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Abstract 3 

0 Abstract 

The kinetics and intermediates of Pd-catalyzed Negishi cross-coupling reactions were analyzed 

by NMR spectroscopy, electrical conductivity measurements, gas chromatography and 

electrospray ionization (ESI) mass spectrometry. The measurements were carried out using the 

model reaction of ethyl 4-iodobenzoate and BuZnBr LiBr catalyzed by Pd(OAc)2/2 S-Phos. 

The effect of various additives like LiBr and ZnBr2, different precatalysts (Pd(OAc)2/2 S-

PHOS, PEPPSI-IPr, PPh3), different substrates ArX (X = I, Br, OTs), and different organozinc 

reagents (e.g., BuZnBr, PhZnBr, BnZnBr) were investigated. The kinetic measurements point 

to a rate-determining oxidative addition. However, it turned out that not only the Pd catalyst 

and the aryl halide substrate, but also the organozinc reagent is involved in this step. 

The measurements of the involved intermediates indicate degradation of the catalyst due to Pd 

aggregation and C P bond cleavage of the S-PHOS ligand. This explains the gradual decrease 

in activity found in the kinetic measurements. The observation of novel heterobimetallic Pd–

Zn complexes [L2PdZnR]+ (L=S-PHOS, PPh3, R=Bu, Ph, Bn) was particularly revealing. Gas-

phase fragmentation experiments suggest that these species feature a direct Pd-Zn bond. 

Investigations on the rate of the Negishi cross-coupling reaction of ethyl 4-bromobenzoate and 

BuZnBr LiBr catalyzed by Pd(OAc)2/2 S-Phos indicate that the presence of methyl 4-

iodobenzoate resulted in higher conversion to the alkylarene cross-coupling product stemming 

from the aryl bromide substrate. A similar increase in conversion was observed upon addition 

of phenyl iodide to the model reaction conducted under otherwise identical conditions. The 

increased conversion may occur in consequence of halogen exchange at the aryl compound.  

Different methods were used to investigate the tendency of Pd species to form ate complexes. 

Pd0 is better able to add Br-Anions when ligated by LF (tris[3,5-bis(trifluoromethyl)-

phenyl]phosphine) than ligated by PPh3 or S-PHOS. The resulting ate complex [(LF)3PdBr]  

easily loses one LF ligand to give a tri-coordinated complex, which supposedly corresponds to 

the catalytically active intermediate in cross-coupling reactions. Upon the addition of the aryl 

iodide ArI, the newly formed ions [(LF)Pd(Ar)I2] , [(LF)2Pd(Ar)I2] , and [(LF)2PdI3]  were 

detected by ESI mass spectrometry.  
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1 Introductiona

History of cross-coupling reactions

“Organic synthesis is considered, to a large extent, to be responsible for some of the most 

exciting and important discoveries of the twentieth century in chemistry, biology and medicine 

and continues to fuel the drug discovery and development processes with myriad processes and 

compounds for new medical breakthroughs and applications.” K. C. Nicolaou et al.[1] These 

words demonstrate the status of synthetic organic chemistry over the last three decades. There 

is no doubt about the importance and urgency of developing new, more efficient, and 

environmentally friendly methods of performing chemical transformations.[2]

The development of transition metal-catalyzed cross-coupling reactions has allowed chemists

to assemble complex molecular frameworks leading to the total synthesis of biologically and 

pharmaceutically important molecules. The same advancements facilitated industrial process 

development. Cross-coupling is a particularly popular method because it allows a high degree 

of flexibility.

Scheme 1.1 General reaction scheme of cross-coupling reaction. 

Different organometallic reagents and a broad range of functional groups can be used.[3]

a Some of the schemes and text passages of this chapter have partially been published already
in Lit [126] and [156].
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Therefore many opportunities arose. However, there is still an ongoing effort to further expand 

the possibilities of cross-coupling reactions. Among these methods, palladium-catalyzed 

processes are of outstanding importance in the synthesis of biologically and pharmaceutically 

important molecules.[4] 

Palladium-catalyzed cross-coupling reactions are commonly classified according to the 

organometallic reagent employed. To this day palladium-catalyzed Heck and cross-coupling 

reactions are an indispensable part of organic synthesis and are becoming ever more extensive 

and complex.[5-11][6] [5, 7] [8] [9] [10] [11]  

Negishi first reported the use of orgazinc reagents in these reactions in 1977. Thus, a mild 

method for the synthesis of biaryls with high chemoselectivity had been developed.[5] 

Among the various members of this reaction family, the Negishi cross-coupling reaction[5, 7, 11-

12] has recently attracted particular attention.[13]

In this palladium-catalyzed cross-coupling, organozinc halides RZnX are used as coupling 

reagents for organyl halides R'X. Sometimes the corresponding diorganozinc species R2Zn is 

also used. 

The popularity of organozinc halides results from their high reactivity combined with an 

excellent functional-group tolerance and easy accessibility.[14, 15, 16] 

2 (2.1) 

It is generally believed that Negishi cross-coupling reactions follow the catalytic cycle common 

to the whole family of palladium-catalyzed transformations. This catalytic cycle includes the 

distinct elementary steps of oxidative addition, transmetalation, and reductive elimination.[11, 

17] This conceptual framework has proven very useful in understanding and optimizing this

catalyzed reaction.

The tremendous importance of this class of reactions was internationally recognized in 2010 by 

the awarding of the Nobel prize in chemistry to Ei-ichi Negishi[7b] together with Richard 

Heck[18] and Akira Suzuki[9c] “for palladium-catalyzed cross-couplings in organic synthesis”. 

Likewise, other researchers such as Kumada,[10] Stille,[19] and Hiyama,[20] have also contributed 

to this field. Buchwald[21] and Hartwig[22] expanded the method to a range of carbon–heteroatom 

bond forming reactions. 
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Mechanism of palladium catalyzed cross-coupling reactions

Palladium catalysis has become an indispensable part of modern organic synthesis. Often the 

reactivity can be increased by the presence of salts.[23]  

Negishi et al. showed in 2005 that the presence of LiCl affects strongly the reactivity of 

RZnX reagents.[24] Stimulated by this seminal discovery, the effects of salt additives on the 

nature and reactivity of RZnX compounds have quickly attracted significant interest. 

Organozinc halides RZnX are valuable and versatile reagents heavily used in modern 

organic synthesis.[25]  

Generally, the mechanism for palladium catalyzed cross-coupling reactions is described as a 

catalytic cycle involving three principal steps outlined in Scheme 1.1: The first step in the 

catalytic cycle of Negishi cross-coupling reactions is the oxidative addition of an aryl halide

Ar–X to a low-valent Pd0 center to afford a [Ar–Pd–X] intermediate followed by

transmetalation between [Ar–Pd–X] and an organometallic reagent R–Zn–X to yield a [Ar–Pd–

R] complex usually stabilized by bulky ligands. The final step is then the reductive elimination

of [Ar–Pd–R] to produce Ar–R and the concomitant regeneration of the active catalyst. The

oxidative addition step investigations were mainly based on stoichiometric experiments.[26]

Moreover, many related mechanistic studies show that palladium-catalyzed cross-coupling

reactions attracted more and more attention.[13i, 27] In many cases the active catalyst is formed

at the beginning of the catalytic cycle starting from a precursor called precatalyst.[28]

Unfortunally these active catalysts are extremely air sensitive and very difficult to synthesize

and store. Therefore, these catalysts are relatively rarely utilized. Readily accessible compounds

such as the relatively poor catalyst Pd(PPh3)4 
[29, 30] or precatalyst as Pd(dba)2/Pd2(dba)3 (dba:

trans,trans-dibenzylideneacetone) with added ligand are used.[31] It is now widely recognized

that dba is not completly displaced and in fact impedes the reaction.[32]

Alternatively catalyst solutions are generated by adding a phosphine to a solution of a

palladium(II) compound such as Pd(OAc)2 or PdCl2, the assumption made is that the

palladium(II) salts are efficiently reduced to the desired palladium(0) catalytic precursors. [11,

33]
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Scheme 1.2 Currently accepted mechanism of Palladium catalyzed Negishi cross-coupling 
reactions.

To the present day, the mechanistic understanding of the canonical catalytic cycle is very useful 

to understand the palladium catalyzed Negishi cross-coupling reaction. Still, more recent 

studies indicate that the currently accepted catalytic cycle depicted in Scheme 1.2 is overly

simplistic and does not fully reflect the intermediate steps in Negishi cross-coupling reactions.

1.2.1 Side reactions in Negishi cross-coupling

An additional line of evidence of the higher complexity of actual catalytic cycle was the 

observation of homo-coupling products.[13h, 27k, 34] These undesired byproducts formed by the 

combination of two organyl groups from the organyl halide or the organozinc reagent in Scheme 

1.3 respectively. The exact mechanism, which leads to the formation of side products such as 

homo coupling, is not yet completely understood.  

Scheme 1.3 Palladium-catalyzed formation of homo-coupling products. 

Various mechanisms have been proposed for such reactions.[27k, 34b-d] Lei and coworkers 

observed a second transmetalation step that occurs between between an Ar1-Pd-Ar2 species and 

the organozinc reagent.[27k] Analogously, this would result in PdLnR2, ArZnX and PdLnAr2. 
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The last two match to the observed dehalogenation (Scheme 1.4) and the homocoupling product

(Scheme 1.3).

Scheme 1.4 Palladium-catalyzed formation of dehalogenation product. 

Further elucidation of the elementary steps in the catalytic cycle should improve our 

mechanistic understanding, which will then guide optimization of synthetic procedures. 

When studying the mechanism of palladium-mediated cross-coupling reactions, a series of 

variables have to be considered, which will be detailed in the following. 

1.2.2 Factors that affect Negishi cross-coupling reactions

Several factors can influence the effectiveness and selectivity with which aryl halides undergo 

oxidative addition. The choice of ligand can have great impact on this type of reaction. Both 

steric and electronic properties have an effect.[35]  

For many years triaryl phosphines or chelating bis-triarylphosphines were used in cross-

coupling reactions. Heck and Ziegler Jr. had already established that the additional steric 

demand of the bulky ligands indicates that only (PR3)2Pd complexes can be formed.[36] Hartwig 

and coworkers characterised the parent (PR3)2Pd complex and further demonstrated that the

oxidative addition of ArBr first required further dissociation of one phosphine.
[37]

Typically the active catalyst in Negishi cross-coupling reaction is a bis-phosphine palladium(0) 

compound. [11, 33]

The growing interest in cross-coupling reaction with bulky phosphines was stimulated further 

by the studies of Fu, utilising PtBu3.
[38]

Especially, bulky ligands were determined to trigger

high reactivities in palladium catalysis. Therefore, it is assumed that the active catalytic species 

is a monoligated Pd complex.[22, 39] Minor structural variations can make major differences to 

yield and catalytic reactivity. Important ligands were developed by Buchwald’s laboratory. The 

ability to tune the steric and especially the electronic properties of the R group provides ligands 

that exhibit broad utility
[40]

and are hence they are very widely used.
[41, 42, 43]
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S-PHOS is one of the modern ligands designed by Buchwald and coworkers. Typically, S-

PHOS is used in a 1: 2 ratio to the precatalyst Pd(OAc)2
[44] and half of the S-PHOS is

supposedly consumed in the reduction of the Pd(II) precatalyst to generate the active Pd(0)

species.[45] The active Pd(0) species then is coordinated by the remaining ligand. S-PHOS is

known to form preferentially 1:1 complexes with Pd(0).[41c, 46, 47]

[48]

Scheme 1.5 S-PHOS = 2-dicyclohexylphosphino-2',6'-dimethoxy-biphenyl. 

Also, the solvents[13g] as well as other additives[35] present in the reaction mixture are 

particularly important. Depending on these variables different palladium species are formed 

and control the outcome of a reaction. 

In particular the effect of quaternary tetrabutylammonium salts as additives has received 

remarkable attention in the last years.[23a-f, 23i-q] It seemed that especially the anion, usually a 

halide, was pivotal, whereas the counter ion played the less important role. As early as 1984 T. 

Jeffery described that Pd-catalyzed vinylation of organic halides can easily proceed at mild 

temperature under solid-liquid phase transfer conditions, using tetrabutylammonium as the 

phase transfer agent.[23a, 23b] Knochel et al observed 1999 the positive effect of tetra-n-

butylammonium iodide on Pd(0)- and Ni-catalyzed Negishi cross-couplings between aryl or 

alkenyl triflates and benzyl[49] and / or alkylzinc halides.[50] It was found that with increasing 

Bu4NI equivalents also the cross-coupling product increased.  

Marder and Lei used Pd(OAc)2 and Bu4NBr to create Pd(0) nanoparticles.[48] Beside the 

formation of stabilized Pd(0) nanoparticles also the formation of palladium(0)ate complexes is 

discussed.[51] The required anions can be added in the form of lithium or magnesium salts.  
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1.2.3 Preparation of organozinc halides 

For a long time, not much attention has been paid to the salts contained in the solution of the 

organozinc compounds. Salts are not only purposefully admitted to cross-coupling reactions 

since they are present in the mixture due to the nature of their synthesis.  

The role of LiX and MgX2 in organozinc chemistry has received little attention until Knochel 

et al. found LiCl to accelerate Zn insertion reactions dramatically (Scheme 1.6).[14b-d] Also many 

bases employed for zincation reactions contain one or more equivalents of LiCl as well.[16]

Scheme 1.6 Preparation of organozinc halides by Knochel´s method. 

