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Abstract 

Note: the oval atom shape of the Pd (or X) atom in all schemes is an illusion to draw an 

attention on the shape/volume change of atom upon bonding, not the actual shape of 

Pd (or X) in bonding. 
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Pd(0) oxidative addition (OA) to organic halides is a fundamental step in many catalytic 

organic transformations. Previous mechanistic studies have shown that the 

electronic/steric nature of ligand, metal coordination unsaturation, halide identity and 

the presence of an additive all have sizable influences on reaction reactivity and selectivity. 

A single parameter-based rational design fully integrating all important factors in a 

quantitative manner remains elusive, due to the complex nature of Pd(0) OA. To address 

this challenge, a study of Pd(0)-halide interactions which are crucial for the 3-centered 

concerted mechanism, is initiated in this work by integrating the key progress in 

organometallic chemistry and the relatively well-established halogen bonding knowledge, 

mimicking the “data-driven” method. The achieved advanced understanding of the 

mechanisms in this work includes five key parts: 1) uncovering the “super iodine” 

character of Pd(0), 2) uncovering the bonding nature of Pd-halide (organic halide) 

interaction and its essential role in Pd(organic halide) precomplex before OA; 3) a 

molecular mechanism for the additive effect, and a theoretical prediction of a halogen 

transfer pathway for OA to specific organic halides; 4) demystifying the known super 
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reactivity of the ligand-controlled Pd catalysis with inactive aryl chlorides; and ultimately 

5) proposing a proof-of-concept of surface molecule electrostatic potential-based rational 

design of OA.  

Introduction 

   The Suzuki-Miyaura coupling reaction, the Buchwald-Hartwig coupling reaction, and the 

Sonogoshira coupling reaction are among the most frequently used synthetic reactions in 

drug discovery according to recent statistical analysis1-3, arguably because of 

“retrosynthetic simplicity”4. Pd catalysis is currently dominant for coupling reactions in 

both academia and industry, but with increasing interest in sustainable reactions at very 

low catalytic loading under aqueous solution along with an organic co-solvent or even in 

the absence of any organic solvent.5-7 In most of the coupling reactions, Pd(0) oxidative 

addition (OA) to an organic halide is the first elementary step (Scheme 1)8,9 and often is 

also the rate-determining step10-15 or/and the stereo-determining step14-16 in the overall 

Pd catalysis of coupling reactions involved with organic halides. In addition, selective Pd(0) 

OA in the presence of two or more organic halides will usually determine the chemo-

selectivity in many Pd catalyzed domino/one-pot reactions17-24 resulting into complex 

functional molecules in an efficient manner.  

Scheme 1. Pd(0) Oxidative addition to organic halides. 
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  Due to the essential role of OA for the rational design and development of the Pd 

catalysis as well as the curiosity-driven theoretical interest, extensive mechanistic 

work8,9,14,25-29 has been done in the past five decades in organometallic catalysis. As one 

of the key factors influencing the OA process, the steric and electronic nature of the 

ligands was the most studied. Active Pd(0) species generated from in situ reduction from 

Pd2+ by the present ligand and  water30-31, or from ligand dissociation/association of bench 

stable Pd(0) complexes9,14,25,26,33-36, was well established recently (Scheme 2). The key 

concepts of electron count and coordinative unsaturation are fundamental in 

mechanism-based development in organometallic chemistry, and they were frequently 

used in reported ligand design for Pd catalysis.25,26,34 The Tolman electronic parameters 

(TEL) 26,37 and Tolman cone angle34,38,39 have been used widely as quantitative descriptors 

for the electronic donor capability and the bulkiness of new ligands, in the following 

pursuit of highly efficient catalysts under mild conditions since the pioneering reports by 

Hartwig40 and Buchwald41. Very recently, “minimum percent buried volume” [%Vbur (min)] 
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developed by Sigman and Doyle38 was demonstrated to be a distinctive ligand steric 

descriptor for prediction of active, inactive, mono- and bis-ligating phosphines before 

synthesis. The molecular electrostatic potential at the metal center VPd and at the ligand 

center Vmin, was reported by Suresh42 as good parameters to characterize the electron-

rich/-poor character of the ligands and complexes, providing another quantitative 

measure of the reactivity of the catalyst. An important advancement was recently from 

Paci/Leitch43, in which they developed a quantitative structure–reactivity model for 

reaction reactivity prediction, focusing on fundamental mechanistic steps in catalytic 

mechanisms. The model used a combinative calculation of free energies of activation 

(ΔG‡
OA) by integrating of average molecular electrostatic potentials as electronic 

descriptors for specific atoms in the substrate, A-values as steric descriptors, and the 

intrinsic bond strength index as a bond energy descriptor. Despite all the progress that 

has been achieved toward quantitative predictions, other species like solvent molecules, 

salt additives, nitrogen-containing compounds, olefin et.al, which are normally present in 

real-life catalytic conditions, make the rational design and optimising of catalysts a still 

challenging task25,26.  A single parameter-based rational design of Pd-catalyzed coupling 

reactions fully integrating all important factors in a quantitative manner remains elusive, 

and is currently highly desirable in order to minimize the resource-intensive experimental 

developments and optimizations for almost all new catalytic systems.  

Scheme 2. The current mechanistic studies and the stages based-rational design of Pd(0) 

oxidative addition to aryl halides. 
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  The reactivity acceleration of halide additives in transition metal catalysis44 is well-

known. A theoretic mechanism study by Amatore/Jutand45 and a later experimental 

mechanism study by Hartwig46 have provided strong evidence on the role of 

tricoordinated anionic complexes Pd(0)L2Cl- and Pd(0)L2(OAc)- or the dimer general 

structure [Pd(Ar)Br2]2
2- as the effective catalysts instead of the usually postulated Pd(0)L2 

complex in Heck coupling reactions. However, the molecular mechanism of these anionic 

species counterintuitively interacting with the same electronegative halide atom of 

organic halides and resulting into OA, is still missing26,47.  

  On the other hand, the halogen bonding knowledge (Scheme 3B)48 was relatively well 

established in the past decades due to its broad applications in different fields including 

crystal engineering49, drug design50, biomolecular recognition/biochemistry51, 
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organocatalysis52. Though organic halides or/and transition metal halides were frequently 

involved in many studies48-52, surprisingly, the halogen bonding knowledge was rarely 

brought into the mechanistic studies in Pd(0) OA of organic halides to our best knowledge. 

We speculate two possible reasons (Scheme 2 and Scheme 3): 1) Pd(0)-X (ArX) interaction 

is very weak and unstable in nature since organic halides are very weak bases53, and it is 

challenging to be measured technically; 2) Pd(0) arene precomplexes were known to be 

extremely shorted-life intermediates in OA, undetectable by NMR spectroscopy under 

standard conditions54-57. In fact, currently there is no known experimental technique for 

directly detecting Pd(0)-X (RX) interaction in Pd catalytic systems58, even though the 

Pd(0)-X interaction is a must for the widely proposed 3-centered concerted mechanism 

(Scheme 3A)16,59-61 for Pd(0) OA to RX.  

Scheme 3. The dual roles of Pd(0) in 3-centered concerted transition state and the feature 

of the halogen bonding. 
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We ask two key foundamental questions:
1. Does the Pd(0) in bonding have a halogen character
like iodine cation?
2. What's the nature of Pd-X interaction?  

  It is widely known that it is dangerous to solely depend on isolated intermediates for 

both identifying active catalyst species and proposing a catalytic cycle in mechanistic 

study of catalysis. It is particularly true for the typically more reactive organometallic 

catalysis due to the complex nature, like the tenet from Halpern, “a preeminent scholar 

and father of modern organometallic chemistry and homogeneous catalysis”62, “if you 

can identify a compound from a catalytic system, it is probably not the catalyst”62.  In 

order to fill the gap between formation of Pd(0)(organic halide) neutral complexes and 

the final Pd(II) aryl complexes in fundamental understanding of Pd(0) OA to organic 

halides, an integrated study on the nature of Pd(0)-halide interactions would be carried 

out in this work in an interdisciplinary manner, mimicking the desired data-driven 

methods25 but picking up literatures manually. We also asked another fundamental 

question: does Pd(0) in bonding have a halogen character like an iodine cation?  In our 

following study, “atom in molecule” concept63,64 would be adopted generally and we will 

present evidences that Pd(0) metal in coordination could be seen as iodine cation (I+) with 

the similar characteristic of anisotropically distributed electron density across the 

polarized atom, just like the halide atom in organic halide (Scheme 3)48-52. With a new 
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concept of the existence of both the positive molecule electrostatic potential and the 

negative one in different surfaces of a Pd atom, the known halide identity effect65, the 

salt additives effect47,66,67 and the solvent effect67 may also be better explainable and 

potentially included in consideration in a quantitative manner, improving understanding 

of real-life catalytic systems.  

