR spectroscopy. The initial rates were measured by 19F NMR spectroscopy 

with TBA(OH) base instead of KOH, so that the reaction is homogeneous, and with OA1 as 

the catalyst instead of Pd-G3, to minimize the induction period leading to the active catalyst.
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Kinetic measurements on the reaction with TBA(OH)·30H2O as base showed that the 

reaction with KPhos is zeroth-order in the concentrations of aryl chloride, added ligand, 

base, and added product aniline (Figure 5b).17 The reaction was first-order in the Pd/KPhos 

catalyst. Measurements of initial rates with varied concentrations of TBA(OH)·30H2O or 

aqueous ammonia without maintaining a constant [H2O] led to a partial negative order in the 

concentration of TBA(OH)·30H2O and to partial positive and negative orders in ammonia at 

lower and higher concentrations, respectively. These results implied that the amount of water 

affects the rate, and qualitative studies showed that additional water inhibits the reaction.18 

Thus, we also measured the initial rates with varied concentrations of TBA(OH)·30H2O or 

aqueous ammonia at a constant concentration of water. Under these conditions, the initial 

rates as a function of ammonia concentration were first-order in the concentrations of 

ammonia up to 0.31 M, which is the concentration of the synthetic studies.19,20

The zeroth-order dependence of the initial rate on the concentration of ligand for reactions 

with TBA(OH)·30H2O suggests that the displacement by ammonia is effectively irreversible 

during these rate measurements, but the accumulation of primary amine selectively at long 

reaction times implies that a small concentration of phosphine-ligated species catalyzes the 

amination once the system reaches steady state. Consistent with this assertion, the reaction 

of 1a and aqueous ammonia with KOH as base catalyzed by a 1:1 ratio of KPhos/OA1 
converted 43% of 1a to the corresponding monoarylamine 2a at 90 min, but the reaction 

catalyzed by a 3:1 ratio of KPhos/OA1 quantitatively converted 1a to 2a after the same 90 

min reaction time.

To determine if the proton transfer step could be rate limiting, the kinetic isotope effect was 

measured for reactions with the combination of NH4·OH and KOH and the combination of 

ND4·OD and KOD. The two reactions in parallel under the standard conditions gave a KIE 

of 1.03 ± 0.16 (Scheme 1). This small value indicates that the proton transfer step is not 

turnover-limiting. However, this value is consistent with a potential equilibrium between Pd-

(Ar)OH and the arylpalladium(II) amido complex [(KPhos)Pd(Ar)-(NH2)] (Pd-(Ar)NH2) 

prior to turnover-limiting reductive elimination, particularly because of the similarity in 

νN−H and νO−H values.

To gain information on whether reductive elimination could be rate limiting, a linear free 

energy relationship between the initial rates of amination and para-substituents on the aryl 

chloride was investigated (Figure 5c).21 A Hammett plot of the initial rate versus σp was 

nonlinear with R2 = 0.77. A Swain−Lupton plot with σp values created by varying the field 

and resonance contributions of the substituents was linear (R2 = 0.97) with the optimized 

field and resonance parameters of σp = 0.37F + 0.63R−.22 The positive ρ value (+2.48) of 

the optimized Swain−Lupton plot and larger resonance than the field effect is consistent 

with values from prior studies varying substituents on the palladium-bound aryl group 

on reductive eliminations to form carbon−nitrogen bonds and, thereby, further supports 

turnover-limiting reductive elimination. Thus, our kinetic data are consistent with turnover-

limiting reductive elimination of the primary arylamine from the parent arylpalladium(II) 

amido complex generated by the reversible reaction of ammonia with the arylpalladium 

hydroxo resting state.
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To understand the origin of selectivity for the formation of aniline, we conducted density 

functional theory (DFT) calculations of putative reaction intermediates. However, the 

reaction conditions that include hydrated dioxane as solvent with dissolved NH3, varying 

ionicity from dissolved KOH and KCl, and need for explicit binding of solvent to the K+ 

and hydrogen bonding to the OH and NH2 ligands and anions, precluded accurate absolute 

energies. Yet, our calculations did offer some insight into the experimental selectivity.

The calculations were conducted with dioxane and water as solvents using the SMD 

model to assess differences in energies resulting from differences in the bulk solvent 

dielectric constants. These calculations were consistent with our experimental finding that 

Pd-(Ar′)OH (with Ar′ = Ph) is the resting state of the catalyst and that reaction of 

this species with ammonia to generate the reactive complex Pd-(Ar′)NH2 lies uphill (by 

approximately 4.3 kcal/mol in dioxane and 6.2 kcal/mol in water). These thermodynamic 

differences in energy corroborate the observation of Pd-(Ar)OH as the resting state and 

account for the lack of observation of Pd-(Ar)NH2 prior to turnover-limiting reductive 

elimination.