Furthermore, efficient access to these compounds is given by the transmetalation of zinc halides 

ZnX2 with organolithium (Scheme 1.7) or Grignard reagents.[25]

Scheme 1.7 Preparation of organozinc halides by transmetalation. 

Alternatively, they can be generated by the insertion of organic halides into activated zinc 

prepared according to Rieke’s method (Scheme 1.8).[52]

Scheme 1.8 Preparation of organozinc halides by Rieke´s method.

Unless special efforts are taken, the produced solutions of RZnX contain lithium halides 

LiX or magnesium halides MgX2 remaining from the transmetalation or the activation step.

Earlier studies neglected the presence of these salts, although they can give rise to drastic 

changes of Negishi cross-coupling and other reactions of organometallics, as is realized 

today.[27n, 53]  
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1.2.4 Interaction of the MgX2 and LiX salts with the organozinc halide 

A first set of observations refers to the effect of simple salt additives, such as LiX or MgX2. 

These salts are frequently present in reactive mixtures if the RZnX reagent is prepared by 

different methods.  

As Koszinowski[27h, 27i, 27r, 55b] and others [27s, 54, 56, 57] have shown, RZnX species exhibit a 

high tendency to add X  anions and form zincate species. For their solutions in 

tetrahydrofuran, Koszinowski and Böhrer observed organozincate complexes, such as 

RZnX2 or [LiRZnX3]  and related polynuclear complexes (X = Cl, Br, and I), by 

electrospray-ionization mass spectrometry.[27h, 27i, 27q, 27r] Theoretical calculations 

corroborated the formation of organozincate species from RZnX and LiX.[57]  

With respect to RZnX·MgCl2, X-ray crystal structures reported by Jin et al.[58] as well as 

by Hevia et al.[27n] point to the formation of bimetallic Mg( -X)2Zn(R)X species (X = Cl). 

For a long time no comparably detailed solid-state structural information of RZnX·LiX 

reagents, was available. 2010 Clyburne and coworkers determined the crystal structure of 

[Et(Cl)Zn( -Cl)2Zn(Cl)Et] and EtZnBr3
2 .[56]  

Jin et al. then used kinetic measurements to demonstrate that PhZnCl·MgCl2 is far more 

reactive in the transmetalation step of a Ni-catalyzed oxidative homocoupling reaction in 

THF than PhZnCl·LiCl.[58] These results are in line with the earlier findings of Negishi and 

coworkers, who has compared the cross-coupling reactions of PhZnBr·LiBr and 

PhZnBr·MgClBr in THF.[24] These authors found that both LiCl/Br and MgX2 salts led to 

an acceleration of Pd-catalyzed Negishi cross-coupling reactions but that the effect of the 

former was more pronounced.[55a]  

In parallel, evidence accumulated that the presence of LiX and MgX2 salts also changes the 

reactivity of RZnX reagents in their Pd- or Ni-catalyzed reactions with organic halides, i.e., 

Negishi-type cross-couplings, and related transformations.  

Several studies reported that LiX salts also change the rates of further transition-metal 

catalyzed reactions involving RZnX in carboxylations,[59] transmetalations,[60] 

hydroalklyations,[61] and oxidative homo-coupling[34b, 58] without investigating this 

phenomenon in detail.[62] The Organ group screened various different salt additives in the 

palladium-mediated reaction of alkyl halides with BuZnBr and found that LiBr led to the 

largest rate enhancement.[27p, 27s, 62] In the year 2011 Hevia and Mulvey summarized the 

effects of simple additives.[53b]  

For most of these examples, the observed effects were surmised to result from an interaction 
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of the salt additive with the RZnX reagent.[58-60] The authors rationalized this effect by the 

formation of lithium organozincates, whose increased nucleophilicity supposedly 

accelerates the transmetalation step; the tendency of RZnX to add X  anions and form 

zincate species indeed is well-documented.[27h, 27i, 27p, 27r, 27s, 51, 55a, 56, 57, 62, 63]

In marked contrast, lithium halides were reported to have a negative effect in some nickel-

catalyzed Negishi cross-coupling reactions.[64] 

1.2.5 Interaction of the ZnX2 salts with the organozinc halide 

A second finding pointing to the occurrence of reactions beyond the conventional catalytic 

cycle relates to the effect of zinc halides ZnX2, which are formed as stoichiometric byproducts 

of Negishi cross-coupling, equation 2.1. Thus, their possible interference with the catalytic 

cycle would be of considerable relevance. Organ and coworkers observed that added ZnBr2 

slowed down Pd-catalyzed Negishi cross-coupling reactions of alkylzinc reagents and ascribed 

this effect to the formation of ZnBr3  at the expense of alkylzincates;[27p, 27s, 54, 65] in the 

corresponding reactions of arylzinc reagents, ZnBr2 did not show a detrimental, but a rate-

enhancing effect, however.[66] For a Ni-mediated Negishi cross-coupling, ZnBr2 was shown to 

abstract a Br -anion from the catalyst, resulting in a cationic Ni(II) complex.[27b] Given the 

likely importance of cationic pathways in Pd-catalyzed Negishi cross-coupling reactions,[67] a 

similar role of ZnBr2 in these transformations cannot be excluded either.  

Finally, not only simple inorganic salts, such as LiBr or ZnBr2, may interact with the essential 

components of Pd-catalyzed Negishi cross-coupling reactions, but also these components 

themselves may possibly interact with each other in unexpected ways. For instance, quantum-

chemical calculations suggest that the transmetalation step not merely corresponds to an 

e

interaction.[27c, 68] The recent isolation and characterization of se

complexes indeed demonstrates that such metal-metal contacts can form.[69] Even more 

interestingly, González-

the oxidative addition.[70] This conclusion drawn from quantum-chemical calculations so far 

lacks experimental verification, however.  

1.2.6 Interaction of the LiX salts with the palladium catalyst  

Presumably, the LiX salts could also act upon the palladium catalyst. The role of anionic Pd ate 
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complexes in cross-coupling reactions is frequently discussed in literature.[23i, 23n, 23q, 71, 72] So 

far, this theoretical prediction lacks experimental proof or disproof, however. The experimental 

characterization of these intermediates is far from complete.  

Evidence for the existence of Pd0 ate complexes is rare. [30, 73, 74] This species is generally 

considered to be relatively unstable and therefore can be difficult to observe. 

Amatore and Gossen used quantum-chemical calculations to study the model complexes 

L2PdX  (L = PMe3, PPh3; X = Cl, Br, I, OAc). The calculations resulted in Pd-X binding 

energies of only 40 – 90 kJ mol 1.[75, 76] In addition, Goossen, Thiel and coworkers also applied 

quantum-chemical methods to study the PdII ate complexes formed during oxidative 

addition.[77] Unlike Jutand and Amatore, they suggested the formation of square-planar 

complexes. In these complexes, the Pd center is coordinated by the halogen atom of the aryl 

halide.[77] Amatore and Jutand and others proposed that Pd0 ate complexes are formed by the 

addition halide and acetate anions added to Pd(0) centers.[27n, 51, 53, 63] Instead of the commonly 

postulated Pd0L2-catalyst as the most important intermediate, anionic complexes are formed as 

reactive species. Therein palladium(0) is ligated by a halide (Pd0L2X ) or by an acetate ion 

(Pd0L2(OAc) ). The type of anion has a strong influence on the reactivity of the formed 

complex and the rate of oxidative addition. Furthermore, the reaction is accelerated by the 

cation, but the Pd0-complex formed is destabilized. Postulated trans-ArPdI(PPh3)2 complexes 

are not produced as main intermediates, but instead previously unsuspected pentacoordinated 

anionic complexes, as ArPdI(Cl)(PPh3)2  and ArPdI(OAc)(PPh3)2  are formed.[51, 63b, 78] The 

influence of the anion is not limited to oxidative addition kinetics since the structure and 

reactivity of the arylpalladium(II) formed in the oxidative addition strongly depend on the anion 

ligated to the reacting palladium(0).  

Jutand, Amatore, and coworkers were the first to propose a detailed mechanistic rationalization 

of the beneficial effect of anionic palladium complexes.[51, 63b, 78] Using electrochemical 

methods and 31P NMR spectroscopy, these authors were able to detect Pd ate complexes, which 

result from the addition of the anion X  to the Pd catalyst.[51, 63b, 78, 79] These anionic and 

nucleophilic zero-valent Pd complexes[30] supposedly have a high reactivity toward aryl halides 

and readily undergo oxidative addition. After dissociation of the anion, transmetalation, and 

reductive elimination, the catalytic cycle is closed. 
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Scheme 1.9 Catalytic cycle of Pd-mediated cross-coupling reactions involving ate complexes 

(L = phosphine, X = halide). For the intermediate resulting from the reaction of the zero-valent 

catalyst with the substrate ArX, both a penta- and a square-planar coordination geometry have 

been suggested.[51, 63b, 77, 78]

In such cases, the salt additive would not influence the transmetalation step, but the oxidative 

addition. Also note that halide effects[23i] are well-known for Pd-catalyzed Heck[23c, 23d, 72] and 

Stille[23q, 79b, 80] reactions. This also suggests that during the cross-coupling reaction not only the 

organozinc species is affected by salts.

Kinetic investigations on the Negishi cross-coupling reaction

To achieve a better understanding of the catalytic cycle, kinetic measurements are of great 

interest. Wide ranges of modern techniques were used to study the catalytic cycle, such as GC, 

HPLC and NMR. The utility of kinetic measurements[81] for the mechanistic analysis of Negishi 

cross-coupling reactions has been emphasized by Jin and Lei.[27t]

In the first step, the oxidative addition, the active Pd catalyst reacts with the organyl halide. The 

oxidative addition of transition metal catalyzed coupling reactions was intensively investigated.
[23k, 26i, 26k, 51, 82] Various compounds such as the presence of zinc salts influence the oxidative 
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addition. Jacobi et al. showed that ZnX2 and thioimidates form an electron deficient complex 

which promotes oxidative addition with the palladium catalyst.[83] Hartwig and coworkers 

studied the influence of bulky ligands on the oxidative addition. Kinetic analysis by 31P-NMR 

showed a lack of inhibition by excess ligand and demonstrated the dependence on the 

concentration of PhI expected for an associative mechanism.[26k, 26m]  

The transmetalation in cross-coupling reactions is the elementary step to split the carbon-metal 

bond of the organometallic reagent and brings the organyl moiety into the coordination sphere 

of the transition metal center. This process has received more attention in mechanistic 

investigations than other elementary steps of the transition metal catalyzed cross-coupling 

reactions. The organometallic compounds organoboron and organotin, are known to be less 

reactive than organozinc reagents.[27t] Therefore, most studies focusing on the transmetalation 

step were done on Stille and Suzuki couplings. The transmetalation step in Negishi couplings 

has rarely been studied until the more recent efforts by the groups of Lei[27k, 27o] and Espinet.[27d, 

67, 68b]

Espinet et al. studied the transmetalation step of the Negishi cross-coupling detailed via 19F-

NMR. They monitored the reaction of Pd complexes [PdRfCl(PPh3)2] (Rf = 3,5-dichloro-2,4,6-

trifluorophenyl) with the organozinc species ZnMe2 or ZnMeCl.[27d] Their results showed that 

ZnR2 and ZnRX reagents act with different kinetic features in the transmetalation step. Lei and 

coworkers used aryl zinc reagents and reported similar findings.[27k] Based on these results and 

by DFT calculations, controlling factors that promoted the second transmetalation or the 

reductive elimination were identified. The DFT calculations showed that a less sterically 

crowded aryl iodide and an ortho-substituted aryl zinc species yielded less homocoupling and 

dehalogenation product.  

In the reductive elimination step the bond between the two carbon atoms is formed. Usually, 

the knowledge about reductive elimination is gained from stoichiometric experiments. In these 

investigations the key intermediates are stabilized by special ligands and substrates.  

A large number of kinetic investigations on Negishi cross-coupling was done by the group of 

Aiwen Lei. They studied for example the accelerating effect of phosphine/electron-deficient 

olefin ligand on reductive elimination.[27k, 27o, 27t, 84, 85] The organozinc reagents are known as 

reactive nucleophiles. On this account, the transmetalation step is supposed to be fast and the 

oxidative addition or the reductive elimination is more likely the rate-limiting step. 

Consequently, if the oxidative addition is fast, the Negishi coupling reaction could be treated 

as a proper model to discuss reductive elimination. Stille described in 1980 that electron-

deficient ligands promote reductive elimination.[86] The group of Lei revealed quantitative 
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understanding of reductive elimination using gas chromatography from palladium catalyzed 

Negishi cross-coupling reactions.[27g, 84, 87] To analyze the kinetic data they used different 

kinetic models, zero-order kinetics in the case that reductive elimination might be rate 

determinant, first order kinetics on ArI if oxidative addition might be rate limiting. This 

approach neglects the possibility of decay of the catalyst in the overall reaction. However, this 

would make the kinetic behavior more complex. 

The simultaneous presence of several components and the possibility of mutual interactions 

clearly lead to an enormous complexity of Pd-catalyzed Negishi cross-coupling reactions, 

thereby hampering their mechanistic understanding and rational optimization. The situation is 

even further complicated by the fact that the rate-limiting step and, correspondingly, the rate-

determining states[88] are a priori not known. Depending on the combination of reaction 

partners, the employed catalyst, and the reaction conditions, either the oxidative addition, the 

transmetalation, or the reductive elimination may be rate-limiting. As most of the studies 

reported in the literature probed widely different conditions, a straightforward comparison and 

evaluation is not possible.  

