
HAL Id: hal-03546107
https://hal.science/hal-03546107

Submitted on 27 Jan 2022

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial - NoDerivatives 4.0
International License

In Situ Formation of Cationic π-Allylpalladium
Precatalysts in Alcoholic Solvents: Application to C–N

Bond Formation
Philippe Steinsoultz, Aurélien Bailly, Patrick Wagner, Estefania Oliva,

Martine Schmitt, Laurence Grimaud, Frederic Bihel

To cite this version:
Philippe Steinsoultz, Aurélien Bailly, Patrick Wagner, Estefania Oliva, Martine Schmitt, et al.. In
Situ Formation of Cationic π-Allylpalladium Precatalysts in Alcoholic Solvents: Application to C–N
Bond Formation. ACS Catalysis, 2022, 12 (1), pp.560-567. �10.1021/acscatal.1c04641�. �hal-03546107�

https://hal.science/hal-03546107
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://hal.archives-ouvertes.fr


In Situ Formation of Cationic π-Allylpalladium Precatalysts in 

Alcoholic Solvents: Application to the C-N Bond Formation. 

Philippe Steinsoultz, [a,b] Aurélien Bailly,[c] Patrick Wagner, [a,b] Estefania Oliva,[d] Martine Schmitt,[a,b] 

Laurence Grimaud,[c] and Frédéric Bihel*[a,b] 

[a] Laboratoire d’Innovation Thérapeutique, UMR7200, CNRS, Université de Strasbourg, Faculté de Pharmacie, 74 Route du Rhin, 67401 Illkirch-Graffenstaden, 

France 

[b] Médalis, Institut du Médicament de Strasbourg (IMS), Université de Strasbourg, France 

[c] Laboratoire de biomolécules (LBM), Département de chimie, Sorbonne Université, École Normale Supérieure, PSL University, Sorbonne Université, CNRS, 

75005 Paris, France 

[d] Plateforme d’Analyse Chimique de Strasbourg-Illkirch, Université de Strasbourg, Faculté de Pharmacie, 74 Route du Rhin, 67401 Illkirch-Graffenstaden, 

France 

 

Abstract: We report an efficient Buchwald-Hartwig cross-coupling 

reaction in alcoholic solvents, in which low catalyst loading showed 

excellent performance for coupling aryl halides (I, Br, Cl) with a broad set 

of amines, amides, ureas, or carbamates under mild conditions. 

Mechanistically speaking, in protic and polar medium, extremely bulky 

biarylphosphine ligands interact with dimeric precatalyst [Pd(π-R-

allyl)Cl]2 to form the corresponding cationic complexes [Pd(π-R-

allyl)(L)]Cl in situ and spontaneously. The resulting precatalyst further 

evolves under basic conditions into the corresponding L-Pd(0) catalyst, 

which is commonly employed for cross-coupling reactions. This 

mechanistic study highlights the prominent role of alcoholic solvents for 

the formation of the active catalyst. 

KEYWORDS : Buchwald-Hartwig reaction, cross-coupling, catalyst activation, precatalyst formation, palladium, green solvent   

◼ INTRODUCTION 

The use of palladium as a catalyst for the formation of 

C(sp2)-N was pioneered in 1983 by Migita et al.,1 but this 

seminal work was later independently improved by Stephen L. 