The computed barriers to reductive elimination to form the C−N bond in the aniline product 

(ΔGAniline
‡) from Pd-(Ar′)NH2 without any explicit hydrogen bonding of the medium to 

the amido group were 10.8 kcal/mol in dioxane and 10.9 kcal/mol in water. The combination 

of these barriers and the 4.3 or 6.2 kcal/mol endothermicity for formation of Pd-(Ar′)NH2 

from the resting state are lower than the values that would correspond to the experimentally 

observed initial rates for formation of 4-fluoroaniline of 9.3 × 10−5 M/s at 73 °C (ΔG‡ = ca. 

27 kcal/mol). However, this computed barrier is lower in free energy than that computed for 

the formation of the C−O bond in the corresponding phenol by approximately 1.8 kcal/mol 

in dioxane. These relative energies of the transition states are consistent with the high 

selectivity for formation of aniline over the phenol.

Finally, the computed free energy of the arylpalladium(II) anilido complex Pd-(Ar′)NHPh 
and free ammonia was approximately 7.6 kcal/mol lower than that of the Pd-(Ar′)NH2 

complex and free aniline. In addition, the computed barrier to reductive elimination to 

form diarylamine from Pd-(Ar′)NHPh was only about 12 kcal/mol, suggesting that the 

diarylamine product would readily form under the reaction conditions if the hydroxo or 

parent amido complex were to react with aniline to form the arylpalladium(II) anilido 

complex in the catalytic system. Because diarylamine is less than 1% of the product, 

we hypothesize that the barrier to formation of the arylpalladium(II) anilido complex is 

kinetically inaccessible from either of these two complexes. Consistent with this assertion 

and the assumption that the exchange of the hydroxo ligand with an arylamido ligand 

would be preceded by binding of aniline, the computed free energy for binding of aniline 

to Pd-(Ar′)OH is 5 kcal/mol higher than binding of ammonia to the free hydroxo complex 

Pd-(Ar′)OH (see Supporting Information for further discussion on the interpretation and 

limitations of computational methods).

The kinetic and spectroscopic studies are all consistent with the proposed catalytic cycle 

for the palladium-catalyzed amination of aryl chlorides with aqueous ammonia and a 

hydroxide base depicted in Figure 5d. The observation of the first-order dependence 
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on the concentration of the palladium catalyst and the zeroth-order dependence on the 

concentration of aryl chloride, excess ligand, and base without the product inhibition 

supports turnover-limiting reductive elimination of the primary arylamine. The positive 

slope (ρ = +2.48) of the linear free energy relationship with the optimized Swain–Lupton 

parameters is further consistent with the proposed mechanism. The inhibitory effects of 

water on the initial rate, the first-order dependence on lower concentration of ammonia, and 

the KIE of 1.03 ± 0.16 imply that the arylpalladium(II) amido complex equilibrates with 

an arylpalladium(II) hydroxo complex and that reductive elimination of aniline is turnover-

limiting. These conclusions are consistent with the arylpalladium(II) hydroxo complex being 

the sole or major resting state of the catalyst depending on the concentration of ammonia.

The lack of effect of added aniline on the rate or selectivity for monoarylamine product, 

together with DFT calculations indicating that reductive elimination to form the diarylamine 

product would occur with a barrier lower than that for reductive elimination to form the 

monoarylamine product, suggests that arylpalladium(II) anilido complexes Pd-(Ar)-NHPh 
do not form in the catalytic system.

This mechanism can be compared to that of a prior system with anhydrous ammonia and 

dimethoxyethane (DME) or dioxane solvent, NaOtBu as base, and the large, chelating 

bisphosphine ligand CyPFtBu.3a,c,23 The resting state and origin of selectivity of the two 

systems are clearly distinct and result from the difference in the reaction medium and 

ligand. Studies on this prior system showed that the arylpalladium(II) amido complex was 

the resting state, implying that reductive elimination of the primary arylamine was also 

the turnover-limiting step. However, in this prior system with the hindered alkoxide base 

NaOtBu, the resting state contained the Pd−N bond to an amido ligand instead of the 

Pd−O bond to the alkoxo or hydroxo ligand. For the prior system, reductive elimination of 

aniline was computed to be faster than reductive elimination of primary arylamine from the 

parent amido complex, so the selectivity to form the primary arylamine resulted from the 

thermodynamically favored formation of the parent amido complex over the anilido complex 

due to the steric properties of the bisphosphine. In our current system, the selectivity for 

primary amine over secondary amine appears to result from the kinetic selectivity for the 

formation of the parent amido complex. The selectivity for formation of arylamine over 

phenol must result from the low barrier to reductive elimination that forms the C−N bond, 

considering that Pd(Ar)NH2 is less thermodynamically stable than the hydroxo complex 

Pd(Ar)OH and that the hydroxo complex accumulates in the catalytic system.