Intermediates of the Negishi cross-coupling reaction

In addition to kinetics, intermediates have to be determined. The development of modern 

palladium-catalyzed cross-coupling reactions has been paralleled and assisted by extensive 

mechanistic studies.[11] Besides aiming at the elucidation of the reaction kinetics, these studies 

focused on the identification and characterization of the intermediates formed in the catalytic 

cycle. 

In principle, several difficulties arise in the identification of intermediates. The concentrations 

of the catalyst and the resulting intermediates in a catalytic reaction are very low. Nevertheless, 

in order to be able to measure the intermediates with the selected methods of measurement, the 

amounts and ratios of the reactants should be increased. This causes a deviation in intensities 

and concentrations of the intermediate compared to real catalytic conditions. In addition, the 

most reactive intermediates are also unstable and thus very short lived. For example, Pd(0), 

which is believed to be the reactive catalyst in cross-coupling reactions, is readily oxidizable.[89]

Often one would like to analyze the intermediates of the one step of the catalytic cycle by 

mixing the components necessary to this step. For example, Hartwig and coworkers analyzed 

the catalytic step of oxidative addition in the absence of the organometallic reagent.[26k, 26m]

Possibly other intermediates arise than in the presence of the metal organyl solution and key 
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intermediates are not detected. Ideally, the investigated reactions should be observed under 

typical reaction conditions for meaningful information to be obtained about the mechanism, 

because under such conditions salts and anions[51b] are suspected to function as ligands for 

palladium, which again has complex effects on the reaction efficiency. 

To this end, a wide range of different analytical tools has been applied. Among the latter, 31P 

NMR spectroscopy has proven particularly valuable because it lends itself to the selective 

detection of phosphine-containing intermediates;[29, 51a, 63b, 74, 90] phosphines are heavily used as 

ligands in Pd-catalyzed cross-coupling reactions.[11] Inter alia, 31P NMR spectroscopy has 

shown that phosphines reduce Pd(II) precatalysts in situ [90a, 90b] 

Further information can be obtained from 1H[90c, 90d, 90k] and 13C[90c, 90d] NMR as well as from 

IR[91] and UV/Vis[90h, 91-92] spectroscopy. Especially UV/Vis spectroscopy has been used to 

investigate decomposition reactions of the catalyst.[90h, 92, 93] Apart from spectroscopy in its 

different variants, electrochemical methods have been instrumental in the identification of 

reactive intermediates.[51a, 79b, 90a, 90e, 90k] 

For instance, Amatore, Jutand and coworkers employed amperometry and cyclic voltammetry 

to discover the role of anionic Pd ate complexes in cross-coupling reactions.[51, 63b] They 

proposed that anionic palladium complexes are the effective catalyst in crosscoulping reactions. 

Another technique, which selectively detects the ionic components of the sampled solutions, is 

given by electrospray ionization (ESI) mass spectrometry.[94] ESI-MS has proven to be a very 

useful tool to study the mechanism of organometallic catalytic reactions. Complex mixtures can 

be investigated, intermediates of low concentration can be detected and the analysis is very fast. 

For these reasons, ESI-MS is well suited for the analysis of palladium-catalyzed C-C bond 

forming cross-coupling reactions.[27q, 89, 95, 96, 97] Most of these studies have focused on the 

structural identification of short-lived or low-concentration intermediates, but some recent 

studies have monitored the levels of intermediates or reactants and products over time.[27q, 95f] 

The unambiguous stoichiometric information afforded by this method can provide valuable 

insight in the Pd catalyst speciation in solution.[89, 95a-f, 95h-j, 98] Furthermore, gas-phase 

fragmentation experiments shed light on their stability and unimolecular reactivity.[89, 95d, 95i, 98g, 

98l, 100] A drawback of ESI-MS is that only charged substances can be detected.  

Two further methods also deserve mentioning although they cannot directly probe 

intermediates in solution. X-ray crystallography has greatly contributed to the characterization 

of Pd catalysts by providing accurate structural data for model complexes.[90c-e, 90g, 101] It has 

been applied to the identification of catalytically active intermediates[101a] and their degradation 
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products.[92] For example Tomp et al. proposed with UV/Vis and X-ray the dimerization and 

trimerisation of phosphor ligands. Likewise, quantum-chemical calculations can afford 

additional information by predicting the energetic stabilities of putative intermediates.[77a, 79a,

90d, 90f, 90i, 90k, 102]

An example for successful combination of different methods is the investigation on copper-free 

Sonogashira cross-coupling by McIndoe et al. using ESI-MS, 1H-NMR and UV/Vis. They 

observed the intensities of different species during a typical reaction and observed an interesting 

change in mechanism early in the reaction, whereby the initial fast rate is replaced with a much 

slower, zero-order process.[98i] Together, the different methods have significantly improved the 

knowledge on the intermediates of Pd-mediated cross-coupling reactions and supported the 

generally invoked catalytic cycle with the individual steps of oxidative addition, 

transmetalation, and reductive elimination.[11] In the specific case of Pd-catalyzed Negishi 

cross-coupling, however, only relatively few studies have investigated the Pd-containing 

intermediates formed therein. [13j, 27d, 27k, 27q, 67, 68a, 68b, 70, 103, 104] Thus, the present mechanistic 

understanding of this tremendously important reaction type is essentially limited to the assumed 

operation of the conventional catalytic cycle. 
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Objectives

The Negishi reaction is a widely used cross coupling reaction which allows access to a broad range 

of molecules. However, the reaction mechanism is poorly understood, and the effects of different 

reactive components are hardly quantified. Because of its importance, it is desirable to gain a 

comprehensive understanding of the Negishi reaction and how various additives and conditions 

affect the reaction.  

To elucidate the mechanism of Pd-catalyzed Negishi cross-coupling reactions under realistic 

catalytic conditions, the model reaction shall be monitored by taking aliquots and analyzing them 

by gas chromatography (see Experimental Section for details). Changing the reaction conditions, 

for example, using different organozinc reagents, different catalysts, and additives such as LiX, 

influences the kinetics of this reaction. These effects should provide information about the 

mechanism and conclusions about the rate-determining step of the catalytic cycle. 

To complement the macroscopic picture derived from the kinetic experiments with insights at the 

molecular level, spectroscopic studies shall be performed. ESI mass spectrometry and other 

techniques such as UV/Vis spectroscopy and 31P NMR spectroscopy are suitable to investigate the 

intermediates formed during the reaction as part of this work. The synergies of these different 

methods allow one to gain a deeper insight into parts of the catalytic cycle. Moreover, particular 

care should be taken to choose reaction conditions identical to or closely resembling those of real 

catalytic applications. The analysis of such experiments is more cumbersome than that of 

stoichiometric experiments. However, is the only way to ensure that the effects resulting from the

interaction of the various reactive components are taken into account

Interestingly, ethyl 4-bromobenzoate, which reacts relatively slowly under normal cross-coupling 

conditions, was found to increase its reactivity in the presence of ethyl 4-iodobenzoate. This altered 

reactivity shall be investigated mechanistically by gas chromatography. A further subproject will

focus on the characterization of Pd0 and PdII ate complexes. These palladium species are considered 

reactive intermediates of a variety of cross-coupling reactions, and there is a high level of interest 

in studying them in more detail. The combination of electrospray ionization (ESI) mass 

spectrometry, electrical conductivity measurements, and multi-nuclear NMR spectroscopy should 

provide detailed insight into the existence of Pd ate complexes. Pd0 compounds with an electron-

poor phosphine ligand (LF = tris[3,5-bis(trifluoromethyl)-phenyl]phosphine should be investigated

in this work. Also, aryl halide compounds should be added to the catalyst mixtures to find out more 

about the oxidative addition step.  

The mechanistic insights gained promise to contribute to the systematic and rational optimization 

Negishi cross-coupling reactions and to make them practically useful. 
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2 Experimental Section

This chapter presents the experimental methods used in this thesis. First, the two main analytical 

tools employed, i.e., gas chromatography, ESI mass spectrometry, are described. Moreover, 

details of the sample preparation for the gas-chromatographic, conductometric, ESI-mass 

spectrometric, and NMR-spectroscopic measurements are given. Finally, the synthesis of the 

used starting materials and chemicals is described.

Electrospray Ionization Mass Spectrometry (ESI-MS) 

2.1.1 Theory

A mass spectrometer consists of the following modules: an ionization source producing gas-

phase ions, a mass analyzer employing electric and/or magnetic fields, which discriminate 

between the different ions based on their mass-to-charge ratio and a detector to measure the 

abundance of the ions. [108]  

Electrospray Ionization 

2002 the Nobel Prize for Chemistry was given to the scientist Fenn for the development of the 

ESI Mass Spectrometry. In the 1980s Whitehouse and coworkers coupled an electrospray 

source to a quadrupole mass analyzer,[109] but already in the 1960s Dole and coworkers 

developed electrospray as a technique for mass spectrometry.[110] ESI is a soft ionization 

technique which allows the formation of ions without almost any fragmentation.[111] Due to this 

fact, ESI-MS is a technique especially for biochemical compounds, as multiply charged 

proteins.[112] Later the technique was also used for polymers and different small polar 

molecules. Recently the application of ESI in detection and characterization of various 

organometallic complexes has been shown.[27r, 113]  

A dilute solution of an analyte is pumped through a capillary. A flux rate of 0.1 - 

used and a high potential is applied (3 - 6 kV) to the capillary. (Scheme 2.1) The potential 

induces an electric field gradient to produce charge separation at the surface of the liquid. From 

the capillary tip, known also as “Taylor cone” the liquid protrudes. The charge accumulates at 
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the surface of the liquid until the solution reaches the Rayleigh limit (this is the point at which 

Coulombic repulsion of the surface charge is equal to the surface tension of the solution). 

Depending on the electric field the droplets detach from the capillary tip, containing an excess 

of positive or negative charge. [111, 114]

These droplets are transferred to the entrance of the mass spectrometer and generate gas-phase 

ions. A coaxial stream of inert gas limits the dispersion of the charged droplets. Due to the 

evaporation of the solvent the charge density increases and reaches eventually a value when the 

Coulombic repulsion on the surface of the droplets become large enough for the release of  ions 

into the gas phase.[114]

Scheme 2.1 Schematic of the ionization electrospray process (reproduced with permission 

from Wiley).[111]

Mass Analyzers

The ions generated are separated by mass analyzers according to their mass-to-charge ratio 

(m/z) using static or dynamic, magnetic or electric fields. Different mass analyzers like time-

of-flight (TOF), quadrupoles analyzers, magnetic sectors and both Fourier transform and 

quadrupole ion traps are available. Tandem (MS/MS) mass spectrometers can be used for 

structural and sequencing studies.[108]

2.1.2 Experimental Part

All experiments reported here employed a micrOTO-Q II instrument (Bruker Daltonik), which 

combines a quadrupole mass filter and a TOF analyzer.[115] Typically, sample solutions were 

injected into the instrument’s ESI source by means of a syringe pump at a flow rate of 8 
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min 1. The ESI source was operated with a voltage of ±3500 V and N2 as nebulizer gas (flow 

rate of 5 L min 1) and drying gas (0.7 bar backing pressure, temperature of 333 K to minimize 

decomposition of thermo labile species). In simple MS1 experiments, all generated ions with 

m/z 

had passed the TOF analyzer. Parameters for the ion transfer optics were chosen to ensure 

m/z [115] while at the same time preventing 

overly energetic collisions with residual gas in the source region. In MS2 fragmentation 

experiments, ions of interest were mass-selected in the quadrupole-mass filter. They were then 

accelerated to a kinetic energy ELAB, and allowed to collide with N2 gas. The resulting fragment 

ions and residual parent ions were then detected after passage through the TOF analyzer. 

Typically, accuracies of the measured m/z ratios of ±0.02 amu were achieved when the 

instrument was externally calibrated with a mixture of CF3COOH and phosphazenes in 

H2O/CH3CN on a daily basis. Presumably, higher accuracies could be attained with a more 

frequent external or with an internal calibration protocol. For the present purpose, such a 

procedure involving frequent infusion of aqueous solutions would be impractical, however, 

because the analysis of intact organometallic species is severely hampered by residual traces of 

moisture.[27h, 27r, 116] Theoretical exact m/z ratios and isotope patterns were calculated with the 

DataAnalysis software package (Bruker Daltonik). 
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Gas Chromatography

2.2.1 Instrument Overview

Mixtures of compounds that vaporize without decomposition can be separated and analyzed 

using gas chromatography. For the studies shown here, the gas chromatograph TRACE GC 

Ultra from Thermo Electron Corporation was applied. The samples were injected using an auto 

sampler.  

To minimize detector drift and for reproducible retention times, the flow of the rate of the carrier 

gas, nitrogen was carefully controlled.[117] The Merlin Microseal™ High Pressure Valve 

Septum automatically opens at injection. It acted as a junction through which the injector 

syringe needle may pass to deliver the sample into the injection port.  

After the analyte was injected, it was vaporized in the heated injection port and carried into the 

column with 0.25 mm diameter, 25 m length and fused silica as stationary phase. The sample 

was separated into components, depending on the individual interaction with the stationary 

phase. The column oven permitted a quick heating up and cooling down of the column inside. 