Buchwald and John F. Hartwig in the 1990s.2–5 This palladium-

catalyzed formation of the C(sp2)-N bond is now known as the 

Buchwald-Hartwig amination reaction,6,7 which has been a 

breakthrough for synthetic chemists because of the ubiquitous 

nature of aryl amines and related heterocycles in natural 

products, pharmaceuticals, agrochemicals, and materials.8–11 

According to D. G. Brown and J. Bostro, the Buchwald-Hartwig 

reaction was used at least once in about 10% of all medicinal 

chemistry papers published in 2014 and was one of the top-20 

most used reactions in the pharmaceutical industry.11,12  

Over the last two decades, considerable efforts have been 

made to develop more efficient reaction conditions,6,7,13–26 

notably through the development of several generations of 

catalysts and ligands. In terms of solvents, the Buchwald-

Hartwig cross-coupling reaction classically occurs in 

hydrocarbon solvents (most frequently toluene) or in cyclic 

ethers such as THF or 1,4-dioxane.27 During the last decade, 

pharmaceutical companies such as Pfizer, GSK, and Sanofi 

have begun to publish selection guides for solvents used by 

medicinal chemists according to their environmental, health, and 

safety (EHS) properties.28 According these guides, toluene is 

classified as "usable”, but its replacement is recommended by 

Sanofi. THF is classified as "usable" by Pfizer but has "major 

issues" according to GSK, while 1,4-dioxane is classified as 

"undesirable" by all 3 companies. However, other solvents have 

been used successfully, including tert-butanol or glycol 

derivatives (2-methoxyethanol, ethyleneglycol).27 Nevertheless, 

alternatives to these solvents are also recommended by 

pharmaceutical companies.28  

In 2015, Caille  et al. published the synthesis of 12 kg of a 

Buchwald-Hartwig coupling product using a Pd(OAc)2/BrettPhos 

catalytic complex in i-PrOH.29 This secondary alcohol was 

tagged as “preferred” by Pfizer and Sanofi28 and was chosen for 

practical reasons as the low solubility of the product in i-PrOH 

allows it to crystallize directly from the reaction mixture. Water 

was successfully reported by Lipshutz et al. for the Buchwald-

Hartwig reaction under micellar conditions (with TPGS-750-M as 

a surfactant) through the use of the [Pd(π-allyl)Cl]2/cBRIDP 

catalytic system.30 This micellar amination reaction has since 

been improved by several groups, including ours.31–36  

Figure 1. Buchwald-Hartwig cross-coupling reaction with [Pd(π-
cinnamyl)Cl]2/t-BuXPhos in micellar conditions and in alcoholic 
solvents  
 



These previous reports led us to hypothesize that the 

Buchwald-Hartwig reaction is fully compatible with polar protic 

solvents, and simple alcohols such as ethanol, propanol, or 

butanol could constitute solvents of high potential in terms of 

EHS.28 Furthermore, they have greater ability to solubilize 

substrates or catalysts in comparison to water. In this report, we 

describe the optimization of the Buchwald-Hartwig reaction in 

alcoholic solvents (Figure 1), which allows cross-coupling 

reactions between a broad scope of nitrogen functions and aryl 

halides. Furthermore, we discuss the mechanistic aspects of this 

reaction in alcoholic medium. 

◼ RESULTS AND DISCUSSION  

 

Reaction development. 2-aminopyridine 1a and 

3-bromotoluene 2a were used as prototypical substrates to 

establish the most suitable reaction conditions in alcoholic 

solvents (Table 1 and SI-§2). The best catalytic system resulting 

from our optimization of the Buchwald-Hartwig reaction in 

micellar medium was [Pd(π-cinnamyl)Cl]2/t-BuXPhos.31 Using 

this system, we screened a series of simple alcohols (Table 1, 

entries 1-7). All the primary alcohols (MeOH, EtOH, n-PrOH, and 

n-BuOH) afforded compound 3a in quantitative yields after 4 h at 

50°C, whereas secondary alcohols such as i-PrOH (entry 4) and 

s-BuOH (entry 6) led to lower yields (29% and 48%, 

respectively), and only 7% yield was obtained with the tertiary 

alcohol t-BuOH (entry 7). Interestingly, [Pd(π-allyl)Cl]2 instead of 

[Pd(π-cinnamyl)Cl]2 led to quantitative yields with all the 

alcoholic solvents (SI-§2, Table S4). The reaction is compatible 

with the presence of water (SI-§2, Table S1), allowing the 

reaction to be performed with technical-grade ethanol (95%), a 

very cheap solvent. 

A set of bases was next screened, and hydroxide salts led to 

quantitative yields, whereas other mineral bases or K3PO4 

appeared less efficient (SI-§2, Table S2). We next evaluated the 

influence of various phosphines as ligands (Table 1 and SI-§2, 

Table S3). Only the sterically-hindered monodentate t-butyl 

phosphines bearing biaryl or biheteroaryl moieties (t-BuXPhos, 

t-BuBrettPhos, or BippyPhos) led to quantitative yields. 