   After achieving systematical understanding of Pd(0) OA to organic halides, other aims 

are to to demystify the known super reactivity of the ligand-controlled Pd catalysis with 

inactive aryl chlorides, and to discover the molecular mechanism for the salt additive 

effect, ultimately to introduce a proof-of-concept of molecular electrostatic potential at 

Pd/halide surface-based rational design of OA in real-life Pd catalytic systems. 

Results and discussion 

  The mechanisms of Pd(0) OA to organic halides are generally well established under 

controlled conditions and three main mechanisms were summarized in the very recent 

comprehensive review25 on Pd(0) OA: 1) SN2-like mechanism through a backside approach; 

2) 3-centered concerted mechanism involving a side attack to the carbon center (C-X 

bond); 3) a radical process. The first two mechanisms are both important for Pd(0) OA to 

alkyl halides (Scheme 4)26,56,61, meanwhile the second 3-centered concerted mechanism 

is found to be the most favorable one for Pd(0) OA to aryl halides(Scheme 2)59-61,69. From 

a mechanistic view, a close Pd(0)-X (ArX) interaction could enable the Pd(0) center 

accepting an electron pair from the halide atom, and subsequently it would enhance Pd(0) 

sharing an electron pair with a π–antibonding molecular orbital, transferring negative 

charge from the halide to the ring and eventually stabilizing the 3-centered transition 

state(Scheme 3A).59-60,69 Lack of Pd(0)-X (ArX) interaction would lead to either an 

alternative SN2-like mechanism, or no OA at all.  

Scheme 4. SN2-like mechanism and 3-centered concerted mechanism initially proposed 

by Bickelhaupt61 for Pd(0) oxidative addition to CH3Cl. 
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  In the initial proposed 3-centered transition state, Pd(0) has both characteristics of 

electron donor (Pd-C) and electron acceptor (Pd-I) in the overall electron density change 

with directionality (Scheme 3A).59,60 Expanded literatures’ research indicated that Pd(II) 

centers with ligands as nucleophiles are not uncommon in crystal engineering.70-73 Such 
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double characters are very similar to those of halogen atoms in halogen bonding (XB) 

(Scheme 3B); the halogen atoms can interact attractively with negative sites (nucleophiles) 

along the extensions of their bonds (σ-hole position74) and with positive sites 

(electrophiles) in lateral (“side-on”) directions, because of simultaneous presence of both 

positive and negative regions quantified with surface molecule electrostatic potential as 

an indicator75,76. The bonding similarity intrigues us to further explore both atoms’ (Pd, I) 

sizes, electronegativity and chemical properties, and their similarity. 

The “super iodine” (I+) character of Pd(0) 

  This comparison data77 shows that the atomic radius (empirical) of palladium (1.40 Ǻ) 

and that of iodine (1.40 Ǻ) is exactly same. And the covalent radius of both atoms (atom 

in molecule), which is more relevant in this study, is also very similar (1.20 Ǻ for Pd in the 

single bond with a coordination number of 3, and 1.33 Ǻ for iodine in a single bond with 

a coordination number of 1). Van der Waals radius of an atom, which is useful for 

evaluation of an effective non-covalent interaction between the two atoms, is also very 

close (Pd: 2.15 Ǻ; I: 2.04 Ǻ). A relatively higher Pauling electronegativity (2.66 Pauling units) 

of iodine atom than that of Pd atom (2.20 Pauling units) is consistent with the electron 

density shift from iodine atom to the more electrophilic Pd(0) atom proposed in the 3-

centered concerted transition state59,60.  

Table 1. The atom sizes and electronegativity of Pd and I.77 

 Atomic radius 
(empirical) 

Covalent radius 
(single bond) 

Van der 
Waals 
radius 

Pauling 
electronegativity 
(Pauling units) 

Palladium 1.40 Ǻ 1.20 Ǻ (coordination 
number: 3) 

2.15 Ǻ 2.20 

Iodine 1.40 Ǻ 1.33 Ǻ (coordination 
number: 1) 

2.04 Ǻ 2.66 

 

  Two common bonding modes of [D···X+···D] (or in frameworks of [D···X···D]+)78,79 and 

[D-···X+···D-] (or in frameworks of [D···X···D]-)80,81 with an iodine cation (I+) at the center 

were  common in Cambridge Structural Database (CSD) searches or literatures. The 

bonding is linear and symmetrical in both modes with neutral electron donors or anionic 

electron donors. And it is well known that Pd(0) also favors such two types of bonding 

modes in a trans position with either neutral electron donors or anionic electron 

donors.25,26,45,46,48 In addition, bifurcated XBs of an iodine center with two oxygen, two 

nitrogen, or one oxygen and one nitrogen were all known in literatures82. Such bifurcated 

XBs are very similar to Pd(0) with bidentate oxygen/nitrogen ligands in structure8,33,35.  

  On the other hand, surface electrostatic potential (SEP) indicating simultaneous 

presence of both positive and negative regions at the iodine (R-I, R = electron withdrawing 
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group) V(r), is created at any point r in the space of a molecule by its nuclei and electrons, 

given by a known Equation75,76. The electrostatic potential is a real physical property, and 

observable. It can be determined experimentally by diffraction techniques83 as well as 

computationally75,76. The used computation methods were mostly based on molecular 

orbital theory43,75,76, which is quantum mechanics modelling.  Because “it is the atom and 

its properties that are defined by quantum mechanics”84, we here concluded that Pd(0) 

atom in the 3-centered transition state should also have more than two surfaces (rather 

than be a sphere) depending on coordinated ligands, and at which there is simultaneous 

presence of both positive and negative regions based on the “atom in molecules” theory84. 

Specifically, the Pd(0) atom is an equivalence of iodine cation (I+) in halogen bonding, 

however it is a neutral “super iodine” with a balance of nucleophilicity and electrophilicity. 

This fundamental understanding of this new type of σ-hole interactions is essential to 

identify the “σ-hole” positions in a typical Pd(0)-containing 3-centered transition state as 

well as general frameworks of Pd(0)Xn (X = I, Br, Cl); in other words, the “σ-hole” positions 

would be at the metal Pd(0) sides, the extension of X-Pd bond, similar to those in 

pnictogen bond (Scheme 5A,B)85,86. Our new understanding could provide a theoretical 

support “in its greatest simplicity (a saying from J. W. Gibbs)”87 for the well-known “trans 

effect” (another name is “push-pull interaction”) in transition metal complexes (Pd, Pt, Ir 

et.al)88; and it is also consistent with an experimental fact that there is no σ-hole at the 

extension of M-X bonds in crystal engineering89,90 and gold catalsis91. Regarding the 

nature of X-Pd bond, there is a significant charge transfer character along with the 

electrostatic interaction, similar with the strong [I--I+-I-]- bond48,52,81. 

Scheme 5. The anisotropical distribution of electron density in Pd atom in bonding and 

the trivalent pnictogens (the oval in A/C is an illusion, not a real shape of Pd in bonding). 
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  In fact, the simultaneous presence of both positive and negative regions at different 

surfaces of Pd was clearly visible in the computed HOMO structure of dimeric Pd(0)2L2ClLi 
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complex, by Perrin/Payard47. The “super iodine” nature of Pd(0) could also be evidenced 

indirectly by the high similarity of Pd(0)/Pd(II) catalysis with I(I)/I(III) catalysis92 (in which, 

Pd(II) is an equivalence of I(III)), which is out of scope of this work. 

  A key difference of X-Pd-Y bonding with the XB with a charge transfer character (RX···Y) 

is that the electrostatic potential of “side-on” (the belt) position of Pd atom could be the 

negative as the XB, or be positive, depending the type of ligand Y (Scheme 5C). The 

concurrent π backdonation from Pd atom should also be included into consideration. This 

point is crucial for the below discussion.  

Pd(0)-alkene interactions in Pd(0)(organic halide) precomplex 

  After uncovering the “super iodine” nature of Pd(0) in the 3-centered concerted 

transition state in OA, we next move to investigate Pd(0)-alkene interaction in 

Pd(0)(organic halide) precomplex 1 (Scheme 6). For organic halides (RX) with saturated 

alkyl groups (R), there would be no alkene functional group for coordinating with Pd(0). 

And Pd(0)-halide interaction instead would be the dominant force in the precomplex61, 

which would be discussed in later section. For alkene-containing alkyl halides (RX), an 

adduct where the Pd(0) is ligated to the C=C bond of RX as in a neutral framework of Pd(0) 

(ƞ2-RX)(L)n complex, is generally believed to form33,35,56,57 reversibly before the 

intramolecular OA, though none of the neutral complexes was successful to be 

characterized by spectroscopy due to their too short half-life time. And the complexation 

step of the Pd(0) by the alkyl halide with a C=C bond was found to be much faster than 

the oxidative addition/ionization step56,57. A general trend is that the more electron-

deficient the alkene, the more stable the formed neutral Pd(0) (ƞ2-RX)(L)n would 

be33,35,56,57 This trend is consistent with the trend of σ-hole interaction (or the “push pull 

effect”) of X-Pd···(ƞ2–alkene) bond uncovered in the previous section in this work. 