The sample and the carrier gas passed now through a Flame Ionization Detector (FID). In this 

detector the compounds were burned in the oxy-hydrogen flame and the resulting ions were

detected. Flame Ionization Detector (FID) was characteristic for high sensitivity and robustness. 

The quantity of the sample was measured by the detector and produced an electrical signal 

which went to a data system generating a chromatogram.[117]

2.2.2 Experimental Part

For the kinetic measurements, the cross-coupling of butylzinc reagents with ethyl 4-iodo-

benzoate catalyzed by Pd(OAc)2/S-Phos was chosen and studied. (Scheme 2.2) 

Table 2.1 shows the abbreviations used in this thesis for better understanding. Samples from 

the reaction mixture were treated with an aqueous solution of NH4Cl to stop the reaction. The 

samples were extracted with diethyl ether and analyzed by gas chromatography. Undecane was 

used as an internal standard (Figure 2.1).  
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Table 2.1 In this thesis used abbreviations and structure of the aryl compounds. 

abbreviation structure name chemical structure 

Ar– X ethyl 4-Xbenzoate 

Ar´– X methyl 4-Xbenzoate 

–X = –Br or –I

For example ArI means ethyl 4-iodobenzoate 

Scheme 2.2 Negishi cross-coupling model reaction. 
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Figure 2.1 Example of a measured chromatogram with the TRACE GC Ultra. It shows the 

reaction product ArBu, the reactant ArI and the side reaction products Ar2 and ArH. Undecane 

is used as internal standard. 

To determine the abundances of reactant ethyl 4-iodo-benzoate (ArI), the cross-coupling 

product ethyl 4-butylbenzoate (ArBu), the homo-coupling product biphenyl-4,4'-dicarboxylic 

acid diethyl ester (Ar2) and the dehalogenation product ethyl benzoate (ArH) the integrated 

measured peak areas were normalized to that of the internal standard and compared to 

calibration curves for authentic samples of these substances.  
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Figure 2.2 Calibration curves of the reactant ethyl 4-iodo-benzoate (ArI, left) and the product 

ethyl 4-butylbenzoate (ArBu, right) determined by gas chromatograph analysis. The plots show 

the integration area of the compounds X (X = reagent ArI or ArBu) divided by the integration 

area of the standard (S) versus the concentration of the respective compound X.

Figure 2.3 Calibration curves of the side products ethyl benzoate (ArH) and biphenyl-4,4'-

dicarboxylic acid diethyl ester (Ar2) determined by gas chromatograph analysis. The plots show

the integration area of the compounds X (X = reagent ArH or Ar2) divided by the integration 

area of the standard (S) versus the concentration of the respective compound X. 
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Synthesis

2.3.1 General considerations

Standard Schlenk techniques were applied in all cases to exclude moisture and oxygen. Gas-

tight syringes were used to transfer exact quantities of solutions under the exclusion of moisture 

and oxygen. LiBr was dried by prolonged heating under vacuum. THF was freshly distilled 

from sodium benzophenone ketyl under argon. 

Solvents 

Et2O (diethylether) was predried over CaCl2 and dried with the solvent purification system 

SPS-400-2 from INNOVATIVE TECHNOLOGIES INC or was freshly distilled from sodium 

benzophenone ketyl under argon. 

THF (tetrahydrofuran) was freshly distilled from sodium benzophenone ketyl under argon. 

THF-d8 (tetrahydrofuran) (euriso-top, 99.50% D) was distilled and stored over molecular 

sieves (4 Å) under argon at 278 K in the dark. 

Analytical data 

Infrared Spectroscopy. Infrared spectra were recorded from 4000-400 cm 1 on a Perkin 281 

IR spectrometer. Samples were measured neat (ATR, Smiths Detection DuraSample IR II 

Diamond ATR). The absorption bands were reported in wave numbers (cm 1) and labeled as vs 

= very strong, s = strong, m = medium, and w = weak.  

Mass spectrometry. Mass spectra on a Finnigan MAT 95Q or Finnigan MAT 90 instrument 

for electron ionization (EI), high resolution mass spectra (HRMS) were recorded on FIA/ESI.

Chromatography. Flash column chromatography was performed using SiO2 60 (0.04 - 0.063 

mm, 230 - 400 mesh) from Merck. Thin layer chromatography (TLC) was performed using 

aluminium plates coated with SiO2 (Merck 60, F-254). The spots were visualized by UV-light.

Nuclear Magnetic Resonance Spectroscopy. NMR spectra were recorded on Varian Mercury 

200, Bruker AC 300, WH 400, or AMX 600 instruments. Chemical shifts are reported as 

values in ppm relative to the solvent signal (in the case of THF-D8: 1H 1.73 ppm). 31P NMR 

spectra and 19F NMR were recorded with a Jeol EX 400 Eclipse instrument operating at 161.997 
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MHz (31P) or 376.548 MHz (19F), respectively. The chemical shifts are given relative to 85% 

H3PO4 or CFCl3, respectively. For the characterization of the observed signal multiplicities the 

following abbreviations are used: s (singlet), d (doublet), t (triplet), dd (doublet of doublet), dt 

(doublet of triplet), m (multiplet), q (quartet), quint (quintet), sxt (sextet), as well as br (broad). 

Electrical Conductivity Measurements. Electrical conductivity measurements were 

performed with a SevenMulti Instrument (Mettler Toledo) and a stainless steal electrode 

Cell = 0.1 cm 1). The instrument was calibrated 

against a 0.1 M solution of aqueous KCl. 

Reagents   

Commercially available reagents were used without further purification unless otherwise stated. 

LiX (X = Cl, Br, I) was rigorously dried by prolonged heating under vacuum at 473 K. After 

cooling to 298 K dry THF (c = 0.5 M) was added and the mixture was stirred for 24 h.  

ZnX2 (X = Cl, Br, I) was rigorously dried by prolonged heating under vacuum at 423 K. After 

cooling to 298 K dry THF (c = 0.5 M or 1.0 M) or diethylether (c = 0.5 M or 1.0 M) was added 

and the mixture was stirred for 24 h.  

MgCl2 was dried under vacuum at 573 K for several hours, anhydrous THF (c = 0.5 M) was 

added and the mixture was stirred at 323 K for 20 h.  

nBuLi was purchased as a solution in hexane from Chemetall Gmbh (Frankfurt, Germany). 

PhLi was purchased as a solution in dibutylether from Sigma-Aldrich Chemie Gmbh 

(Steinheim, Germany). 

The concentration of organolithium reagents was determined by titration with dibenzyl 

tosylhydrazone.[118] 
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2.3.2 Synthesis 

Synthesis of organozinc reagents.[27q] 

Particular care was taken to prepare butylzinc reagents of defined composition and free of salts 

remaining from the synthesis. Bu2Zn was synthesized from ZnCl2 (1.00 eq) and BuLi (1.00 eq) 

and purified by distillation. Mixing of Bu2Zn (1.00 eq) and ZnBr2 (1.00 eq) afforded BuZnBr 

without LiBr. BuZnBr with LiBr (ratio 1:1) was synthesized from BuLi and ZnBr2 and BnZnBr 

was synthesized from BnBr (1.00 eq) and Zn (3.00 eq) via zinc insertion. LiBr was added to 

give BnZnBr with LiBr (ration 1:1). PhZnBr with LiBr (ration 1:1) was synthesized from PhLi 

(1.00 eq) and ZnBr2 (1.10 eq).  

The exact concentration of the active organometallic reagent was determined by iodometric 

titration (> 90% yield).[14b] 

Synthesis of Bu2Zn.[119] 

A flame-dried flask under argon atmosphere was charged with a solution of BuLi in hexane 

(2.4 M) and the solvent was removed at 273 K under reduced pressure. To the yellow residue 

was slowly added a solution of ZnCl2 in diethyl ether (1.0 M, 0.5 eq) at 195 K before the reaction 

mixture was allowed to warm up to room temperature. After stirring for 15 h in the dark, the 

resulting suspension was subjected to centrifugation (1 h, 2000 rpm). The clear supernatant 

solution was separated and freed from diethyl ether under reduced pressure. Further purification 

could be achieved by distillation under high vacuum to give Bu2Zn as a colorless oil (65% 

yield). 

1H NMR (200 MHz, 296 K, C6D6)  (ppm) 0.35 (t, 3J(H,H) = 7.7 Hz, 4H, CH2Zn), 1.08 (t, 
3J(H,H) = 7.2 Hz, 6H, CH3), 1.45-1.63 (m, 4H, CH3CH2), 1.78-1.93 (m, 4H, CH2CH2Zn) 

agreed with those reported in the literature reasonably well.[120] Solutions of Bu2Zn in THF or 

THF-d8 (1.3 M, exact determination by iodiometric titration),[121] respectively, were stored 

under argon in the dark and found stable to degradation for > 2 weeks. 
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Preparation of ethyl 4-butylbenzoate ArBu 

The zinc reagent BuZnBr/LiBr (10.0 mL, 4.9 mmol, 0.49 mM in THF), prepared from BuLi and 

ZnBr2, was added to a solution of ethyl 4-iodobenzoate (1.16 g, 0.71 mL, 4.2 mmol), Pd(OAc)2 

(4.70 mg, 0.021 mmol, 0.50 mol%) and S-PHOS (2-dicycolhexylphosphino-2`,6`- 

dimethoxybiphenyl, 17.2 mg, 0.042 mmol, 1.0 mol%) in THF (5.50 mL). The reaction mixture was 

stirred for 12 h at room temperature. A saturated NH4Cl solution was added and extracted with 

diethylether (3 × 10 mL). The combined organic layers were washed with an aqueous sodium 

thiosulfate solution and dried over Na2SO4. The solvent was removed under reduced pressure and 

purification of the crude product by flash chromatography furnished the product as a colorless oil 

(1.46 g, 3.36 mmol, 80%). 

1H NMR (300 MHz, CDCl3) (ppm) = 7.95 (d, 3J(H,H) = 8.2 Hz CArH, 2 H), 7.23 (d, 3J(H,H) 

= 8.1 Hz CArH, 2 H), 4.35 (q, 3J(H,H) = 7.1 Hz CH3CH2CO, 2 H), 2.66 (t, 3J(H,H) = 7.7 Hz 

C3H7CH2CAr, 2 H) 1.66–1.56 (m, C2H5CH2CH2CAr), 1.36–1.26 (m, CH3CH2O, 

CH3CH2C2H4CAr, 5 H), 0.93 (t, 3J(H,H) = 7.4 Hz, 3H). 

13C NMR (75 MHz, CDCl3)  (ppm) = 166.9 (C5), 148.5 (C1), 129.7 (C2), 128.5 (C3), 128.2 

(C4), 60.9 (C6), 35.9 (C8), 33.5 (C9), 22.5 (C10), 14.5 (C7), 14.1 (C11). 

MS (70 eV, EI): m/z (%): 206 (39) [M+], 161 (100) [C11H13O+], 136 (20) [C8H8O2
+], 91 (35) 

[C7H7
+]. 

HRMS m/z: for C13H18O2
+ calc. 206.1301, found 206.1305. 

IR(ATR):  (cm–1) = 703 (m), 759 (m), 850 (m), 1021 (m), 1103 (vs), 1176 (s), 1270 (vs), 

1610 (m), 1714 (s), 2860 (w), 2872 (w), 2930 (m), 2957 (m). 

Rf (Dichloromethane): 0.78. 

~
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Preparation of biphenyl-4,4'-dicarboxylic acid diethyl ester (Ar2)[13c, 122] 

A dry and argon flushed Schlenk flask was charged with palladium acetate Pd(OAc)2 (0.50 mg, 

2.0 μmol, 1.0 mol%), S-PHOS (1.70 mg, 4.00 μmol, 2.00 mol%) and 4-

(ethoxycarbonyl)phenylzinc iodide (5.0 mL, 2.9 mmol, 0.57 M in THF). After stirring the 

mixture for 5 min, ethyl 4-iodo-benzoate (614 mg, 0.370 mL, 2.20 mmol) was added dropwise. 

The reaction mixture was stirred for 2 days under inert gas at room temperature. Then the 

reaction mixture was quenched with saturated NH4Cl solution and extracted with ether (4 × 10 

mL). The combined organic layers were washed with an aqueous sodium thiosulfate solution 

and dried over Na2SO4. Purification of the crude residue obtained after evaporation of the 

solvents by flash chromatography (dichloromethane : isohexane 1 : 1, silica) yielded biphenyl-

4,4'-dicarboxylic acid diethyl ester (550 mg, 1.85 mmol, 84%) as colorless solid.  

1H NMR (300 MHz, CDCl3) (ppm) = 8.14 (d, 3J(H,H) = 8.2 Hz CArH, 4 H), 7.69 (d, 3J(H,H) 

= 8.3 Hz CArH, 4 H), 4.41 (q, 3J(H,H) = 7.2 Hz CH3CH2CO, 4 H), 1.42 (t, 3J(H,H) = 7.1 Hz 

CH3CH2CO, 6 H). 

13C NMR (75 MHz, CDCl3)  (ppm) = 166.3 (C5, C5´), 144.3 (C1, C1´), 130.2 (C2, C2´), 

130.1 (C4, C4´), 127.2 (C3, C3´), 61.1 (C6, C6´), 14.4 (C7, C7´).  