 

Mechanistic study. To investigate the role of the solvent in the 

catalytic system, the formation of the active Pd(0) catalyst 

starting from [Pd(π-cinnamyl)Cl]2 and t-BuXPhos was examined 

in EtOH. In a previous study,37 Colacot reported that with such 

hindered phosphine, [Pd(π-cinnamyl)Cl]2 requires an activation 

with AgOTf to form a cationic monomer [Pd(π-R-allyl)]OTf in 

organic solvents (THF or toluene). The latter further reacts with 

bulky phosphines to give the monoligated cationic 

[Pd(π-R-allyl)(L)]OTf (Figure 2). In full agreement with Colacot’s 

work, the system [Pd(π-cinnamyl)Cl]2 / t-BuXPhos in dioxane or 

Table 1. Optimization of the reaction conditionsa 

 

Entry Modifications of the conditions yield %b 

1 none > 98 

2 MeOH instead of EtOH > 98 

3 n-PrOH instead of EtOH > 98 

4 i-PrOH instead of EtOH 29 

5 n-BuOH instead of EtOH > 98 

6 s-BuOH instead of EtOH 48 

7 t-BuOH instead of EtOH 7 

8 [Pd(π-allyl)Cl]2 instead of [Pd(π-cinnamyl)Cl]2 > 98 

9 XPhos instead of t-BuXPhos 11 

10 JohnPhos instead of t-BuXPhos 65 

11 t-BuBrettPhos instead of t-BuXPhos > 98 

12 BippyPhos instead of t-BuXPhos > 98 

13 P(t-Bu)3.HBF4 instead of t-BuXPhos trace 

[a] Reaction conditions: 3-bromotoluene (1 eq, 0.4 mmol), 2-aminopyridine (1.5 
eq), [Pd(π-cinnamyl)Cl]2 (0.5 mol%), t-BuXPhos (1.5 mol%), Base (2 eq), 
solvent (0.2 M), 50°C, 4 h; [b] Average yields of 2 runs determined by HPLC/UV 
using caffeine as an internal standard 
 

Figure 2. Synthesis of cationic R-allylpalladium precatalysts with 
bi(hetero)arylphosphine ligands 
 

Figure 3. Characterization of the precatalyst formation. a) 
Reaction conditions: [Pd(π-cinnamyl)Cl]2 (1 eq), t-BuXPhos (2 
eq), MeOD (for NMR or EtOH (for MS or conductometry); b) 
Color change over time; c) Conductivity plotted as a linear 
function of the amount of [Pd(π-cinnamyl)Cl]2 + t-BuXPhos. Full 
NMR, MS and conductometry are shown in SI-§6. 
 



toluene did not form any active catalytic complex, leading to 

traces of compound 3a (SI-§4). However, in polar protic solvents 

such as alcohols, silver triflate is not required to preactivate the 

Pd(II) dimer in presence of the bulky phosphine.  

Whereas [Pd(π-cinnamyl)Cl]2 is almost insoluble in EtOH 

(SI-§3), the presence of t-BuXPhos (2 eq.) led to its 

solubilization within a few minutes at 25°C to form a dark red 

solution (Figure 3b). A 31P{1H} NMR signal at 76.3 ppm was 

detected in MeOD (SI-§6), consistently with the cationic complex 

[Pd(π-cinnamyl)(t-BuXPhos)]OTf reported by Colacot et al. at 

76.0 ppm in CDCl3.37 Conductivity measurements confirmed the 

presence of ionic species (Figure 3 and SI-§6), and in situ  

characterization by NMR and MS confirmed the formation of 

both [Pd(π-allyl)(t-BuXPhos)]Cl and 

[Pd(π-cinnamyl)(t-BuXPhos)]Cl in alcoholic solvents (SI-§5 and 

§6, respectively).  

We next studied the formation of L-Pd(0) after addition of KOH. 

Using cyclic voltammetry, [Pd(π-cinnamyl)(t-BuXPhos)]Cl was 

characterized by its reduction potential at -0.90 V vs. Ag/AgCl in 

EtOH (SI-§6c). Immediately after addition of an excess of 

aqueous KOH (5 eq.) at 50°C, this reduction peak disappeared, 

and an O1 oxidation peak at +0.13 V was observed and 

attributed to the corresponding L-Pd(0) (Figure 4b and SI-§7b). 