Scheme 6. The generally agreeable Pd(0)(organic halide) precomplex 1 via Pd-alkene 

interaction. 
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  The olefin effect is relatively well understood33,35,57,93,94. “It is generally accepted that 

coordination of an olefin results in the removal of electron density from the metal center 

concurrent π backdonation occurs from an occupied metal d orbital to the lowest 

unoccupied molecular orbital (LUMO) of the olefin, the vacant π* orbital.”94 Based on this 
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general understanding and the uncovered “super iodine” nature of Pd(0), we speculate 

that a new Pd surface with the positive SEP VSPd(max) would be created upon Pd(0)-alkene 

coordination, favoring the subsequent intramolecular Pd(0)-halide interaction generating 

the 3-centered concerted transition state (Scheme 6).  

  Similar with Pd(0) OA to alkene-containing alkyl halides, the Pd(0)-arene interaction was 

also rarely obsereved directly; and the proposed neutral complex Pd(0)(ƞ2-ArX) has never 

been characterized by spectroscopy in our searches, though such ƞ2-arene complex had 

been used in theoretic study with density  functional theory95. Very recently, a linear 

complex (Ad3P)Pd(0) (ƞ2-C33,C46-phenanthrene) was isolated by Carrow96 as a crystal by 

mixing (Ad3P)Pd(0) complex with the phenanthrene, which is the only intermolecular ƞ2-

arene complex (without a halide functional group) with a full spectroscopy 

characterization so far, to our best knowledge (Scheme 6). The partial removal of electron 

density from the metal center via ƞ2-arene complex is important for Pd(0) OA to aryl 

halides in creating a surface with a positive SEP VSPd(max), when a very strong electron-

rich ligand is employed in the OA systems. 

  In general, a reversible/slipped ƞ2-arene complex with a very short life is suitable for 

describing the neutral framework of Pd(0) (ƞ2-RX)(L)n intermediates in OA. Pd(0) species 

with electron-rich ligands or anionic Pd(0) species are favorable in forming the neutral 

complex intermediates. 

Pd-halide (RX) interaction and a new halogen ion transfer mechanism 

  Pd-halide (RX) interaction plays an essential role in facilitating the last oxidative insertion 

of the C-X bond in the overall Pd(0) OA to organic halides via a 3-centered concerted 

mechanism (Scheme 2, Scheme 3, Scheme 4C)16,59-61, and it has been well recognized as 

we discussed in the early section. Meanwhile, without Pd-halide (RX) interaction in Pd(0) 

OA to organic halides, both a frontside SN2-like mechanism with a bare metal and a 

backside SN2-like mechanism in the presence of chloride anions (Scheme 4C) was proved 

to be feasible depending on condition by Bickelhaupt61 computed with density functional 

theory. Because the frontside SN2-like mechanism was rarely found and proposed in Pd 

catalysis25,26, unlike the common backside SN2-like mechanism, here we will not further 

discuss this possibility in this work. Theoretically, a Pd(0) interaction with either the “side-

on” or the “σ-hole” position of the halide atom, would largely determine the OA 

mechanisms in the catalytic systems (Scheme 7A). For alkyl halides with an electron-poor 

alkene group or aryl halides, the electron density removal effect from the electron-rich 

Pd(0) center toward a more stable precomplex could be sizable and non-negligible. On 

the contrary, for alkyl halides without an alkene group for favorably coordinating with the 

Pd(0) center or with an electron-rich alkene group, the electronic nature of ligands likely 

would be essential in favoring either type of the coordination in the precomplex stage.  
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  Report of OA mechanism with Pd(0) species at the “σ-hole position” of ArX remained 

blank until a cooperative mechanism involving two Pd(0) centers in the oxidative addition 

of iodoarenes in the presence of imidazole ligands appeared in 2018 proposed by 

Perego/Ciofini/Grimaud (Scheme 7B)97. In the novel mechanism, both Pd(0)-iodine 

interaction at the “side-on” position of iodine and the Pd(0)-iodine interaction at “σ-hole 

position” of C-I bond co-existed cooperatively, creating a “super palladium” with both an 

excellent nucleophilicity and an excellent electrophilicity at the two different Pd centers.   

Scheme 7. Pd-halide interaction directed Pd(0)(RX) precompex formation and the 

subsequent oxidative addition, as well as the known halogen bonding transition state 8. 

A.  Pd(RX) precomplex directed oxidative addition mechanism

B. 3-Centered concerted Pd(0) dimer transition state 8

R
X

[Pd]

RX(R = Saturated alkyl)

RX
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[Pd(0)]

[Pd(0)]

"Side-on" 
coordination

σ-hole 
coordination

Precomplex 4

Precomplex 5

RX [Pd][Pd]

Transition state 6

Concerted

SN2-like

Transition state 7

RPd(II)X

R

I
[Pd(0)]

[Pd(0)] R = EDG or weak EWG

[Pd(0)] = Pd(0)(Imidazole)2

Perego/Ciofini/Grimaud Ref. 97  

   A Pd-halide (alkylX) interaction is not involved in the common SN2-like mechanism16 via 

a backside attack to the carbon atom (C-X bond) (Scheme 4B) if a Pd(AlkylX) precomplex 

could not form in a fast manner. However, if R is an alkyl group with a less bulky electron-

withdrawing group, it would not be surprising to see that a nucleophilic Pd atom could 

occupy at the extension of a C-X bond (σ-hole position) based on the XB knowledge48,74-

76. As shown in Scheme 7A, XB formation would likely result into elongation of the C-X 

bond, assisting the backside attack to the carbon atom by another Pd(0) species. In this 

modified mechanism Pd-halide (RX) interaction plays an additive or a catalytic activation 

role in accelerating the halide leaving, rather than a decisive role. And the formation of 

this σ-hole interaction could be much faster if a “side-on” Pd-halide interaction is not 

favored in the presence of strong electron-rich ligands, due to the lack of relatively 

positive SEP.   

  When alkyl halides with a strong electron-withdrawing group at α-quaternary carbon are 

used for oxidative addition by Pd(0) species, a new halogen ion transfer OA mechanism 

could be very feasible in case the bulkiness resulted in hindrance following a common 

SN2-like mechanism or a 3-centered concerted mechanism (Scheme 8A). In this new 

mechanism, the Pd(0) species approaches and occupies the σ-hole position by offering an 

electron pair to share with the halogen atom, and a halogen bonding with a common 

bonding mode of [Pd(0) ···X+···R-] forms in a linear manner. Then a formation of Pd(0)X+ 

intermediate is quite likely before a charge transfer in generating Pd(II)X and a free R-; 

subsequently the free R- would be captured by Pd(II)X, eventually giving the OA product 

RPd(II)X complex. The overall OA process is similar to Pd(0) OA (SN2-like) to allylic 
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acetate56,57, however, the oxidative insertion targets at the “X+”, rather than allylic cation 

in the latter process. Another key difference is in the stereochemistry of the α-quaternary 

carbon in the OA product. An overall retention of stereochemistry would be expected by 

following the new halogen ion transfer OA mechanism (Scheme 8A); on the other hand, 

an overall reverse of stereochemistry at the carbon center was observed by following a 

SN2-like mechanism via an anti-attack to the allylic carbon57. This mechanism is not yet 

known25,26, to our best of knowledge, probably because such highly bulky organic halides 

were rarely explored in Pd catalysis development or mechanistic studies. A literature 

study (Scheme 8B) showed such halogen ion transfer mechanisms were already used for 

catalytic organic synthesis even in the absence of transition metal.98 The known chemistry 

under relatively mild conditions indicates that the activation barriers for our proposed 

new OA mechanism would be low and it could be dominant in OA of specific organic 

halides, though the new OA mechanism is currently a theoretical speculation. It is worthy 

to mention that the charge transfer might play a much bigger role in the proposed 

halogen bonding intermediate [Pd(0)···X+···R-], along with the electrostatic interaction. In 

fact, this intermediate structure is more like the “inner complex” [BX]+ R- with significant 

charge redistribution, proposed by Mulliken in 195048,99. The significant charge transfer 

nature in these complexes was also confirmed by a very recent detailed Valence Bond-

Spin Coupled analysis of a series of halogenated molecules for the physical origin of 

halogen bonding100. The results showed the negative belt around the halogen atom 

(“side-on” position) usually observed when bonded to electron-withdrawing groups of 

medium strength, could disappear if bonded to a strong electron-withdrawing group like 

CN (like NCBr), prohibiting the “side-on” Pd-X interaction and the subsequent 3-centered 

concerted pathway. 