MS (70 eV, EI): m/z (%): 298 (56) [M+], 253 (100) [C18H5O2
+], 225 (19) [C15H14O2

+], 152 

(34) [C12H10
+], 151 (10) [C7H3O4

+].

HRMS m/z: for C18H18O2
+ calc. 298.1200, found 298.1210. 

IR(ATR): (cm–1) = 696 (s), 752 (vs), 845 (vs), 1022 (s), 1107 (s), 1265 (vs), 1604 (m), 

1702 (s), 2902 (w), 2930 (w), 2960 (w), 2979 (w), 2992 (w). 

Rf (Dichloromethane): 0.63. 

~
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Preparation of ethyl 4-phenylbenzoate (ArPh) 

A dry and argon flushed Schlenk flask was charged with palladium acetate Pd(OAc)2 (2.5 mg, 

0.010 mmol, 0.80 mol%), S-PHOS (8.5 mg, 0.020 mmol, 1.6 mol%) and phenylzinc bromide 

(15 mmol, 0.81 M in THF). After stirring the mixture for 5 min, ethyl 4-iodo-benzoate (2.76 

mg, 2.20 mL, 13.0 mmol) was added dropwise. The reaction mixture was stirred for 20 h under 

inert gas at room temperature. Then the reaction mixture was quenched with saturated NH4Cl 

solution and extracted with dieethylether (4 × 10 mL). The combined organic layers were 

washed with an aqueous sodium thiosulfate solution and dried over Na2SO4. After evaporation 

of the solvent, the crude reside was purified by flash chromatography. (isohexane : ethylacetate 

30 : 1, silica) yielded biphenyl-4,4'-dicarboxylic acid diethyl ester (0.92 g, 4.1 mmol, 31%) as 

colorless solid.  

1H NMR (300 MHz, CDCl3) (ppm) = 8.12 (d, 3J(H,H) = 8.3 Hz, 2 H), 7.77–7.58 (m, 4 H), 

7.49–7.37 (m, 3 H), 4.41 (q, 3J(H,H) = 7.1 Hz, 2 H), 1.42 (t, 3J(H,H) = 7.1 Hz, 3 H). 

13C NMR (75 MHz, CDCl3)  (ppm) = 166.9 (C5), 145.9 (C1), 140.4 (C4), 130.4 (C2), 129.6 

(C3), 129.3 (C9), 128.4 (C8), 127.6 (C10), 127.3 (C11), 61.3 (C6), 14.7 (C7). 

MS (70 eV, EI): m/z (%): 226 (59) [C15H14O2
+], 198 (32) [C13H9O2

+], 181 (100) [C13H9O+], 

152 (54) [C12H10
+], 76 (10) [C6H4

+]. 

HRMS m/z: for C15H15O2
+ calc. 227.1066, found 227.1066. 

IR(ATR):  (cm–1) = 695 (s), 749 (vs), 865 (w), 1006 (m), 1196 (m), 1276 (s), 1369 (w), 

1479 (w), 1606 (m), 1699 (s), 2987 (w). 

~
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Preparation of ethyl 4-benzylbenzoate (ArBn) 

A dry and argon flushed Schlenk flask was charged with palladium acetate Pd(OAc)2 (2.5 mg, 

10 μmol, 1.0 mol%), S-PHOS (8.5 mg, 20 μmol, 2.0 mol%) and benzylzinc bromide (11.4 

mmol, 0.810 M in THF). After stirring the mixture for 5 min, ethyl 4-iodo-benzoate (2.76 mg, 

1.70 mL, 10.0 mmol) was added dropwise. The reaction mixture was stirred for 18 h under inert 

gas at room temperature. Then the reaction mixture was quenched with saturated NH4Cl 

solution and extracted with ether (4 × 10 mL). The combined organic layers were washed with 

an aqueous sodium thiosulfate solution and dried over Na2SO4. After evaporation of the 

solvents the crude residue was purified by flash chromatography (dichloromethane : ethyl 

acetate 10 : 1, silica) yielded biphenyl-4,4'-dicarboxylic acid diethyl ester (1.9 g, 7.9 mmol, 

80%) as colorless solid.  

1H-NMR (300 MHz, CDCl3) (ppm) = 8.04 – 7.89 (m, 2 H), 7.35 – 7.13 (m, 7 H), 4.36 (q, J 

= 7.1, 2 H), 4.03 (s, 2 H), 1.38 (t, J = 7.1, 3 H). 

13C-NMR (75 MHz, CDCl3

(C3), 129.2 (C9), 128.9 (C10), 128.8 (C11), 126.6 (C12), 61.1 (C8), 42.2 (C6), 14.6 (C7).  

MS (70 eV, EI): m/z (%): 240 (20) [M+], 195 (55) [C14H11O+], 167 (43) [C13H11
+], 91 (23) 

[C7H7
+]. 

HRMS m/z: calc. for C16H16O2
+  240.1145, found 240.1152. 

IR (ATR):  (cm–1) = 695 (s), 749 (vs), 865 (w), 1006 (m), 1196 (m), 1276 (s), 1369 (w), 

1479 (w), 1606 (m), 1699 (s), 2987 (w). 

~
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2.3.3 Typical procedure kinetic measurements 

A flame-dried flask under argon atmosphere was charged with ethyl 4-iodo benzoate (0.15 

mmol, 1.0 eq), the butylzinc reagent (0.60 mmol, 4.0 eq), n-undecane (0.15 mmol, 1.0 eq) as 

internal standard and THF as solvent in a volume of 1.5 mL. The resulting solution was stirred 

and held at 298 K ± 1 K by means of a circulating water/ethanol bath. A solution (0.01 mL) of 

Pd(OAc)2 (0.005 mol%) and S-PHOS (0.01 mol%) was quickly added at time zero of the kinetic 

measurement. Samples from the reaction mixture were taken at defined times and immediately 

treated with an aqueous solution of NH4Cl. After extraction with diethyl ether and filtration 

through glass wool, the resulting organic layers were analyzed by gas chromatography (Thermo 

Electron Corporation, Trace GC Ultra). The abundances of reactant ethyl 4-iodo benzoate (ArI), 

the cross-coupling product ethyl 4-butyl benzoate (ArBu) were determined by comparing their 

integrated measured peak areas (normalized to that of the internal standard) to calibration 

curves for authentic samples of these substances. 
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3 Kinetic analysis of Negishi cross-coupling reactionsb

Introduction 

Pd-catalyzed Negishi cross-coupling reactions are difficult to study because of their enormous 

complexity. The complexity is mainly caused by the presence of several components and the 

possibility of mutual interactions. This hinders the understanding of their mechanism and their 

rational optimization. A further complicating factor is that the rate-limiting step and, 

correspondingly, the rate-determining states[88] are not known. The rate-limiting step can be 

either oxidative addition, transmetalation or reductive elimination, depending on the 

combination of reactants, the catalyst used and the reaction conditions. For these reasons, a 

detailed study of the individual effects of Pd-catalyzed Negishi cross-coupling reactions is 

necessary.

Results and Discussion 

3.2.1 Model reaction

As model system, the reaction of ethyl 4-iodo-benzoate (ArI) with BuZnBr·LiBr in 

tetrahydrofuran at room temperature was considered (Scheme 3.1). To start the reaction, a 1:2 

mixture of the precatalyst Pd(OAc)2 and the sterically demanding phosphine S-PHOS[13c, 14, 64, 

105] as ligand was added. Half of the S-PHOS is supposedly consumed in the reduction of the

Pd(II) precatalyst to generate the active Pd(0) species,[44] which then is coordinated by the

remaining ligand. Very similar conditions are successfully used in synthetic applications.[27l, 

106] The concentration of the organozinc reagent used in excess (4 eq. relative to ArI) could not

change by more than 25% during the reaction (in the absence of decomposition reactions). This

enables conditions of approximately pseudo-first order conditions to be maintained which

facilitates the kinetic analysis. The progress of the reactions was monitored by taking aliquots

and analyzing them by gas chromatography (see Experimental Section for details). This method

b Some of the schemes and text passages of this chapter have partially been published already

in Lit [126]. 
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is rather labor-intensive and does not achieve a high temporal resolution. Nevertheless, its 

advantage is not to require any label or spectroscopic probe. Thanks to this versatility, gas-

chromatographic analysis is widely used for kinetic measurements.[107] 

Scheme 3.1 Model reaction investigated. 

The catalyst is necessary for the Negishi cross-coupling reaction and without it no reaction takes 

place. With a catalyst loading of only 0.005 mol%, the reactant ArI is completely consumed in 

< 2 h. The expected cross-coupling product ArBu is formed with approx. 90% yield (Figure 

3.1).  

Interestingly, the concentration profiles both of ArI and ArBu showed clearly bimodal features: 

the reaction proceeds relatively quickly in the initial phase of approx. 60 s, before it slows down 

significantly. Such a behavior was not just limited to the very experiment shown but was 

observed consistently. As control experiments did not find any evidence of inefficient mixing 

being the origin of this behavior, it appears to reflect the genuine kinetics of the model reaction. 

Obviously, this bimodal nature constitutes a major complication for a quantitative analysis and 

the extraction of meaningful rate constants.   
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Figure 3.1 Left: Time profiles of the concentrations of reactant ArI ( , c0 = 0.10 M) and of the 

products ArBu (cross-coupling product, ), ArH (dehalogenation product, ), and Ar2 (homo-

coupling product, ) formed in the reaction with BuZnBr · LiBr (0.40 M) in THF at 298 K 

(precatalyst: Pd(OAc)2/2 S-PHOS, 5 · 10 6 M, the concentration refers to Pd, the concentration 

of S-Phos is twice as high). Right: Time profiles of the concentrations of the byproducts ArH 

and Ar2 formed in the same reaction at enlarged scale.

As expected, lowering the temperature resulted in a significant deceleration (Figure 3.2); 

otherwise, the reaction proceeds in a very similar manner. While most of the further 

experiments were performed at 298 K, some of them were carried out at 273 K. 
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Figure 3.2 Time profiles of the concentrations of reactant ArI (squares) and of the cross-

coupling product ArBu (triangle

different temperatures (precatalyst: Pd(OAc)2/2 S-PHOS, 5 ·10 5 M).

Besides the desired cross-coupling product ArBu, the reaction also affords dehalogenation and 

homo-coupling products, i.e., ArH and Ar2, though to only minor extents (approx. 10% in total). 

Analogous byproducts are well-known from the literature.[27k, 34a-d] The ArZnBr species, which 

is an intermediate of the formation of ArH and Ar2, may result from an aryl/alkyl exchange 

between the conventional transmetalated LPd(Ar)Bu intermediate and BuZnBr (L = S-PHOS, 

Scheme 3.2, path A with R = Bu). This step is similar to an aryl/aryl exchange reaction 

suggested by Lei and coworkers.[27k] After this step, the concomitantly generated LPdBu2

undergoes reductive elimination or -H elimination, but the high volatility of the expected 

products prohibits their detection in the present experiments (see below, however, for the 

observation of R2 products originating from other RZnBr reagents). Alternatively, ArZnBr

could result from an aryl/alkyl exchange between LPd(Ar)I and BuZnBr (Scheme 3.2, path B 

with R = Bu and X = I); analogous reactions haven been postulated by van Asset and 

Elsevier.[34d] ArZnX can transmetalate LPd(Ar)I to yield LPd(Ar)2, which then releases the 

homo-coupling product Ar2 in a reductive elimination and regenerates the catalyst. The 

measured concentration profiles support the inferred consecutive formation of Ar2 in that the 

homo-coupling product starts to build up only after some dehalogenation product has formed. 

In the following, the focus will be on the cross-coupling reaction channel and not consider the 

Ar2 and ArH byproducts unless their combined fraction amounts to significantly more than 

10%. 
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Scheme 3.2 Proposed genesis of the byproducts ArZnBr and Ar2 (L = S-PHOS).

3.2.2 Effect of LiBr and ZnBr2 additives 

The cross-coupling starts at a high rate, but in the absence of LiBr it stops after approx. 120 s. 

This is shown in Figure 3.3 (right) for the formation of ArBu and in Figure 3.3 (left) for the 

consumption of ArI. Thus, only a poor conversion (< 20%) is reached. In contrast, addition of 

1 or 2 eq. of LiBr (relative to BuZnBr) leads to the complete consumption of reactant ArI and 

the formation of ArBu in high yields. The concentration profiles measured upon addition of 1 

and 2 eq. of LiBr are almost indistinguishable and show similar reaction rates.  

 Figure 3.3 Time profiles of the concentration of the cross-coupling product ArBu formed upon 

reaction of ArI (0.10 M) with BuZnBr (0.40 M) in THF at 298 K (precatalyst: Pd(OAc)2/2 S-

PHOS) in the absence (empty triangles, 5 ·10 5 M precatalyst) or presence of LiBr (black and 

grey triangles, 2 ·10 5 M precatalyst). 
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This finding markedly contrasts the results Organ and coworkers reported for Pd-catalyzed 

alkyl-alkyl Negishi cross-coupling reaction in a mixture of THF and the polar solvent 1,3-

dimethyl-2-imidazolidinone with an N-heterocyclic carbene as ligand; in this case, the reaction 

is inefficient if only 1 eq. of LiBr was added.[27p, 65] The authors rationalized this behavior by 

the necessity to form so-called higher-order organ zincates BuZnBr3
2– for an efficient 

transmetalation and overall reaction.[27p, 65] Apparently, such higher-order organozincates do 

not play a significant role in the present experiments. In line with this assessment, our previous 

studies did not detect significant amounts of higher-order zincates RZnX3
2– for solutions of 

RZnX·2 LiX in THF.[27h, 27i, 27q, 27r, 55]  

Experiments performed at lower temperatures also found a rate-enhancing effect of LiBr 

(Figure 3.4). 