As expected, O1 rapidly evolves under air (SI-§8b), and its 

intensity decreased after addition of 4-fluorobromobenzene (10 

eq., Figure 4b and SI-§9c).  

The formation of L-Pd(0) was also followed by 31P{1H} NMR 

starting from [Pd(π-allyl)(t-BuXPhos)]Cl, and after addition of 

KOH, the major peak at 58.6 ppm was attributed to L-Pd(0) 

(SI-§7a). In the presence of oxygen, L-Pd(0) was rapidly 

oxidized to form the peroxo complex Pd(t-BuXPhos)(O2), as well 

as t-BuXPhos oxide (SI-§8a). Surprisingly, the attempt to 

stabilize L-Pd(0) by 1,3-1,1,3,3-tetramethyldisiloxane (TVTMS, 

10 eq.)  resulted into the fast degradation to black palladium, 

and this phenomenon was observed with other alkenes such as 

allylbenzene or 1-hexene.  Recently, N. Hazari and A. Nova 

reported a mechanistic study in which methanol could facilitate 

reduction of neutral NHC-ligated Pd(II), Pd(π-allyl)(iPr)(Cl), to 

Pd(0) through the formation of a key-intermediate 

Pd(π-allyl)(iPr)(OMe).38 In our case, starting with the cationic 

[Pd(π-R-allyl)(t-BuXPhos)]Cl, the formation of a similar 

intermediate Pd(π-R-allyl)(t-BuXPhos)(OR) could arise after 

deprotonation of a solvent molecule ligated to the cationic Pd(II) 

complex (Figure 5). The resulting neutral intermediate could 

further evolve through either the reductive elimination of the 

corresponding ether or an inner sphere hydride transfer to form 

the active Pd(0).  

As shown in Table 1, the [Pd(π-cinnamyl)Cl]2/ t-BuXPhos 

system led to quantitative yields in primary alcohols, whereas 

secondary and tertiary alcohols appeared less efficient. In 

contrast, [Pd(π-allyl)Cl]2 / t-BuXPhos led to quantitative yields 

with all alcoholic solvents (Table S4). These differences of 

reactivity between (π-allyl) and (π-cinnamyl) palladium 

complexes in primary, secondary, and tertiary alcohols could be 

attributed to the steric hindrance of the cinnamyl group that  

Figure 6. Characterization of the partially dissociated complex 
L-Pd(Ph)(Br) by conductometry (b), and observation of the reductive 
elimination by 19F NMR (c)   
   

 

Figure 4. Characterization of L-Pd(0) by cyclic voltammetry (panel a 
& b) and kinetic monitoring of the oxidative addition in the presence 
of ArBr (10 eq., panel a & c; See SI-9c for experimental details)  
 

Figure 5. Potential role of the alcoholic solvent in the formation of 
L-Pd(0) 
 

 



Table 2. Scope of the reaction using various aryl or 
heteroaryl halidesa,b 

 
[a] Reaction conditions: (Het)ArX (1 eq, 0.4 mmol), benzamide (1.5 eq), 
[Pd(π-cinnamyl)Cl]2 (0.5 mol%), t-BuXPhos (1.5 mol%), KOH (4 M in water, 2 
eq, 200 µL), EtOH (1.8 mL), 50°C, 6 h; [b] % refers to isolated yield. 
 

 

would disfavor the formation of Pd(0) in tertiary alcohols 

compared to primary ones (Figure 5). Moreover, the 

comproportionation between L-Pd(0) and neutral 

Pd(II)(π-R-allyl)(L)(Cl) to form the Pd(I) dimer (µ-R-allyl)(µ-

Cl)Pd2(L) has largely been described in the literature,19,20,37–42 

but starting from cationic [Pd(π-R-allyl)(t-BuXPhos)]Cl in 

alcoholic solvents, the corresponding Pd(I) dimers were only 

detected as traces by MS. This observation is consistent with a 

previous report concerning the steric hindrance of both the 

phosphine and the substituted allyl moiety that would disfavor 

the formation of Pd(I) dimers.37  

The addition of 4-fluorobromobenzene to L-Pd(0) triggered the 

oxidative addition with the appearance of a new signal at 56.6 

ppm by 31P{1H} NMR (see SI-§9b). Kinetic monitoring of the   

Table 3. Scope of the reaction using various NH functional 

groupsa,b 

 