Scheme 8. A theoretical new halogen ion transfer mechanism for oxidative addition and 

the known mechanism in organic synthesis. 
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  The essential role of Pd(0)-halide interaction in OA of aryl halides or alkene/alkenyl 

halides via a 3-centered concerted mechanism and the technical difficulty in 

characterization of the interaction as we discussed in the previous sections, intrigues us 

to explore the similar but well characterized Pd-halide interactions in crystal engineering 

and other metal-halide interactions in organometallic chemistry, in order to get new 

insights of the nature of Pd(0)-halide (organic halides) interaction. Only Pd-halide 

interactions with the Pd-X-C angel at or close to 90o (70-110o) in the crystal characterized 

by X-ray would be counted since only such orthogonal interactions could be able to 

facilitate the 3-centered transition state for a concerted OA. An important early review 

by Crabtree53 on coordination chemistry of halocarbons indicated that positively charged 

transition metals (like Pd, Ir) could form weak complexes with halocarbons involving 

secondary bonding with the M-X-R angle in the complex close to 90°, rather than true 

coordination complexes (Scheme 9). A very relevant study by Crabtree/Holt53,101 suggests 

that the positive charge on the Ir+ species (cod)Ir(Ph2PC6H4-o-X)]+ 15A,B prevents 

oxidative addition of C-X bond,  addition of hydride anion induces rapid oxidative addition, 

following a 3-centered concerted mechanism (the mechanism was proposed as a direct 

migration of aryl group for the halogen atom to the metal in the literature101). This rare 

result provides a good direct evidence on the essential role of the metal-halide interaction 

as well as the importance of zero-valent transition metal as a reductant in the OA to C-X 

bond.  

Scheme 9. Transition metal (Ir, Mo, Pd) complexes (characterized by X-ray analysis) with 

organic halides involving secondary Pd-X bonding. 
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  A very rare stable zero-valent transition metal complex Mo(CO)3(C9H9Br) 17 with a Mo-

Br bond was characterized (Scheme 9)53,102, probably due to the stabilization effect from 

the three CO ligands significantly decreasing the nucleophilicity of Mo atom at any surface. 

Pd(0) complex with Pd-X bond is not found in our searches, but positive charged Pd(II) 

complexes like complex 18 were common53. Very recently, a Pd(II)-Br bond with the M-X-
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C angle of 91.9° in the similar strained complex 19 was also characterized by X-ray 

crystallography by Dong103. In all three complexes, the length of M-X bond is within the 

range of a normal coordination bond. However, a “semicoordination” of Pd(II)-Cl 

interaction104 (Ar-Cl) with the M-X-C angle of 78° was found in the crystal of  isocyanide 

complex cis-[PdCl2(CNC6H4Cl)2] 20 and the length of Pd-Cl bond is significantly longer 

(3.645 – 3.745 Ǻ).  

  In another work, a stable and well-characterized Rh(I)-I interaction105-107 with the M-X-C 

angle in several complexes close to 90°, was found in halogen-bond assembled 

supramolecular catalyst XBphos-Rh and its analogs (Scheme 10). Similar with the Ir+ 

species53,101, the positive charge on Rh center proved to be essential to stabilize the metal-

I bond (RX). The use of an electron-rich Rh(I) complex instead of the electron-poor one as 

raw material, gave oxidative addition product IRh(III)RL1L2 complex 23, and an unstable 

Rh(I) complex 22 with a similar halogen bonding along with a metal-organic halide bond 

that is believed to be the intermediate or the transition state before OA. An interesting 

fact is that a metal-P(Ph2)Ar bond is the primary interaction in both Rh(I) complexes 21, 

22 and Ir(I) complexes 15A,B, not the Pd-alkene interaction in normal ƞ2-arene complexes. 

The smooth oxidative insertion of Ir/Rh to C-X bond by direct reduction with a hydride or 

by direct use of a Rh(I) with an electron-rich ligand, provides strong evidences for a new 

insight that formation of Pd(0)-X interaction is likely the rate-determining step (RDS) from 

the active Pd(0) species approaching an organic halide (precomplex stage) to the OA 

product formation. And the subsequent Pd(0)-C (C-X) interaction step forming the 3-

centered concerted transition state and the subsequent oxidative insertion by Pd(0) is very 

fast. This new insight is compatible with the early mechanistic studies59-61 and the recent 

studies29,108 on the 3-centered concerted mechanism and the halogen effect in reactivity 

order (ArI > ArBr > ArCl).  

Scheme 10. The halogen-bond assembled supramolecular Rh(I) complexes 21, 22. 
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  The surface potential at the belt of a halogen atom (X) in an organic halide (CF3X) are 

very different depending on the identity of the halide (X = Cl, Br, I) based on the computed 

data (Table 2) by Politzer75,76 and Clark74. The most negative potential was observed when 

X is I (between 0.00045 to -0.00270 Hartrees); meanwhile, the least negative potential 
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was observed when X is Cl (between 0.00360 to 0.00045 Hartrees). The halogen 

depending negative surface potential at the coordination position of organic halides and 

the RDS role of Pd(0)-X interaction, along with the polarization difference (Hartwig had 

pointed out the polarization as a major cause65) could better explain the obvious halide 

identity effect observed by Hartwig65. The chloroarenes has a much higher potential value 

(poor electronegativity) at the “side-on” position of Cl atom, which needs a higher 

positive value at the surface of Pd(0) created by a lower-coordination of phosphine 

ligands or a higher-coordination of electron-deficient olefin (or arene). The combination 

of both insights could also result into a conclusion that the ligand 

dissociation/association9,25,26,32,34-36,65, the olefin dissociation/association25,26,33,57,93,94,109 

and the amine dissociation/association108 (in the Buchwald-Hartwig coupling reactions) 

are all driven by creating a coordination accessible surface of Pd(0) atom with a suitable 

positive potential toward the formation of the essential Pd(0)-X interaction. And the 

formation of the Pd(0)-X interaction is an exit toward OA from the reversible Pd(0)-arene 

interaction. 

Table 2. The most negative molecular electrostatic potential on the “side-on” (“Belt”) 

position of halogen, in Hartrees, at the 0.001 electrons Bohr-3 isodensity surface of CF3X 

(X = I, Br, Cl)74. 

 I (CF3I) Br (CF3Br) Cl (CF3Cl) 

VSX(min) (range, X 10-3) 0.45 ~ -2.70 0.45 ~ -2.70 3.60 ~ 0.45  
 

  Generally speaking, our new insights pave a way for future rational design focusing on 

Pd(0)-X interaction, an alternative for the current prevailing Tolman electronic 

parameter110-based rational design. The detail of the overall framework for a rational 

design will be discussed in later section. And we are clearly aware that the threshold 

difference could be large for different haloarenes in the coordination of the accessible 

surface of Pd(0) atom (with a suitable positive potential VSPd(max)) with the “side-on” 

surface of the halogen (with the negative potential VSX(min)), due to the polarization 

capability difference. For iodoarenes and bromoarenes, there is evidence111 that 

visualization of the polarization could occur in distances greater than 1.2 times than Van 

der Waals radii. And this might partially explain the observed higher reactivity of 

iodo/bromoarenes in Pd(0) OA following a 3-centered concerted mechanism59,60. 

The XB mechanism for the salt acceleration effect 

  As described in the introduction section the molecular mechanism for the reactivity 

acceleration by the halide additives has not been established26,44,47. Very recently, Perrin 

and Payard47 pointed out that stabilization of the di-ligated Pd(0) intermediate was the 

first reason of the salt effect on the OA to Pd(0), and a transition state including the 

cations and anions (LiCl or NH4Cl salt) was proposed based on a computation. However, 
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the linear XB interaction (or the σ-hole interaction)48,49 was not included in the transition 

state. 

  Inspired by the recent successful organocatalysis developments through XB52,112, and the 

activation of gold precatalysts via XB with the anion91,113,114, we here propose a XB 

mechanism for explaining the salt acceleration effect in the OA to Pd(0) in a general 

manner (Scheme 11). In the proposed intermediate 25, a free halide anion prefers to 

occupy the “σ-hole” position of an aryl halide in a linear manner according to the previous 

observance of such interaction in XB between PtX2 and CHI3 by Kukushkin73, and the metal 

involved halogen bonding by Brammer90. On the other hand, a free cation like a proton 

or quaternary amine cation, could stabilize the XB via an orthogonal binary bonding with 

both the halide anion and the halogen atom in organic halide. Such polarization enhanced 

XB was extensively investigated by Berryman/Ho in the recent review51. The further 

interaction of the intermediate with Pd(0) species would also likely be in the binary 

manner as shown in Scheme 11, such binary interaction would likely increase the chance 

for formation of Pd(0)-X (ArX) bond and eventually promote the 3-centered concerted 

mechanism, because the early review53 on the coordination chemistry of Pd and 

halocarbons indicated that a secondary bonding would favor Pd(0)-X bonding. In addition, 

the XB formation would also result into elongation of the C-X bond further lowering the 

oxidative insertion energy barrier by Pd(0). It should be noted that the XB accelerated OA 

was proposed as the major cause in a brief manner by Vidal-Ferran in electron-rich Rh(I) 

oxidative insertion of Ar-I bond in complex 22 (Scheme 10) even at 25oC, since the OA of 

the ortho-iodoarylphosphine (2-IC6F4PPh2) by Rh(I) without XB could only occur at high 

temperatures or under UV/Vis radiation.106 

Scheme 11. The known salt-enhanced transition state 24 and the general halogen bonding 

mechanism for salt promotion effect proposed in this work. 
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  With this molecular mechanism in hand, the remarkable promotion effect of those active 

anionic species Pd(0)L2Cl-, Pd(0)L2(OAc)- and [Pd(Ar)Br2]2
2- in Heck coupling reactions 

reported by Amatore/Jutand45 and Hartwig46, respectively, are now better explainable 
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(Scheme 11). The halogen anion Cl-, OAc-, or Br- would occupy the “σ-hole” position of an 

aryl halide in a linear manner as a nucleophile, meanwhile maintaining the halide anion-

Pd interaction. The negative charge on the anion would significantly enhance the negative 

potential on the “side-on” position of X atom (organic halide), favoring the Pd(0)-X (RX) 

interaction in a binary manner, as described in the proposed intermediates 25, 26. 