Figure 3.4 Time profiles of the concentrations of reactant ArI (squares) and of the cross-

coupling product ArBu (triangles) formed in the reaction with BuZnBr (0.40 M) in THF at 273 

K (precatalyst: Pd(OAc)2/2 S-PHOS, 5 ·10 5 M) in the absence (empty symbols) or presence of 

LiBr (black symbols). 

To exclude that the poor conversion observed in the absence of LiBr resulted from the 

inadvertent decomposition of the reagents or the catalyst, iodometric titration[121] was first used 

to check the activity of BuZnBr at later reaction times. This control confirmed the presence of 

the active organozinc reagent in the expected concentration. Next, 1 eq. of LiBr at later reaction 

times was added and upon the addition, the cross-coupling reaction sets in again and proceeds 

to high conversions (Figure 3.5). This observation excludes the (complete) irreversible 

0,00

0,02

0,04

0,06

0,08

0,10

0,12

0,14

0 2000 4000 6000 8000

c 
/ M

t  / s

0.14 

0.12

0.10

0.08

0.06

0.04

0.02

0.00



Kinetic analysis of Negishi cross-coupling reactions 41 

decomposition of the reagents or the catalyst. Interestingly, the reaction after the addition of 

LiBr is significantly slower than that with LiBr present from the very beginning, however, and 

does not exhibit a pronounced bimodal behavior. 

The rate-accelerating effect of LiBr is partly counter-acted by ZnBr2 as shown Figure 3.6 left

for the consumption of ArI and in Figure 3.6 right for the formation of ArBu. This finding 

parallels the observations made by Organ and coworkers for the reaction system mentioned 

above.[27p, 65] Again, the reaction shows a clearly bimodal behavior. It starts with a relatively 

fast conversion in the initial phase and a significant slow-down thereafter. 

Figure 3.5 Time profiles of the concentrations of reactant ArI (squares) and of the cross-

coupling product ArBu (triangles) formed upon reaction with BuZnBr (0.40 M) in THF at 298 K 

(precatalyst: Pd(OAc)2/2 S-PHOS, 5 ·10 5 M). The reaction does not proceed to a significant 

extent before LiBr (0.40 M) is added. 
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Figure 3.6 Time profile of the concentrations of reactant ArI (left, squares) consumed and the 

cross-coupling product ArBu (right, triangles) formed in the reaction of ArI (0.10 M) with 

BuZnBr (0.40 M) in THF at 273 K (precatalyst: Pd(OAc)2/2 S-PHOS, 5 ·10 5 M) in the absence 

(black symbols) or presence of ZnBr2 (empty symbols).  
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3.2.3 Variation of the catalyst 

As expected, the rate of the cross-coupling reaction depends on the catalyst loading. The 

experiments are shown in Figure 3.7. This indicates that the catalyst is involved in the rate-

limiting step. To determine the corresponding reaction order, the very first and approximately 

linear section of each curve, was considered. This simplifies the course of the curve and neglects 

the bimodal character of the reaction. Plotting the slopes of these sections against the 

concentration of the precatalyst affords a roughly linear correlation, suggesting a mononuclear 

Pd complex as catalytically active species (Figure 3.8). 

Figure 3.7 Time profile of the concentrations of reactant ArI (left) consumed and the cross-

coupling product ArBu (right) formed upon reaction of ArI (0.10 M

M) in THF at 298 K in the presence of different amounts of catalyst (precatalyst: Pd(OAc)2/2

S-PHOS, 2 ·10 6 5 M).
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Figure 3.8 Initial rate of the cross-coupling reaction between ArI (0.10 M

(0.40 M) in THF at 298 K as function of the concentration of the precatalyst (Pd(OAc)2/2 S-

PHOS) together with a linear fit.

The concentration of the S-PHOS ligand relative to that of Pd(OAc)2 was also varied. 

Increasing the amount of S-PHOS from 1 to 4 eq. resulted in a rather moderate rate enhancement 

(Figure 3.9). The slightly slower reaction rate observed in the presence of only 1 eq. of S-PHOS 

presumably reflects the fact that part of the ligand has been consumed for the reduction of the 

Pd(II) catalyst precursor (apart from the phosphine, the organozinc reagent can also function as 

reducing agent). The somewhat faster reaction occurring in the presence of 4 eq. of S-PHOS 

indicates that this ligand indeed is so large that it does not readily form bis-ligated Pd(0) 

complexes,[123] which would be reluctant to undergo oxidative addition.  
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Figure 3.9 Time profile of the concentrations of reactant ArI (left) consumed and the cross-

coupling product ArBu (right) formed upon reaction of ArI (0.10 M M) 

in THF at 298 K in the presence of a fixed amount of Pd(OAc)2 (2·10 5 M), but variable amounts 

of S-PHOS (0 – 4 eq relative to Pd(OAc)2).

Figure 3.10 Time profiles of the concentration of the byproducts ArH (left) and Ar2 (right) 

formed upon reaction of ArI (0.10 M M) in THF at 298 K in the 

presence of a fixed amount of Pd(OAc)2 (2 ·10 5 M), but variable amounts of S-PHOS (0 – 4 

eq relative to Pd(OAc)2).

Interestingly, the cross-coupling also proceeded in the absence of S-PHOS (Figure 3.9). This 

observation echoes recent findings of Lei and coworkers. They investigated the reaction of ArI 

with p-CH3-C6H4-ZnCl in the presence of Pd(OAc)2.[85] At the very low Pd concentrations 

sampled in that work as well as in the present study, the in-situ formed Pd(0) species apparently 

does not spontaneously aggregate to metallic Pd. It maintained its catalytic activity for > 0.5 h. 

At the same time, an increased amount of byproducts was formed in the absence of the 

phosphine (Figure 3.10); in particular, the dehalogenation reaction was enhanced. 

According to the inferred mechanism (Scheme 3.2, path A with R = Bu), the formation of 

ArZnBr directly competes with the reductive elimination of the cross-coupling product ArBu 

from LPd(Ar)(Bu). If an analogous mechanism also in the absence of S-PHOS is assumed, the 

increased formation of ArZnBr indicates a lowered tendency toward reductive elimination. This 

lowered tendency presumably arises from the decreased steric congestion of the phosphine-free 
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complex. In turn, the coordinatively highly unsaturated phosphine-free Pd(0) complexes should 

undergo oxidative addition very efficiently. Lei and coworkers identified the transmetalation as 

rate-determining step for their model reaction.[85] The question of the rate-determining step for 

the present catalytic system will be discussed later. 

Unlike the concentration profiles measured with added S-PHOS, that of the phosphine-free 

reaction shows a slope that becomes slightly steeper at medium reaction times (t 

Presumably, this behavior reflects the ongoing reduction of the Pd(II) catalyst in the initial 

phase of the reaction. The experiments with added S-PHOS lack such an induction period 

because Pd(OAc)2 and S-PHOS were mixed for an incubation time of approx. 5 – 10 min before 

their addition to the reaction solution at t = 0. The effect of this incubation time in additional 

experiments (with Pd(OAc)2 and 2 eq. of S-PHOS) was investigated. Extending the incubation 

time from 5 to 60 min resulted in a modest deceleration of the cross-coupling reaction (Figure 

3.11). This finding implies that the reduction of the Pd(II) precatalyst occurs fast in the presence 

of S-PHOS, but that catalyst deactivation reactions set in at longer times.

The performance of Pd(OAc)2/2 S-PHOS was also compared with that of two other popular 

precatalysts, namely Pd(PPh3)4 and PEPPSI-IPr,[62] which contains an N-heterocyclic carbene 

as ligand was also compared. 

Figure 3.11 Time profiles of the concentration of reactant ArI (left) and the cross-coupling 

M) in THF at 298 K for different 

incubation times of the (precatalyst (Pd(OAc)2/2 S-PHOS, 5 ·10 5 M).
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Under standard conditions, the reaction in the presence of PEPPSI-IPr is fastest, although the 

observed rates do not differ very much (Figure 3.12). More importantly, however, the 

Pd(PPh3)4-catalyzed reaction falls behind with respect to the yield of the cross-coupling 

product. This decreased yield does not result from an incomplete consumption of reactant ArI, 

but rather from the increased formation of the homo-coupling product Ar2 (Figure 3.12). Given 

that the amount of the dehalogenation product ArH and, thus, the concentration of the ArZnBr 

intermediate is not anomalously high for the Pd(PPh3)4-catalyzed reaction, the relative rates of 

the transmetalation step presumably make the difference. Apparently, the PPh3-ligated complex 

Scheme 3.2 with R = Bu) over that with 

-PHOS- and the N-heterocyclic carbene-ligated 

complexes.  

N

Pd ClCl

Cl

NN
iPr

iPr
iPr

iPr
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Figure 3.12 Time profiles of the concentration of reactant ArI (top left) and the byproducts ArH 

(top right) and Ar2 (bottom right) and of the cross-coupling product ArBu (bottom left) formed 

upon reaction of ArI (0.10 M M) in THF at 298 K in the presence of 

different Pd catalysts (2 ·10 5 M). Time profiles of the concentration formed upon reaction of 

ArI (0.10 M M) in THF at 298 K with different catalytic systems 

(2 ·10 5 M) 

In the absence of stoichiometric amounts of LiBr, the Pd(PPh3)4- and PEPPSI-IPr-catalyzed 

reactions were slowed down (Figure 3.13 and Figure 3.14). This effect was particularly 

pronounced in the latter case. 

Pd(OAc)2/2 S-PHOS
Pd(PPh3)4
PEPPSI-IPr
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Figure 3.13 Time profiles of the concentrations of reactant ArI (left) and of the cross-coupling 

product ArBu (right) formed in the reaction with BuZnBr (0.40 M) in THF at 298 K (precatalyst: 

Pd(PPh3)4, 1 ·10 3 M) in the absence (empty symbols) or presence of LiBr (black symbols). 

Figure 3.14 Time profiles of the concentrations of reactant ArI (left) and of the cross-coupling 

product ArBu (right) formed in the reaction with BuZnBr (0.40 M) in THF at 298 K (precatalyst: 

PEPPSI-IPr, 2 ·10 5 M) in the absence (empty symbols) or presence of LiBr (black symbols). 

3.2.4 Variation of the aryl halide substrate 

was present in threefold excess, and of the catalyst were 

held approximately constant during the course of the experiment, the main change in the 

reaction conditions was brought about by the decline of reacting ArI substrate (if a possible 
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effect of newly formed ZnX2 was neglected, see below). This decline then apparently caused 

the reaction rate to decrease, as evidenced by the bent shapes of the ArI and ArBu concentration 

profiles.

Figure 3.15 Time profiles of the concentration of the reactant ArI (left) and the cross-coupling 

product ArBu (right) formed upon reaction of ArI (starting concentrations: 0.025 – 0.20 M) with 

M) in THF at 298 K (precatalyst: Pd(OAc)2/2 S-PHOS, 2 ·10 5 M).

To probe this dependence more directly, experiments with different starting concentrations of 

ArI (Figure 3.15) were also performed. Plotting the initial rates (0 – 5% to 0 – 10% conversion) 

against c0(ArI) showed a positive dependence, but no apparent linear correlation (Figure 3.16); 

in this case, the scattering inherent in the data points at low conversion levels made a rigorous 

quantitative treatment difficult, however.
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Figure 3.16 Initial rate of the cross-coupling reaction between ArI (starting concentration c0 = 

0.025 – 0.20 M M) in THF at 298 K (precatalyst: Pd(OAc)2/2 S-PHOS, 

2 ·10 5 M).

Next, the substrate ArI was exchanged for ArBr and ArOTs. ArOTs did not react under the 

chosen reaction conditions (even not with a precatalyst loading of 1 ·10 3 M) and therefore was 

not considered any further. ArBr does undergo cross-

significantly more slowly.  

Under the employed conditions the reaction between ArBr and BuZnBr LiBr was complete 

within the sampled time window of t = 5400 s. The expected cross-coupling product ethyl 4-

butylbenzoate ArBu was obtained in 45% yield. For comparison, the yield of the cross-coupling 

product in the model reaction using ethyl 4-iodobenzoate as reactant was almost 95%. (Figure 

3.1) Thus, the use of the bromo-electrophile is less effective. With a precatalyst concentration 

Pd(OAc)2/2 S-Phos of 1 ·10 3 M, ethyl 4-butylbenzoate, but also a high amounts of the 

homocoupling product Ar2 and the dehalogenated product ArH were observed.

Scheme 3.3 Reaction of ArBr with BuZnBr·LiBr.
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Figure 3.17 Left: Time profiles of the concentrations of reactant ethyl 4-bromobenzoate ArBr 

and the cross-coupling product ethyl 4-butylbenzoate ArBu, which is formed upon reaction 

with BuZnBr·LiBr (0.40 M) in THF at 298 K (precatalyst: Pd(OAc)2/2 S-PHOS, 1 ·10 3 M). 