 

[a] Reaction conditions: 3-bromotoluene (1 eq, 0.4 mmol), “NH” compound 
(1.5 eq), [Pd(π-cinnamyl)Cl]2 (0.5 mol%), t-BuXPhos (1.5 mol%), KOH (4 M in 
water, 2 eq, 200 µL), EtOH (1.8 mL), 50°C; [b] % refers to isolated yield; [c] 
reaction time: 12 h [d] reaction time: 16 h; [e] reaction time: 8 h.  
 

 

oxidative addition with PhBr (10 eq.) was performed by 

chronoamperometry at 50°C using a rotating disk electrode 

(Figure 4c and SI-§9c). This step proceeds rapidly with a 

pseudo-first order rate constant of 5.6 10-2 s-1 and a half-reaction 

time of about 10 s. Kinetics performed with various amounts of 

PhBr led to similar rate constants, consistently with zero order 

for PhBr. This result suggests a pre-complexation of the aryl 

bromide with an intramolecular oxidative addition, as already 

reported for similar Buchwald phosphines.43 Increasing the 

amount of phosphine does not modify the kinetics of the 

oxidative addition, which further confirms the formation of 

L-Pd(0) as the sole Pd(0) species. 

Based on these results, we proposed the classical kinetic 

model for the oxidative addition displayed in Figure 6a. Aryl 

iodides behave similarly with rate constants that are close to 

those determined for PhBr, and PhCl proceeds with a rate 

constant that is one order lower (Figure 4c and SI-§9c). Finally, 

we performed conductivity measurements proving that in 

EtOH:H2O (9:1) at the concentration of the catalyst, the complex 

Pd(t-BuXPhos)(4-F-Ph)(Br) is partially dissociated, as shown by 

the non-linearity between its concentration and conductivity 

(Figure 6b and SI-§9d). By 19F{1H} NMR, the oxidative addition 

complex A in EtOH:H2O (9:1) features a broad signal at -124.7 

ppm (Figure 6c).  

Figure 7. (a) Cross-coupling of aryl iodine, bromine, chlorine, and 
triflate (b) Cross-coupling of 1-chloro-4-bromobenzene (c) Scale-up 
of the reaction without chromatography  
 



Table 4. Scope of the reaction with BippyPhos as liganda,b 

 

 
[a] Reaction conditions: 3-bromotoluene (1 eq, 0.4 mmol), “NH” compound 
(1.5 eq), [Pd(π-cinnamyl)Cl]2 (0.5 mol%), BippyPhos (1.5 mol%), KOH (4 M in 
water, 2 eq, 200 µL), EtOH (1.8 mL), 50°C, 6 h; [b] % refers to isolated yield; 
[c] reaction time: 16 h.  
 

 

After addition of 2-aminopyridine (10 eq.) at 50°C, a new signal 

appeared at -121.3 ppm, which was attributed to the amino 

ligated complex B. Then, the addition of KOH (10 eq.) provoked 

the instantaneous formation of the coupling product C, as 

attested by the signal at -122.7 ppm, along with disappearance 

of B. As no intermediate could be detected, both the 

deprotonation of the ligated amine and the reductive elimination 

should not be rate-limiting at this temperature. 

Scope of the reaction. As shown previously, different halides 

are able to undergo oxidative addition. Next, we compared the  

efficiencies of the whole reaction between aryl iodide, bromide, 

chloride, and triflate (Figure 7a). The 4-methoxybenzene was 

selected as the aromatic platform because the presence of an 

electron-donating group at the para position of the 

(pseudo)halide could allow us to discriminate between the 

various electrophiles. Aryl bromides and iodides displayed 

similar reactivity (78% and 70% yield, respectively), while the 

aryl chloride appeared slightly less reactive with 55% yield. 