Moreover, the very early report of LiCl promotion effect in Pd(Ph3P)2 OA to phI by 

Negishi66 is also very explainable with the proposed common intermediates 25-27.  

  The XB mechanism could not only explain the efficiency of tetraalkylammonium salts in 

Heck type reactions reported by Jeffery67 in a general manner, but also could explain the 

surprising high efficiency of the hydrogen sulfate anion. Like a halide anion, the hydrogen 

sulfate anion (oxygen anion) could also act as an XB acceptor (nucleophile) in the absence 

of water; however, the presence of water would favor strong hydration of sulfate115,116, 

and water may likely act as an acceptor instead forming a much weaker XB bond117. The 

good tolerance of Cl- to water is likely due to its relatively low hydration capability118, still 

preferring to be involved in the linear XB. Alkali metal salts like LiCl, KCl proved to be 

inactive in reactivity promotion in Heck coupling reactions in Jeffery’s optimization, 

probably due to the very low concentration of “free Cl-” in the organic phase of the 

reaction system, evidenced by the later additive study by Neufeldt119. Meanwhile the 

coexistence of organic Li (n-BuLi) in Negishi66 could lead to a complexation with LiCl 

improving the “free Cl-” in organic solvent. The remarkable salt effect of KI in promotion 

of Catellani Reaction by Ca120 is also hypothesized to be associated with the improved 

solubility of “free I-” resulted by the high temperature (120oC) and the XB with toluene 

solvent molecules. 

  Importantly, the sizable salt effect could be able to be included in physical measurement 

or a computation of surface molecular electrostatic potential (VSPd(max) and the negative 

potential VSX(min) at the “side-on” surface of the halogen) by the proposed intermediate 

with our new XB mechanism (Scheme 11).  

Solvent effect 

  The solvent effect on Pd(0) OA to organic halides is complex and is usually difficult to be 

predicted. The role of solvents had been hypothesized to relate to their polarity121,122. 

However, the recent studies by Neufeldt68,119 revealed a more complicated mechanistic 

picture and a solvent coordination to Pd was found to be more reasonable in Pd/PtBu3-

catalyzed Suzuki-Miyama coupling reactions, supported by strong experimental evidence. 

In fact, solvent molecule coordination to Pd center had been proposed in several early 

studies16,57, which could switch the reaction mechanism from a 3-centered concerted 

mechanism to a SN2-like mechanism. On the other hand, depending on the reaction 

system, solvent polarity was also proved to be insensitive to the OA by Pd(0) in many 

studies12,32. An advanced understanding on the solvent effect is still in great need, in order 
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to put the solvent effect into consideration in a quantitative manner in the future rational 

design of OA by Pd(0). 

Scheme 12. A rational analysis of the possible pathways for the solvent molecules 

affecting the Pd(0) oxidative addition to organic halides. 
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  By uncovering the “super iodine” nature of Pd(0) and the essential role of Pd(0)-X (RX) 

interaction in the 3-centered concerted mechanism in this work, we could define the 

Pd(0)-X interactions as “I-X” interactions. The solvent effect to XB is clearly insightful to 

understand the solvent effect in OA by Pd(0). Based on the 3-centered concerted 

mechanism and the XB mechanism for additives, we envisage that the solvent molecules 

could affect the OA in three possible pathways (Scheme 12): 1) as an additive to the lone 

pair electrons (or π electrons for aromatic solvents) of a solvent molecule occupying the 

“σ-hole” position of an aryl halide in a linear manner as a weak nucleophile, following the 

XB mechanism for the salts acceleration effect; 2) as a ligand coordinating with the Pd(0) 

center by the lone pair electrons in the solvent molecules as proposed by Neufeldt119 , 

destabilizing or destroying the essential Pd(0)-X interaction; 3) protonation of organic 

halide via a hydrogen bonding as a Lewis acid, the bonding could only be binary after an 

XB forms as we proposed in Scheme 11, because of the rather weak basic nature of the 

halide atom in most of organic halides. For the first possible pathway, the solvent effect 

would be positive more or less, enhancing the Pd(0)-X interaction depending on the 

basicity of the solvent molecule. The existence of another lone pair of electrons enabling 

an addition co-coordination with the Pd(0) center or a proton forming a hydrogen 

bonding with the organic halide (combining with the third pathway), would largely 

enhance the Pd(0)-X interaction as well, as we discussed in “The molecular mechanism 

for additive effect” section. For the second possible pathway, the solvent effect could be 

negligible or very negative, depending on the competitive affinity of the coordination in 

comparison with the Pd(0)-X bonding. The higher affinity for solvent coordinating with 

Pd(0), the more negative effect; in extreme case, the solvent effect could be able to inhibit 

the Pd(0)-X interaction and the subsequent 3-centered concerted pathway. 

Scheme 13. The two halogen bonding complexes of molecule iodine and 

tetramethylurea123 
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  The early studies59,60,69 show that the solvent effect for Pd(0) OA to aryl iodide is small 

and negligible, and a conclusion was drawn that OA following a 3-centered concerted 

pathway would be insensitive to solvent polarity. A recent investigation (Scheme 13) by 

Perutz/Brammer/Hunter123 on the solvent effect on XB between molecule iodine and 

tetramethylurea showed that the associate constant is extremely low (< 1 in most 

commonly used organic solvents). Because of the tetramethylurea containing both 

nitrogen atoms with a lone pair of electrons and an oxygen atom with two lone pairs of 

electrons, the extremely low associate constant could result into a conclusion that the I-

O and I-N interactions are both very weak and could be easily replaced even by the same 

weak (or even weaker, but massive) I-solvent interaction or by a strong I-I interaction. In 

other words, the essential strong Pd(0)-I (equivalent to I+-I) interaction would remain 

intact in either non-polar or polar solvents, ensuring the 3-centered concerted OA by Pd(0) 

unaffected.  

  The observed solvent effect in Pd(0) OA to aryl chloride in the recent studies by Fu121 

and Neufeldt68,119 could be due to the easily distorted nature of the rather weak Pd(0)-Cl 

(ArCl) interaction as we have discussed in the “Pd(0)-X interactions” section. The weak 

Pd(0)-Cl (ArCl) interaction could possibly belong to the “semicoordination” as observed in 

Pd(II)-Cl (Ar-Cl) interaction as reported in literature104 at least in certain cases. The recent 

comprehensive solvents screening DFT calculation, and the Hammett-type plot analysis 

by Neufeldt68,119 proved that the coordination capability to Pd(0) center rather than the 

polarity of the solvent was responsible for switching the OA mechanism and subsequently 

inverting the selectivity. The work68,119 was an advanced understanding of the molecular 

mechanism of solvent effect in a qualitative manner, however, the method to quantify 

such capability for rational design is still missing.  

  Here we would like to discuss the potential of solvent additive effect via an XB molecular 

mechanism and the potential correlation between polar coordinating capability and the 

solvent structure, in order to gain more insights in structure-property based rational 

design.  Based on the solvent structure and its potential to be involving with both XB and 

coordinating with Pd, there are three common types of solvents. 1) Saturated alkane 

solvents like hexane, pentane, etc. These solvents would not be able to form XB or to 

coordinate with the metal center. 2) Aromatic arenes like toluene, and polar solvents with 

two or more lone pairs of electrons like alcohols, ketones, carbonates, nitromethane, 

water, THF, dioxane, and halosolvents. These solvents are generally good XB acceptors 

via the lone pairs or aromatic π clouds, and they could all act as a positive additive to the 

OA, following both the first and the third possible pathway. Their coordinating capability 

(oxygen with Pd center124) is weak/negligible and would not be able to compete with the 

Pd(0)-Cl (ArCl) interaction. 3) Polar solvents with a single electron pair like PhCN, NMP, 

DMF, CH3CN and DMSO, etc (nucleophilicity of oxygen atoms in both DMF and NMP was 

enhanced by the adjacent N lone pair) are better XB acceptors theoretically. They could 

also be able to coordinate with the Pd center as proved by Neufeldt68,119. A key difference 
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of this discussion is the identification of the additive mechanism for elucidation of the 

solvent effect partially and subsequently providing a method for quantifying the effect via 

future measurement or computation of the negative potential VSX(min) at the “side-on” 

surface of the chlorine atom in aryl chloride. Another point that we uncovered is the key 

structure difference (the number of the lone pair electrons) between the polar 

coordinating solvents and the polar non-coordinating solvents, making the solvent 

(particularly for new solvents with unknown property of the nucleophilicity) selection more 

predictive in the future. 