Right: Time profiles of the concentrations of dehalogenated product ethylbenzoate ArH ( ) and 

the homocoupling product Ar2 ( ) (the reaction equation is shown Scheme 3.3 Reaction of 

ArBr with BuZnBr·LiBr).

Compared to the reaction of ArI with BuZnBr·LiBr (Scheme 3.1), the reaction ArBr with 

BuZnBr·LiBr led to a deceleration of the reaction (Figure 3.17) and also to a lower yield of the 

cross-coupling product ArBu. For the present system with ArBr, the homo-coupling and 

dehalogenation side products were formed in higher yields compared to the model system 

(Figure 3.1). The dehalogenated product ArH is generated by a side reaction of the sensitive 

intermediate formed in the oxidative addition. The high formation of ArH of almost 50% 

reveals that half of the intermediate was not able to transmetalate with the BuZnBr·LiBr. The 

rate of the side reaction and the final concentration of ArH were much higher when ArBr was 

used, than in the reaction of ArI with BuZnBr·LiBr. However, the amount of the homocoupling 

compound with 5% is comparably low.  

In order to enable a direct comparison, competition experiments with equal amounts of ArBr 

were performed (Scheme 3.4 and Figure 3.18). It is assumed here that the effect of 

exchanging the ethyl for the methyl ester is negligible. Considering only the very first data 
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is found 

that of ArBr.

Scheme 3.4 

Figure 3.18 Time profiles of the concentration of ethyl 4-bromobenzoate ArBr (black squares, 

0.10 M) and methyl 4- empty squares, 0.10 M) (left) and of the concentration 

of ethyl 4-butylbenzoate ArBu (black triangles) and methyl 4-

M of each 

M) in THF at 298 K (precatalyst: Pd(OAc)2/2 S-PHOS, 

5 ·10 5 M).

Moreover, the effect of LiBr addition on the reaction of ArBr was studied. PEPPSI-IPr is a very 

effective precatalyst and is used in this reaction. Like in the case of ArI, LiBr greatly accelerates 

the cross-coupling reaction, which again shows a bimodal behavior with a faster initial 
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conversion (Figure 3.19). However, LiBr has an even stronger effect on the dehalogenation 

channel, which now becomes the main product (Figure 3.19). 

Figure 3.19 Time profiles of the concentrations of reactant ArBr (top left), of the cross-coupling 

product ArBu (top right), the dehalogenation byproduct ArH (bottom left), and the homo-

coupling product Ar2 (bottom right) formed in the reaction with BuZnBr (0.40 M) in THF at 

298 K (precatalyst: PEPPSI-IPr, 1 ·10 3 M) in the absence (black symbols) or presence of LiBr 

(empty symbols).  
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From the two mechanisms considered for the formation of ArZnBr (Scheme 3.2 with R = Bu 

and X = I) only path B involves the halide stemming from reactant ArX. It therefore seems 

likely that this mechanism operates at least partially in the reactions with ArBr as substrate.

3.2.5 Variation of the organozinc reagent 

influence on the cross-coupling reaction (Figure 3.20). Considering the initial slopes (0 – 12% 

conversion) confirmed that the reaction was insensitive to the concentration of the organozinc 

reagent; if any, a small negative dependence was discerned (Figure 3.21).

Figure 3.20 Time profiles of the concentration of reactant ArI (left) and of the cross-coupling 

product ArBu (right) formed in the reaction of ArI – 0.80 M) in THF 

at 298 K (precatalyst: Pd(OAc)2/2 S-PHOS, 2 · 10 5 M).  
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Figure 3.21 Initial rate of the cross-coupling reaction between ArI (starting concentration c0 = 

0.10 M c0 = 0.20 – 0.80 M) in THF at 298 K (precatalyst: Pd(OAc)2/2 S-

PHOS, 2 · 10 5 M).

reactivity were also probed. Both of them undergo cross-coupling with ArI and furnish ArPh 

and ArBn, respectively, in high yields (Figure 3.22 and Figure 3.23).  
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Figure 3.22 Left top: Time profiles of the concentrations of reactant ArI (squares, c0 = 0.10 M) 

and of the products ArPh (cross-coupling product, triangles), Ph2 (homo-coupling product 

derived from the organozinc reagent, rectangles), for

(0.40 M) in THF at 298 K (precatalyst: Pd(OAc)2/2 S-PHOS, 1 · 10 5 M). Right: Enlargement 

of Figure 3.22 Left top in the range up to 750 s. Bottom: Time profiles of the concentrations of 

the byproducts ArH (dehalogenation product, circles) and Ar2 (homo-coupling product derived 

from the aryl halide substrate, diamonds) formed in the same reaction at enlarged scale.
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Figure 3.23 Left top: Time profiles of the concentrations of reactant ArI (squares, c0 = 0.10 M) 

and of the products ArBn (cross-coupling product, triangles), Bn2 (homo-coupling product 

(0.40 M) in THF at 298 K (precatalyst: Pd(OAc)2/2 S-PHOS, 2 · 10 4 M). Right: Enlargement 

of Figure 3.23 Left top in the range up to 750 s. Bottom: Time profiles of the concentrations of 

the byproducts ArH (dehalogenation product, circles), and Ar2 (homo-coupling product derived 

from the aryl halide substrate, diamonds) formed in the same reaction at enlarged scale.  
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Interestingly, in these reactions ArH and Ar2 byproducts were not only detected, but also Ph2 

and Bn2, respectively. These compounds were homo-coupling products derived from the 

organozinc reagent. Although significant amounts of the R2 homo-coupling products were 

already observed at t = 0 and, thus, apparently resulted from the synthesis of the organozinc 

reagents (see Experimental Section), the concentrations of R2 considerably increased upon 

addition of the precatalyst. This finding suggests that the Pd catalyst can mediate the formation 

of R2, presumably via reductive elimination from LPd(R)2 intermediates and, thus, provides 

strong evidence for the operation of path A in Scheme 3.2.  

Variation of the organozinc reagent has a significant effect on the overall reactivity. To make 

the experiments with different organozinc species comparable, the catalyst loading was varied 

(Figure 3.22 and Figure 3.23). 

For a direct comparison, again competition experiments employing pairwise equimolar 

mixtures (Scheme 3.5) were performed was found to be more reactive than 

Figure 3.24).[124] ed faster than 

r by a factor of 2.5 ± 0.5 (Figure 3.25). 
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Figure 3.24 Time profiles of the concentrations of reactant ArI (black squares, 0.10 M) and the 

products ArBu (black triangles) and ArPh (empty triangles) formed in competing reactions with 

a 1:1 mixture of Bu Ph M for both components) in THF at 273 K 

(precatalyst: Pd(OAc)2/2 S-PHOS, 5 · 10 6 M).

Figure 3.25 Time profiles of the concentrations of reactant ArI (black squares, 0.10 M) and the 

products ArBu (black triangles) and ArBn (empty triangles) formed in competing reactions with 

M for both components) in THF at 273 K 

(precatalyst: Pd(OAc)2/2 S-PHOS, 5 · 10 5 M).  
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Again, the presence of LiBr is essential for efficient cross-coupling. This is shown on the basis 

of experiments with and without this additive (Figure 3.26 and Figure 3.27).

Figure 3.26 Time profiles of the concentrations of reactant ArI (left) and of the cross-coupling 

product ArPh (right) formed in the reaction with PhZnBr (0.40 M) in THF at 298 K (precatalyst: 

Pd(OAc)2/2 S-PHOS, 1 · 10 5 M) in the absence (empty symbols) or presence of LiBr (black 

symbols). 

Figure 3.27 Time profiles of the concentrations of reactant ArI (left) and of the cross-coupling 

product ArBn (right) formed in the reaction with BnZnBr (0.40 M) in THF at 298 K (precatalyst: 

Pd(OAc)2/2 S-PHOS, 2 · 10 4 M) in the absence (empty symbols) or presence of LiBr (black 

symbols). 
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3.2.6 Rate-limiting step 

Information on the nature of the rate-limiting step can be derived from the reaction order. The 

results indicate that both c(Pd) and c(ArI) enter the rate law for the model reaction, the former 

in a linear and the latter apparently in a more complex fashion. In contrast, the rate does not 

depend on c

catalytic cycle, these findings are consistent with the oxidative addition, but not with the 

transmetalation or the reductive elimination being the rate-limiting step. Given that most of the 

present experiments were performed under roughly pseudo-first order conditions, the 

predominantly observed bent shapes of the concentration profiles also provide evidence against 

the transmetalation or the reductive elimination as rate-limiting step (in these cases, 

approximately linear profiles would be expected). 

The effects observed upon variation of the substrate ArX afford further information. The 

reactivity sharply drops in the series ArI > ArBr  ArOTs, which indeed suggests cleavage of 

-limiting step[17] and, thus, again points to the oxidative addition. In 

contrast, the given reactivity order does not appear reconcilable with the transmetalation as rate-

limiting step. Previous studies have found that the transmetalation rates of LnPd(Ar)Br 

complexes exceed those of their LnPd(Ar)I counterparts.[125] The observed reactivity pattern is 

also not compatible with the reductive elimination as rate-limiting step because this step does 

not involve the leaving group X at all.  

The mechanistic picture becomes less clear, however, if the effects resulting from the variation 

included in the analysis. The organyl group R strongly influence the 

overall rate of the cross-coupling although they are not involved in the oxidative addition 

according to the conventional catalytic cycle. This finding indicates severe shortcomings and 

inconsistencies in our current mechanistic understanding.  
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3.2.7 Bimodal kinetic behavior 

Most of the measured concentration profiles do not follow a simple exponential decay, which 

would be expected for the oxidative addition as rate-limiting step under approximately pseudo-

first order conditions. Instead, a faster reaction in the initial phase and a slower conversion 

thereafter was found. This bimodality once more points to a mechanistic complexity beyond 

that of the conventional catalytic cycle. Several explanations for the observed behavior are 

conceivable. First, the slow-down of the reaction could reflect the increased formation of the 

ZnX2 byproduct; the rate-decreasing effect of the latter in independent experiments has been 

established. Second, the deceleration could result from the partial deactivation/decomposition 

of the catalyst. The catalytic activity of solutions of Pd(OAc)2/2 S-PHOS slowly decreases with 

time and, thus, points to the occurrence of such processes. Their time-scale appears too long to 

account for the bimodal shapes of the concentration profiles, though. Alternatively, the catalyst 

may become deactivated in the presence of some of the other reaction partners. Theoretical 

calculations indicate that the organozinc reagent can interact with the Pd(0) species and thereby 

decrease its catalytic activity.[70] Without any direct experimental data on the processes 

occurring at the molecular level, an unambiguous mechanistic assignment is difficult, however. 

3.2.8 Comparison of different additives 

In the reactions investigated, the addition of LiBr (used in combination with RZnBr) leads to a 

higher reaction rate. Unlike the situation in more polar solvent mixtures,[27p, 65] this increase in 

reactivity is brought about by just 1 eq. of LiBr. The addition of further LiBr has no significant 

effect and therefore excludes the involvement of so-called higher-order organozincates, such as 

RZnBr3 . The adverse effect of ZnBr2 does not contradict this result because this Lewis-acidic 

species does not easily release halide anions, but rather scavenges them.[27b, 27p, 27s, 54, 65] 

The tendency of RZnX reagents and LiX to combine to organozincates is well-established by 

now.[27h, 27i, 27q-s, 54-57] As discussed above, the rate-limiting step of the catalytic cycle apparently 

corresponds to the oxidative addition, for which the involvement of the organozinc reagent is 

not obvious. Therefore, the possibility that the LiX additives may help to protect the Pd catalyst 

against deactivation/decomposition, potentially via the formation of Pd ate complexes is also 

considered.[51, 63] Our experiments indicate that such putative deactivation processes are 

reversible because the delayed addition of LiBr largely restores the catalytic activity. Again, 
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more definite and detailed assessments require further insight into the molecular speciation of 

the different components present in the reaction mixtures.  

3.2.9 Practical implications 

Aside from mechanistic considerations, the present results also bear practical relevance. The 

and Pd(OAc)2/2 S-PHOS as precatalyst 

proceeds with high efficiency. The cross-coupling product ArBu is formed with high 

chemoselectivity. Even a low concentration of the precatalyst of 5 · 10 6 M (0.005 mol%) still 

achieves a yield of almost 90% in 2 h at room temperature. With increased catalyst loading, the 

reaction also proceeds fast at reduced temperatures, which can be advantageous for the 

transformation of sensitive substrates. An equal or even slightly enhanced catalytic activity is 

observed for PEPPSI-IPr as precatalyst, whereas that of Pd(PPh3)4 is somewhat lower and also 

gives rise to higher amounts of the Ar2 byproduct. Interestingly, the reaction also proceeds 

relatively efficiently with plain Pd(OAc)2 and in the absence of any added ligand, thus echoing 

recent findings of Lei and coworkers.[85] In this case, however, again more byproducts are 

formed. The versatility of the applied reaction protocol is further demonstrated by the successful 

 [13c, 14, 27l, 64, 

106]
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4 Intermediates of Negishi cross-coupling reactionsc

Introduction

On the basis of the currently accepted catalytic cycle, some of the key findings obtained from 

kinetic measurements on a model reaction Scheme 1.2 and its variants could not be 

rationalized.[126] Further information on this reaction should be obtained by identifying the 

intermediates involved. To this end, reaction conditions very similar to those of the kinetic 

measurements (apart from adjustment of the concentrations of the various reaction partners as 

required by the analytical methods) are used. To cope with the significant complexity of the 

reaction, a stepwise approach is pursued. In this way, one component at a time is added before 

the complete system is finally probed. As analytical methods, 31P NMR and UV/Vis 

spectroscopy as well as ESI mass spectrometry are considered. The latter proves to be 

particularly instructive and therefore we predominantly rely on this technique.