CONCLUSIONS

We have developed a catalyst for highly selective and broadly applicable palladium-

catalyzed amination of aryl chlorides and bromides with aqueous ammonia and a hydroxide 

base. The selective formation of primary arylamines was achieved by developing KPhos, 

a ligand that contains a methyl substituent on the AdBippyPhos ligand. This small 

modification to C4 of the bipyrazole adjacent to the C−P bond dramatically improved 

the selectivity for monoarylation over diarylation, and the palladium catalyst containing 

bipyrazole ligands are selective for amination over hydroxylation with aqueous ammonia. 

The reaction occurred with a broad range of aryl halides to provide the primary arylamines 
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with at least 20:1 selectivity for the formation of the monoarylamine over the diarylamine. 

Mechanistic investigations under the reaction conditions with a soluble hydroxide base or 

KOH base have demonstrated that reductive elimination from the arylpalladium(II) amido 

complex, which is in equilibrium with the resting arylpalladium(II) hydroxo complex, is 

turnover-limiting. Studies exploring the applicability of the KPhos ligand for other catalytic 

cross-coupling reactions, in which nucleophiles may be delivered in aqueous solution and a 

hydroxide base may be used, are being conducted in our laboratory.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Transition-metal-catalyzed amination of aryl halides with ammonia or its surrogates. (a) 

General scheme of the reaction. (b) Known sources of ammonia in Pd-catalyzed amination 

reactions and their limitations. (c) Challenge of employing aqueous ammonia in the Pd-

catalyzed C−N coupling reactions: selective monoarylation of ammonia over diarylation and 

hydroxylation of aryl halides. (d) Development of the palladium catalyst for the selective 

amination of aryl halides with aqueous ammonia and a hydroxide base in this work.

Choi et al. Page 14

J Am Chem Soc. Author manuscript; available in PMC 2025 January 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
(a) Evaluation of representative dialkyl aryl phosphine ligands and KPhos. Standard reaction 

conditions: 1a (0.1 mmol), Pd-precatalyst (0.5 μmol), ligand (2.0 μmol), aq NH3 (0.3 mmol), 

and KOH (0.3 mmol) in 1,4-dioxane (1.0 mL) at 100 °C for 24 h. aConversion of 1a and 

yields of products were determined by 19F NMR spectroscopy with 1-fluoronaphthalene as 

an internal standard. (b) Working hypotheses of how the Kphos ligand achieves higher 

product selectivity and turnover number. (c) Gram scale synthesis of KPhos without 

purification by column chromatography. (d) Observation of the progress of amination 

reactions with KPhos or AdBippyPhos ligand recorded by 19F NMR spectroscopy.
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Figure 3. 
(a) Thermal ellipsoid plot of OA1 with 50% probability ellipsoids. (b) Selected distances 

between hydrogens of methyl at pyrazole and hydrogens of the adamantyl group at 

phosphorus. (c) Selected distances between ortho-hydrogens of the aryl group bound to 

palladium and hydrogens of the adamantyl group at phosphorus.
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Figure 4. 
Resting state of the catalyst under the conditions with TBA(OH) (top) or KOH (bottom) 

determined by (a) 19F and (b) 31P{1H} NMR spectroscopy, and comparison with 

[(KPhos)Pd(4−F-C6H4)OH] independently generated in situ (middle).
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Figure 5. 
(a) Reaction conditions for the kinetic studies. (b) Dependence of the initial rates on varied 

concentrations of the reagents, product, or catalyst. (c) Linear free energy relationship 

between the para-substituents of aryl chloride and the relative initial rates. Hammett plot 

(Left) and Swain–Lupton plot (Right). (d) Proposed mechanism of the palladium-catalyzed 

amination of aryl halides with aqueous ammonia and a hydroxide base.
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Scheme 1. 
Kinetic Isotope Effect of 4-Chlorobenzotrifluoride from Reaction in Separate Vessels
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