  The water effect (Scheme 14) on the selectivity of Pd/PtBu3-catalyzed Suzuki-Miyama 

coupling reaction of chloroaryl triflate with o-tolylboronic acid discovered by Neufeldt68 

deserves a separate discussion, due to the potential of adding water as a general strategy 

in suppressing the reactivity at the more hydrophilic site. It was found68 that in the 

presence of large amounts of water, the Pd source was not a factor in the selectivity, and 

the coupling reaction occurred exclusively at the chloride site. The molecular mechanism 

for this water-controlled chemo-selectivity is not clear. Based on our recent work on the 

hydration of chloride anion118 and the hydration resulted water organic complexes 

study115,116, a selective hydration of oxygen atoms (OTf) resulted enhanced hydrophilicity 

could account for the selectivity. The reversible coordination of the strong hydrophobic 

active Pd(0) species with the alkene bonds close to the hydrated OTf group would be 

inhibited as shown in the intermediate 35; and subsequently the OA to C-OTf bond could 

be totally suppressed (Scheme 14).   

Scheme 14. The water effect on the selectivity of Pd/PtBu3-catalyzed Suzuki-Miyama 

coupling and the molecule mechanism proposed in this work. 
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Demystifying the efficient Pd(0) OA to inactive aryl chlorides 

  Reactivity of aryl chloride in transition metal-catalyzed cross-coupling reactions is 

generally much lower than that of its aryl bromide/iodide counterpart, mainly due to the 
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C-Cl bond reluctance to oxidative addition by Pd(0)125. Developments of catalytic systems 

with Pd that are able to couple aryl chlorides were major achievements in organometallic 

catalysis in recent decades8,37,55; the pioneering studies with tBu3P as an electron-rich and 

steric bulky ligand were initially reported in 1998 independently by Fu124 and 

Nishiyama/Yamamoto126,127.  Further developments by design of new ligands with similar 

electron-rich and steric bulky feature quickly appeared in literatures5,6,8-10,36,37,54,55,128-133, 

notably like biaryl ligands8-10,55,128,130,133, NHC (N-heterocyclic carbene) ligands8-10,36, ylide-

functionalized ligands37,132 and some of them could even activate aryl chlorides at room 

temperature132,133 or even below zero degree128. Because aryl chlorides are much cheaper 

and available in large volumes worldwide, compared to their bromide/iodide 

counterparts. Their involved Pd-catalyzed coupling reactions are particularly attractive 

and were quickly utilized in the chemical/pharmaceutical industry5,8.   

  Later mechanistic studies suggested that dissociation of Pd precatalysts to the active 

monoligated Pd(0) species8,9,25,26,54 and the subsequent Pd(0) OA to ArCl is the rate-

determining step9,10,36,37. This suggests that further enhancement of OA rate would allow 

for an even faster reaction in the aryl chloride-involved coupling reactions. The likely 

formation of Pd(0)(XPhos)(ArCl) precomplex as a neutral intermediate by Grimand54 and 

a proposed concerted three-centered mechanism supported by the Hammett study of OA 

of ArCl to the XPhosPd(0) complex by Buchwald128, indicates that our current approach 

focusing on Pd(0)-Cl (ArCl) interaction is suitable for further investigation of the mystery 

molecular mechanism in efficient OA of ArCl not limited on the donor ability of the ligand. 

Because the strong electron-richness of the ligand was well known as an essential factor, 

we will not discuss this part separately in following elucidation. 

  We will demystify the observed enhancing activation of ArCl by focusing on three typical 

ligands (Scheme 15): tBu3P, XPhos/RuPhos, YMePCy2; the first two were mostly explored 

in previous mechanistic studies and YMePCy2 is one of the most successful ligands 

developed in the recent five years. Pd(0)-arene interaction was found by DFT 

calculation54,55 with either tBu3P or XPhos as a ligand, and Norrby55 found that the 

reactivity difference with tBu3P as a ligand between electron-deficient and electron-rich 

aryl chlorides was due to the higher ligating ability of the electron-deficient aryl chlorides. 

Norrby’s finding is consistent with our data-driven research results on Pd(0)-arene 

interaction. However, this is likely not the full picture. Our study on Pd(0)-Cl interaction 

suggests that the further enhancement in Pd(0)-Cl (ArCl) interaction via creating a suitable 

Pd surface with positive molecular electrostatic potential is more important in the rate 

increase of the OA step. In addition, a XB would likely form via a free tBu3P occupying the 

σ-hole position of ArCl (Scheme 16A), increasing the potential in generating the essential 

Pd(0)-Cl (ArCl) interaction as we discussed in previous sections. It is well known8-10 that 

the steric bulky nature of the tBu3P ligand would favor a dissociation of Pd(tBu3P)2 to active 

monoligated Pd(0) species, by a release of free tBu3P. The electronic nature of the tBu3P 

ligand would only allow for coordination of weak bases like the chlorine atom in ArCl or 
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solvent molecules like MeCN, but not strong bases like amines, to the Pd(0) surface with 

positive potential and thus assisting the formation of concerted 3-centered transition 

state or SN2-like transition state (recently a concerted SN2-like mechanism for substitution 

of ArX was proved to be not uncommon134). 

Scheme 15. Three Pd-catalyzed coupling reactions involved of ArCl with three different 

ligands (tBu3P, XPhos, YMePCy2) 
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  Such fine tuning phenomena of electronic property at Pd(0) surfaces was clearly 

observed in Pd oxidative addition to iodobenzenes with strong donor ligand imidazole; 

the kinetic data by Perego/Ciofini/Grimaud97 suggested that a 3-centered concerted 

transition state 49 could only form in OA with iodobenzenes with a strong electron-

withdrawing group due to a stronger electronic removal effect (Scheme 16B). Meanwhile, 

an unusual Pd(0) dimer-involved concerted transition state 8 likely forms in OA with a 

weak electron-withdrawing group or an electron-donating group (Scheme 7). It is 

estimated that the much weaker electronic removal effect in the latter case might not be 

able to create a Pd surface with enough positive potential for formation of Pd-X 

interaction in the absence of XB enhancement. 

  For the OA of ArCl by Pd(0) with ylide-functionalized-phosphine ligand YMePCy2 

developed by Gessner37,132, a similar XB mechanism for OA with tBu3P ligand by YMePCy2 

occupying the σ-hole position of ArCl is also quite likely (Scheme 17). A key difference 

with a strong reactivity promotion effect is the potential assistance of the positive charge 

P (in YMePCy2) by bonding with the chlorine atom at the “side-on” position as shown in 

intermediate 50, which could explain the extraordinary efficiency in the amination of ArCl 

even at room temperature. A similar proton assistance to the “side-on” position of the 
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free tBuPCy2 participated XB might also account for the high efficiency in the Suzuki-

Miyaura coupling with water as a solvent by Schaub5, and the proton could come from a 

water molecule via a hydration of a orthogonal NO2 group of ArCl as the water-organic 

complexes we proposed before115.  

Scheme 16. Demystifying the strong ligand (tBu3P) promotion effect in Suzuki coupling 

reported by Fu125. 
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Scheme 17. Binary halogen bonding intermediate 50 and the transition state 51 for 

elucidation of the efficient oxidative addition step enabled by ligand YMePCy2 

(Gessner132). 
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  Except the free bulky and electron-rich phosphines like tBuPCy2, YMePCy2 and tBu3P, other 

donors like alkoxide base (MOtBu), water, sulfate salt and some amines could also 

compete for occupying the σ-hole position as a XB acceptor in facilitating the OA step by 

Pd(0), depending on the specific catalytic system, as we discussed in the XB additive 

mechanism section. And the tBuO- anion as a XB acceptor respectively in the catalytic 

amination systems developed by Hartwig9,135, could possibly explain the observed high 

efficiency following the anionic pathway. Meanwhile, the SO4
2- anion (in form of 

(NH4)2SO4) might also participate in the amination of aryl chlorides again developed by 

Hartwig130, along with the tBuO- anion in the catalytic system. 

  An outer sphere π-ring(from coordinated phosphine ligand)-involved XB is proposed 

(Scheme 18) as a driving force for the activation of C-Cl bond and lowering the barrier in 

forming the 3-centered transition state 54, in the amination of aryl chlorides under the 

very mild condition enabled by the ligand XPhos, RuPhos, or other analogues developed 

by Buchwald128,133. In fact the possibility of the π-ring participation in the intermediate 

https://doi.org/10.26434/chemrxiv-2024-c0xng ORCID: https://orcid.org/0000-0002-4254-6824 Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0

https://doi.org/10.26434/chemrxiv-2024-c0xng
https://orcid.org/0000-0002-4254-6824
https://creativecommons.org/licenses/by-nc/4.0/


23 
 

had been predicted by Buchwald133 evidenced by a control study that the room-

temperature reactions were much less efficient with a ligand 52 without an outer sphere 

π-ring (Scheme 18A). 