Unsurprisingly, the aryl triflate led to only 33% yield as it was not 

stable in this basic hydroalcoholic environment (Figure 7a).  

Based on these results, 1-chloro-4-bromobenzene was 

chemoselectively functionalized with benzamide at the 

bromo-position (Figure 7b). The reaction could be easily scaled-

up using 5 mmol of 3-bromotoluene (Figure 7c). The addition of 

ice water at the end of the reaction precipitated the expected 

product 3a as a white powder with a yield of 95% and HPLC 

purity above 98% (254 nm). This procedure avoids the use of 

any organic solvents such as EtOAc or DCM for work-up or any 

purification on silica gel, which is consistent with the criteria of 

green chemistry.  

The scope of the reaction was then assessed by coupling the 

benzamide with various (hetero)aryl halides (Table 2). 

Azaheterocycles (5g, 5h), naphthyl (5e), and aromatic rings 

bearing methoxy groups at ortho or meta positions (5b, 5c) were 

coupled in good to excellent yields, whereas the 

para-substituted product (5d) was obtained with modest yields 

below 25%.The cyano group in the meta position (5f) led to a 

complex mixture, likely due to the hydrolysis of the cyano moiety. 

No reaction occurred with both 2- and 3-bromothiophenes (5i, 

5j). 

Next, we evaluated the coupling of 3-bromo- or 

3-chlorotoluene with various reactants bearing an “NH” 

functional group (Table 3). Aryl- and heteroarylamides (5k-n), 

carbamates (6), urea (7), aniline (8), indole (9), and 2-

aminopyrimidine (11) were all successfully coupled in good to 

excellent yields. No reaction was observed with indazole (10), 

but this heteroaromatic amine is known as a poorly reactive 

substrate in Buchwald-Hartwig CCR.44 

 With primary and secondary amines (12, 13), yields were 

rather low (< 20%) at 50°C.  

At 80°C, 14 was isolated in 65% yield, but the temperature 

had only a small effect for piperazine 11 (34% yield at 80°C 

instead of 19% yield). For these less efficient partners, several 

ligands that have already been identified during the optimization 

process were screened, and BippyPhos featured excellent 

results, affording 13 in 91% yield (Table 3). Developed by R. A. 

Singer in 2006,45 BippyPhos is considered as one of the most 

appropriate ligands for [Pd(π-cinnamyl)Cl]2.46 At 50°C in EtOH, 

the [Pd(cinnamyl)Cl]2/BippyPhos catalytic system allowed us to 

couple a broad scope of amines (11-18) with yields ranging from 

57% to 95% (Table 4). No reaction was observed with indazole 

(10), but adenosine without any protecting groups on the sugar 

moiety was successfully coupled to 3-bromotoluene to afford 18 

in 73% yield.  

 

◼ CONCLUSIONS 

 

We have developed an efficient catalytic system for the 

Buchwald-Hartwig cross-coupling reaction in “green” alcoholic 

solvents. The ability of [Pd(π-R-allyl)Cl]2 to interact 

spontaneously with extremely bulky biarylphosphine ligands L in 

alcohols led to the in-situ formation of cationic 

[Pd(π-R-allyl)(L)]Cl palladium complexes. To date, these kinds 

of cationic precatalysts have been only described with a triflate 

as a counter-anion, involving a pretreatment of [Pd(π-R-allyl)Cl]2 

with silver triflate.37 In alcoholic solvents, the cationic 

[Pd(π-R-allyl)(L)]Cl precatalyst spontaneously formed in situ and 

can be easily activated under mild conditions into the 

corresponding L-Pd(0) catalyst, which is commonly employed for 

cross-coupling reactions. In typical cases, the [Pd(-allyl)Cl]2 / 

tBuXPhos system will be preferred as it is cheaper, easy to 

access, compatible with all alcoholic solvents, and it allows the 

coupling of a wide range of nitrogen groups. However, for 

challenging cases such as the coupling of primary or secondary 

amines, the use of the BippyPhos as ligand will be preferred. A 

broad scope of C-N coupling reactions with low catalyst loading 

and short reaction times highlights the practicability of this 

catalytic system under conditions that are more respectful of the 

principles of green chemistry. 
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