Scheme 18. The enzyme-like intramolecular ligand assisted hydrogen bonding 

intermediate 53 and the transition state 54 for oxidative addition of aryl chloride by 

XPhosPd or RuPhosPd. 
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  Though C-X··· π XB is weaker in bonding nature and is less prevalent in biological systems 

according to the statistical analysis of organic halides and XB in Protein Data Bank (PDB)136, 

in comparison with C-X···Y (Y = O, N, S) XB, the “template effect” linked by the coordinated 

biaryl phosphine ligand would likely make the generation of “intramolecular” C-X··· π XB 

more favorable, and more tolerant to other species in the catalytic systems (Scheme 18B). 

This enzyme-like XB activation could be the potential reason why an unactivated aryl 

chloride can undergo oxidative addition to SPhosPd(0)/RuPhosPd(0) at a temperature as 

low as -40 oC128. The dominance of C(Ar)-Cl···Tyr interaction (46.4%) in all the C-X··· π XB 

(total number: 211 in PDB) suggests that electron-rich arenes as a π donor and a XB 

acceptor is clearly more favorable in biological media (Scheme 19). Such XB trends are 

consistent with the results in the experimental study of catalyst screening that the biaryl 

ligands with an electron-rich arene like XPhos ligand and RuPhos ligand could enable more 

efficient amination at room temperature or even lower temperatures (Scheme 15B)128. 

The high ratio of C(Ar)-Cl···O interaction in the general type of C-Cl···Y XB in the PDB also 

acts as evidence for our suggested XB mechanism for oxygen atom-containing additives’ 

(like anions tBuO-  and SO4
2-) accelerated effect in the amination reactions9,130,135.  

  In term of a fact that synthesis of the more electron-rich and steric bulky ligand guided 

by the Tolman electronic parameter for Pd catalysis of aryl chloride37 can be very 

challenging now, an alternative pathway for future rational design of Pd ligands is clearly 

in great need. With the proposed theoretic XB mechanisms in the activation of C-X bond 
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and enhancing the 3-centered concerted pathway in this work, future rational design of 

new ligands by incorporation of aromatic functional group offering π-ring as a XB acceptor, 

or by adding an enable functional group at the geometrically suitable position offering 

proton or Lewis acid assistance in orthogonal bonding, is clearly possible in a qualitative 

manner. And it is desirable since the XB was relatively less explored as an important non-

covalent interaction in design of small-molecule catalysts137. 

Scheme 19. The halogen bonding types involved with aromatic chloride in biological 

system136. 
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  Water and alcohols are obviously solvents of choice in future solvent optimization in Pd 

catalyzed coupling reactions, particularly for Suzuki coupling reaction, not only for a green 

and sustainable process, but also for a better efficiency in favoring the Pd(0) OA of ArCl 

by forming a XB (Scheme 19). Future detection of the proposed XB with those aryl 

chlorides that are inert exposing to oxidative addition by Pd(0) in a specific catalytic 

system, might be possible by NMR technique, according to a recent tutorial review138 

summarizing hydrogen bonding in solution. But it would be impractical to capture 

intermediates for those substrates vulnerable to the Pd(0) OA because the life span of the 

intermediates can be very short. 

The surface electrostatic potential parameter for rational design 

  To control the reaction selectivity when two or more halogen reaction sites are present 

in the complex real-life catalytic systems, it is essential to identify the dominant OA 

pathway. Currently, it is challenging and there is no practical method to predict whether 

the OA by Pd(0) is to follow a 3-centered concerted pathway or a SN2-like pathway, 

although there are some general guidelines based on the nature of ligand (like 

monodentate or bidentate)139. To address this challenge, a surface electrostatic potential 

parameter-based rational design of OA is introduced here as a potential practical method 

in the future. A proof-of-concept, rather than a case study is presented here since the 

expertise in quantum mechanics-based computation and Al is quite necessary for the 

rational design of OA and it is out of our knowledge/technical capability. 

  Pd-X interaction is essential for a 3-centered concerted mechanism of OA as shown in 

Scheme 11 and Scheme 16A. Pd-arene interaction is a very fast and reversible process 

generating the Pd(ArX) neutral complexes initially and not all the neutral complexes have 
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an equal chance to facilitate the essential Pd-X interaction. Only the Pd-arene interaction 

at the two adjacent alkenes (ƞ2-complex) have a good chance to form a binary Pd-X 

interaction, and subsequently a fast switching from a Pd-arene interaction (ƞ2-complex) 

to a Pd-C (C-X) interaction leads to the well-known 3-centered concerted transition state. 

We have demonstrated that the electronic removal from the Pd atom by Pd-arene 

interaction would be crucial in creating a new surface with relatively positive electrostatic 

potential (VSPd(max): the maximum surface potential value on all surfaces of Pd(0)), which 

is likely located close to the organic halide geometrically, facilitating a Pd-X interaction at 

the “side-on” surface of the halogen atom via the electrostatic force and polarization 

(Scheme 20A). The uncovered “super iodine” nature of Pd(0) is essential to understand 

the shape/volume change of Pd(0) in coordination, proposed in the 

intermediates/transition states. By forming XB with the organic halide at the σ-hole 

position, the presence of electron donors like free anions, free ligands, neutral molecules, 

solvent molecules, and π-rings could all have sizable influences on the negative 

electrostatic potential (VSX(min): the minimum surface potential value on the belt 

surfaces)  at the “side-on” surface of the halogen atom, and the bond length of C-X in 

organic halides. We envisage that only when both VSPd(max) and VSX(min) lie within a 

suitable range, a meaningful Pd-X interaction could be able to be generated. And there 

are different thresholds for the two surface potential values for different halogens, due 

to the polarization difference of them. The third surface electrostatic potential value 

(VSPd(min): the most negative electrostatic potential value at the surface of Pd upon Pd-X 

coordination) is for quantifying the nucleophilicity of the Pd in subsequent Pd-C 

interaction within the 3-centered concerted transition state. Both values of VSPd(max), 

VSX(min) are observable physical properties, which could be determined experimentally or 

computationally76. VSPd(min) could only be achieved computationally since the transition 

state 59 upon Pd-X formation is impractical to be captured. A general trend is that the 

lower the negative potential value of VSPd(min), the more favorable for OA of inactive ArCl 

could be expected because of the better nucleophilicity of the eligible Pd surface toward 

the carbon atom (C-X). Meanwhile, the higher the positive potential value of VSPd(max) 

with a better Lewis acidity at Pd surface orthogonal to the halide atom (C-X), and a lower 

negative potential value of VSX(min) at “side-on” position of the halide atom (C-X) with a 

better coordination capability, would also be more favorable for OA of inactive ArCl by 

promotion of Pd-X interaction. However, it should be noted that all three surface 

electrostatic potential values are actually interlinked via the electron density sharing 

between aryl group (ArX) and Pd (Pd-arene interaction) and between aryl group and X. 

For example, decreasing the negative potential value of VSPd(min) to maximize the 

nucleophilicity of the Pd surface, by making the ligand more electron-rich, may possibly 

decrease the Lewis acidity at the Pd surface (a lower VSPd(max)) where it is supposed to 

form an essential Pd-X interaction (ArX) and eventually a lower reactivity of OA is 

observed. A future combination of the traditional quantum mechanics-based 

computation with artificial intelligence (Al) is highly desirable, in order to look for the 
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goldilocks values of VSPd(max), VSX(min) and VSPd(min) toward a systematic rational design 

of OA. 

Scheme 20. The proof-of-concept for rational design of Pd(0) OA to ArX at the precomplex 

stage to the transition state stage in systematic way with three surface electrostatic 

potential values of VSPd(max), VSX(min) and VSPd(min). 
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  An alternative XB pathway to generate the common 3-centered concerted transition 

state without forming the Pd(arene) precomplex via Pd-arene interaction, is theoretically 

also very possible for the anionic palladium species45,46,140 as we proposed in “the XB 

mechanism for salt acceleration effect” section (Scheme 11 and Scheme 20B). The anion 

coordinating with Pd(0) is known to be an excellent XB acceptor90 by occupying the σ-hole 

position of the organic halide in a linear manner, the relative long distance between Pd 

and the arene moiety would unlikely result into a subsequent Pd-arene interaction, but 

instead could possibly favor a binary coordination with the nearby organic halide atom 

forming a 3-centered intermediate 61. A fluctuation resulted breaking of the Pd-anion 

bond and quick formation of the required Pd-C bond, eventually generates the common 

3-centered concerted transition state 62. The directionality of the linear XB and the 

potential stronger nucleophilicity (lack of electron density removal effect by Pd-arene 

interaction) of the Pd(0) surface targeting to the carbon atom (C-X), very likely makes the 

formed 3-centered concerted transition state 62 even more reactive due to following this 

alternative pathway. Similarly, within intermediate 60 upon XB formation, a positive 

molecular electrostatic potential at the Pd surface (VSPd(max)) that faces the organic 

halide (likely inducted by the charge transfer from the coordinated anion X’ to X (the 

organic halide)), and the negative molecular electrostatic potential (VSX(min)) at the “side-

on” surface of the organic halogen would be essential in favoring the Pd-X interaction. In 

the resulted new 3-centered intermediate 61, the negative molecular electrostatic 
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potential at Pd surface (VSPd(min)) that faces the the carbon atom (C-X) would also be an 

important element in quantifying the nucleophilicity of the Pd surface. 

  Importantly, in our new concept for rational design, the surface molecular electrostatic 

potential could be able to include the ligand effect (regardless of the type of the ligand), 

additive effect, and solvent effect in a systematic and quantitative manner. The “halogen” 

character of Pd(0) in bonding not only could be expanded to Pd(II) (the planar square 

feature of Pd(II) in coordination of 4 is well known44) in bonding, but also could potentially 

be transferrable for OA by other soft transition metal complexes like Au, Ir, Rh, Pt, Ni 

complexes. Hence, the data pool is expected to be large enough for future computation 

and AI training due to the relatively well-explored OA by these soft transition metal 

complexes.  

  Typically the active Pd(0) species must be known in our above single parameter-based 

rational design of OA. In regards to this limitation, the quantitative analysis as shown 

above with Pd(0)L and Pd(0)L2 (L = electron-rich ligand) respectively, could also be 

promising to determine the real active Pd species and a ligand dissociate or associate 

mechanism, by comparing the three values whether are suitable for a 3-centered 

concerted transition state, when Al training is available in the future. To speed up the 

process to identify the active Pd(0) species in a catalytic system via employing a newly 

designed ligand, a practical method is suggested here, by mixing the stable Pd(COD)(DQ) 

(COD = 1,5-cyclooctadiene, DQ = duroquinone) with a stoichiometric amount of new 

ligand. A ligand exchange would be expected as reported very recently by Eagle141, and 

usually a complex formula of Pd(0)Ln(DQ) (n = 1 or 2) would be obtained as a bench stable 

Pd complex, in which Pd(0)Ln could be seen as the active Pd(0) species at the initial stage 

for our single parameter-based analysis. The similar Pd(0)Ln(nq) or Pd(0)Ln(pbq) or 

Pd(0)Ln(ma)  (n = 1 or 2, nq = 1,4-naphthoquinone, pbq = para-benzoquinone, ma = maleic 

anhydride) were also reported before by Elsevier142,143 and Leitch144, respectively. In all 

complexes except Pd(tBu3P)2
141, Pd(0)Ln is indeed the active Pd(0) species evidenced by 

the reported kinetic studies8-9. It is likely because Pd(0) shows a tendency to be trigonal 

planar142. Besides, the crystal data might provide important information on the 

coordination geometry, which is valuable for identification of feasible non-covalent 

interactions in the catalyst-substrate complex. For example, in all stable Pd(0)Ln(DQ) or 

Pd(0)Ln(nq) or Pd(0)Ln(pbq) or Pd(0)Ln(ma) complexes, the metal-alkene bond is 

approximately perpendicular to the plane of the quinone, but within the same plane of 

the ligand framework. Particularly in the crystal of Pd(L) (DQ) (L = JohnPhos, XPhos, 

Brettphos)141, the plane of the DQ is also approximately perpendicular to the  outsphere 

π-ring; this indicates that the proposed Cl(in ArCl)- π in the previous section (Scheme 18B) 

is geometrically very feasible. 

Conclusions 
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  An integrated study of Pd(0)-halide interactions in Pd(0) OA to organic halides is carried 

out in this work in an interdisciplinary manner, mimicking the desired data-driven 

methods but picking up literatures manually. The new fundamental understanding 

achieved has filled the gap between formation of Pd(0)(organic halide) neutral complexes 

and  the final Pd(II) aryl complexes. We discovered that under coordination, a Pd(0) atom 

is equivalent to an iodine cation (I+) in halogen bonding, more precisely, it is a neutral 

“super iodine” with both positive and negative regions at different surfaces. This new 

concept could provide a theoretical basis for the well-known “trans effect” (another name 

is “push-pull interaction”) in transition metal complexes (Pd, Pt, Ir et.al), and for an 

experimental fact of the simultaneous presence of both nucleophilicity and 

electrophilicity in Pd(0)  coordination. 

  A new halogen ion transfer OA mechanism is demonstrated to be very feasible 

theoretically when both a common SN2-like mechanism and a 3-centered concerted 

mechanism are not favored due to the bulkiness resulted hindrance. In this new 

mechanism, the Pd(0) species approaches and occupies the σ-hole position by offering an 

electron pair to share with the halogen atom, and a halogen bonding with a common 

bonding mode of [Pd(0) ···X+···R-] forms in a linear manner. The assistant or catalytic role 

of another Pd(0) in OA of RX by Pd(0) in OA following a SN2-like mechanism is also 

proposed to be feasible in a general manner. 

  The nature of the Pd(0)-X interaction (organic halides) is uncovered via an 

interdisciplinary approach. We provided strong pieces of evidence for a new insight, that 

the formation of Pd(0)-X interaction is the rate-determining step (RDS) from the 

formation of Pd(0) precomplex stage to the OA product formation. And the subsequent 

Pd(0)-C (C-X) interaction forming the 3-centered transition state and the oxidative 

insertion by Pd(0) is very fast. Broadly speaking, the ligand dissociation/association, the 

olefin dissociation/association and the amine dissociation/association (in the Buchwald-

Hartwig coupling reactions) are all driven by creating a coordination accessible surface at 

the Pd(0) atom with a suitable positive potential toward the formation of the essential 

Pd(0)-X interaction. And the formation of the Pd(0)-X interaction is an exit toward OA 

from the reversible Pd(0)-arene interaction. 

  A halogen bonding mechanism for explaining the salt acceleration effect in the OA to 

Pd(0) in a general manner is also proposed. A free halide anion prefers to occupy the “σ-

hole” position of an aryl halide in a linear manner, and a free cation like proton or 

quaternary amine cation, could stabilize the halogen bonding in the catalyst-substrate 

intermediate, via an orthogonal binary bonding with both the halide anion and the 

halogen atom in organic halide. With this molecular mechanism in hand, the remarkable 

promotion effect of active anionic species Pd(0)L2Cl-, Pd(0)L2(OAc)- and [Pd(Ar)Br2]2
2- in 

coupling reactions are now better explainable. The halogen bonding mechanism could 
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also better explain the “solvent effect” partially along with our new solvent classification 

methods based on the numbers of lone pairs in solvent molecules. 

  The molecular mechanism in enhancing activation of ArCl is demystified by focusing on 

three typical ligands: tBu3P, XPhos, and YMePCy2. A halogen bonding formed via a free 
tBu3P (or its analogues) occupying the “σ-hole” position of ArCl, increases the potential in 

generating the essential Pd(0)-Cl (ArCl) interaction. For catalysis with YMePCy2, A similar 

halogen bond mechanism could explain the high efficiency as well. An additional reactivity 

promotion effect is the potential assistance of the positive charge P by bonding with the 

chlorine atom at the “side-on” position, which could explain the extraordinary efficiency 

in the amination of ArCl even at room temperature. An outer sphere π-ring (from 

coordinated phosphine ligand)-involved halogen bonding is proposed as a driving force 

for enzyme-like activation of the C-Cl bond, lowering the barrier in forming the 3-centered 

transition state, in the amination of aryl chlorides under very mild conditions enabled by 

the ligand XPhos/RuPhos or other analogues. With the new insights in hand, the rational 

design of new ligands with a feature of ligand-assisted halogen bonding is demonstrated 

to be very promising qualitatively in future development of inactive ArCl-involved 

coupling reactions. 

  Our new concept of the surface molecular electrostatic potential-based rational design 

of oxidative addition focusing on the key intermediates just before the formation of the 

essential Pd-X interaction (ArX), including the ligand effect (regardless of the type of the 

ligand), additive effect, and solvent effect in a systematic and quantitative manner, is also 

introduced as an alternative for the Tolman electronic parameter-based design. Three 

surface values (VSPd(max), VSX(min) and VSPd(min)) are defined separately based on the 

traditional Pd(ƞ2-arene) precomplex pathway and an unprecedented halogen bonding 

pathway in generating the common 3-centered concerted transition state. Importantly, 

the “halogen” character of Pd(0) in bonding not only could be expanded to Pd(II) in 

bonding, but also could also potentially be applicable for other soft transition metal 

complexes like Au, Ir, Rh, Pt, Ni complexes. Hence, the data pool is expected to be large 

enough for future computation and AI training due to the relatively well-explored OA by 

these soft transition metal complexes. 
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