Results and Discussion

4.2.1 31P NMR spectroscopy d

Solutions of Pd(OAc)2 and S-PHOS (molar ratio 1:2) in tetrahydrofuran (THF) were mixed at 

ambient temperature and immediately investigated by 31P NMR spectroscopy in a temperature 

range between 198 K and 298 K. The resulting 31P NMR spectra (Figure 4.1, Figure 4.2 and 

Figure 4.3) reveal the presence of three main products with 31P NMR chemical shifts at 298 K 

(198 K) of 47.5 (46.7), 39.9 (39.1), and 39.7 (37.9) ppm. At least the latter two values appear 

to be characteristic of S-PHOS coordinated to Pd(0), as the comparison with 

(S PHOS)Pd(CH2=CHSiMe2)2
31P = 35.8 ppm) suggests;[127] in contrast, Pd(I) and Pd(II) 

complexes of S-PHOS typically resonate at lower fields 31P = 85.7 and 53.7 ppm for 

[(S PHOS)Pd]2(BF4)2 and (S-PHOS)2PdCl2, respectively).[128] A more definite assignment of 

the observed main products is not straightforward, however; other cases have been reported, in 

which 31P NMR spectroscopy alone did not achieve unambiguous assignment of Pd phosphine 

complexes formed in situ either.[90b, 90c, 90f, 129] Nonetheless, the apparent complexity of the 

c Some of the schemes and text passages of this chapter have partially been published already
in Lit [126]. Prof. Koszinowski carried out the shown ESI mass spectrometry experiments. 
d Prof. Dr. Karaghiosoff carried out the shown NMR experiments. 
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present sample is surprising, given the strong tendency of S-PHOS to form only mono-ligated 

Pd(0) complexes.[101d, 105] Different conformers[26l] and/or different aggregation states may be 

involved. As Tromp et al. have pointed out, the NMR-spectroscopic distinction of Pd species 

in different aggregation states is notoriously difficult.[92]

Figure 4.1 31P NMR spectra of a solution of Pd(OAc)2 (1 mM) and S-PHOS (L, 2 mM) in THF 

measured at different temperatures (starting at 198 K and warming up the sample to 298 K in 

the course of 6 h). The signals labeled a and b are assigned to the phosphine oxide and free S-

PHOS, respectively.
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In addition, the spectra show the presence of remaining free S-PHOS and of the phosphine 

oxide derived thereof with 31

These assignments were confirmed by control experiments, in which the 31P NMR spectrum of 

a solution of S-PHOS in THF was recorded before and after its exposure to air. The phosphine 

oxide presumably results from the reduction of Pd(OAc)2, see above.[90a, 90b] Apparently, this 

reaction does not reach completion, though, as both the presence of remaining free S-PHOS 

and the relatively low abundance of corresponding phosphine oxide indicate. Moreover, it is 

worth noting the temperature dependence of the 31P NMR signal of S-PHOS, which is sharp at 

198 and 298 K, but broad at temperatures in between, reaching a maximum line width at 238 K. 

A partly similar dependence was observed for the signal at 37.9 ppm, which is broad at 198 K 

and becomes sharper with increasing temperature. This behavior points to the operation of fast 

equilibria with the involvement of free S-PHOS. Given the significant complexity of the sample 

resulting from the combination of just two components and the difficult product assignment, 
31P NMR spectroscopy was not applied to the analysis of further systems, but we turned to other 

analytical methods. 
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Figure 4.2 Downfield (left) and upfield (right) sections from the 31P NMR spectra of a solution 

of Pd(OAc)2 (1 mm) and S-PHOS (2 mm) in THF measured at different temperatures (starting 

at 198 K and warming up to the sample to 298  K in the course of 6 h).  

4.2.2 UV/Vis spectroscopy

Solutions of Pd(OAc)2/2 S-PHOS are colored. The color changes with time as well as upon 

addition of LiBr and BuZnBr. According to UV/Vis spectroscopy, the freshly prepared yellow 

solutions of Pd(OAc)2/2 S-PHOS show an absorption maximum centered at 390 nm (Figure 

4.3, top). With time, the color turnes red and at 495 nm another absorption band evolves, whose 

flank stretches out beyond 700 nm. The absorption over such an extended range of wavelengths 

is typical of Pd (and other metal) nanoclusters[130] and, thus, points to the gradual decomposition 

of the catalyst and Pd aggregation in the current experiments. If LiBr is added to the solution, 

the Pd(OAc)2/2 S-PHOS solutions change from yellow to orange, but do not turn red as quickly 

as the solutions without the additive. Apparently, the formation of Pd nanoclusters is slowed 

down. The absorption band is centered at 430 nm and has a shoulder at 390 nm, which 
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presumably corresponds to the first maximum observed in the absence of LiBr (Figure 4.3, 

bottom). A second shoulder around 520 nm evolves almost immediately after combination of 

the different components, but then vanishes again. This transient absorption is tentatively 

assigned to PdBr4
2– and related complexes, which can form from residual Pd(OAc)2 and LiBr; 

PdBr4
2– is known to exhibit an absorption maximum at 508 nm.[90i]  

Figure 4.3 UV/Vis spectra of a solution of Pd(OAc)2 (7.5 mM) and S-PHOS (15 mM) in THF 

in the absence (top) and presence (bottom) of LiBr (0.4 M). Spectra are shown for time 

intervals of 1 – 45 min (top) and 6 – 46 min (bottom) after combining Pd(OAc)2 and S-PHOS 

(time steps of 2 min). 
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Figure 4.4 UV/Vis spectra of a solution of Pd(OAc)2 (3 mM) and S-PHOS (6 mM) in THF after 

addition of BuZnBr (15 mM, black curve) or BuZnBr∙LiBr (15 mM, red curve), respectively. 

As soon as BuZnBr or BuZnBr·LiBr is added, solutions of Pd(OAc)2/2 S-PHOS rapidly darken 

and show absorption over the entire wavelength range sampled (Figure 4.4).  

Apparently, the organozinc reagent reduces residual Pd(OAc)2 and leads to Pd aggregation, 

eventually resulting in the formation of Pd black. This observation indicates that the amount of 

ligand employed, although theoretically sufficient, is not enough for stabilizing all of the Pd(0). 

4.2.3 ESI mass spectrometry − catalyst in the absence of substrate 

Analysis of a solution of the Pd(OAc)2 precatalyst in THF by ESI mass spectrometry affords 

only rather weak signal intensities. This is to be expected in accordance with its supposedly low 

tendency toward heterolytic dissociation in this relatively non-polar solvent. This slight 

tendency to dissociation is also reflected in the high aggregation state of the ions observed, such 

as NaPd3(OAc)6
+, NaPd6(OAc)12

+, and NaPd3(OAc)3(OH)5(HOAc)n
−, n = 0 and 1 (Figure 8.1, 

Figure 8.2, Table 8.1 and Table 8.2); the Na+ incorporated in these species presumably 

originates from the used glassware. As expected, only Pd(II) species form in the absence of a 

phosphine ligand. 
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Upon addition of 2 equiv. of S-PHOS (L) to solutions of Pd(OAc)2 in THF, the ESI mass spectra 

change significantly. In the positive ion mode, dimeric complexes L2Pd2(OAc)+ and 

L2Pd2(PCy2)+ appear in high abundance (Figure 4.5, Figure 8.3, Figure 8.4, Figure 8.5, Figure 

8.6 and Table 8.3).  

Figure 4.5. Positive-ion mode ESI mass spectrum of a solution of Pd(OAc)2 (3 mM) and S-

PHOS (L, 6 mM) in THF directly after mixing. 

Related monocationic Pd dimers were not only observed in previous ESI mass-spectrometric 

studies,[95g, 98h] but were also found in the condensed phase and structurally characterized.[95g] 

In the case of L = S-PHOS, Barder prepared L2Pd2
2+(BF4 )2 by treatment of L2PdCl2 with 

AgBF4.[128] X- -on coordination of 

the two phosphine ligands. These phosphine ligands interact with the Pd centers via their aryl 

groups.[128] A similar geometry may be assumed for the monocations detected in the present 

study. The additional anionic ligand could adopt an additional bridging mode. Like their well-

known neutral counterparts,[131] the cationic Pd dimers are commonly thought to be composed 

of two Pd(I) centers, which are covalently bound to each other (Scheme 4.1, left).[95g, 128] [131a]  

It would also be possible that the Pd dimers arise from a combination of a Pd (0) and a Pd (II) 

unit. [95g] A dative complex would be formed between the Lewis basic Pd (0) and the Lewis 

acidic Pd (II) (Scheme 4.1, right).[98h] 

Scheme 4.1 2Pd2(OAc)+ as a covalent or 

dative bond. 
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Apart from the Pd dimer motif itself, the PCy2 group as coordinating ligand in L2Pd2(PCy2)+ 

is also of interest in the present context. Clearly, this entity results from Pd insertion into the 

2 bond of the S-PHOS ligand and its cleavage. Degradation of the S-PHOS ligand at 

room temperature apparently proceeds continuously, as can be seen from the further increased 

relative signal intensity of L2Pd2(PCy2)+ at later times (Figure 8.7).  

In addition to L2Pd2(PCy2)+, sample solutions exposed to air also afford a Pd cation binding to 

the aryl fragment of the ligand, thus providing additional evidence for the proposed degradation 

of the latter. 

Further information is given by the negative-ion mode ESI mass spectra. Besides residual 

Pd(OAc)2 cluster ions and species presumably resulting from the oxidation of S-PHOS and/or 

a contamination, the trinuclear complex (LO)Pd3(PCy2)(OAc)2  is observed, with LO denoting 

the phosphine oxide derived from S-PHOS (Figure 8.11, Figure 8.12 and Table 8.4).  

LO, Ar = 2,6-dimethoxyphenyl 

The identity of this complex is substantiated by gas-phase fragmentation experiments, which 

result in the loss of (LO)Pd (or of separate LO and Pd), eq. (1) (Figure 8.13). 

(LO)Pd3(PCy2)(OAc)2    2(PCy2)(OAc)2   +  (LO)Pd (1) 

The trinuclear complex can be viewed as an aggregate consisting of a Pd(I) dimer and a Pd(0) 

moiety. At the same time, the coordination of a PCy2 

bond activation processes of the S-PHOS ligand and its partial degradation. Upon exposure of 

the sample solution to air, the Pd trimer vanishes and only simple Pd(OAc)2 cluster ions remain 

(Figure 8.14). The addition of LiBr to solutions of Pd(OAc)2 and S-PHOS results in 

considerable changes of the ESI mass spectra. In the positive-ion mode, the formation of 

L2Pd2Br+ at the expense of L2Pd2(OAc)+ points to ligand exchange processes (Figure 8.15, 

Figure 8.16, Figure 8.17 and Table 8.5).  
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The greatly decreased signal intensity of L2Pd2(PCy2)+ suggests that the presence of LiBr slows 

down the degradation of the S-PHOS ligand. In the negative-ion mode, the major species 

correspond to Pd(OAc)2 cluster anions, some of which show incorporation of Li+ (Figure 8.18 

and Table 8.6). 

4.2.4 ESI mass spectrometry – catalyst in the presence of organozinc reagents 

ESI mass-spectrometric analysis of a solution of Pd(OAc)2, S-PHOS, and BuZnBr in THF finds 

LZnBu+ as base peak in the positive-ion mode (Figure 8.19, Figure 8.20, Figure 8.21,  Figure 

8.22, Figure 8.23, Figure 8.24, Figure 8.25, Figure 8.26 and Table 8.7). This complex resembles 

other ligated organozinc cations of the type (ligand)ZnR+, which have been extensively studied 

previously.[55a, 132] In small quantities the related dimer L2Zn2BuBr2
+ is also detected. 

Even more interesting, however, is the presence of the heterobimetallic L2PdZnBu+ ion (Figure 

4.6). For this species, three different types of structure are conceivable: (i) The L2PdZnBu+ ion 

could feature a direct interaction between the Pd and the Zn center (structure A, Scheme 4.2). 

(ii) If the Pd and Zn centers are not interacting with each other directly, they could be held

together by bridging S-PHOS ligands (structure B). (iii) The cationic ZnBu unit could be

attached to one of the OCH3 groups of an S-PHOS ligand (structure C).
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Figure 4.6 Measured (black) and simulated (red) isotope pattern of L2PdZnBu+ (L = S-PHOS). 

Scheme 4.2. Possible structures of L2PdZnBu+ (L = S-PHOS). 

Compounds with direct Pd-Zn bonds as in A have recently been described and structurally 

characterized.[69] However, the assignment of the oxidation states to the metal centers is never 

uncomplicated.[69d] A can be considered to result from the combination of an LPd(0) and an 

LZn(II)Bu+ moiety. González-Pérez et al. predicted the formation of 

(PMe3)2Pd−Zn(Me)(Cl)(THF) on the model system Pd(PMe3)2/MeZnCl in THF by quantum-

chemical calculations. These calculations of a very similar structure support structure A.[70] In 

contrast, structure B seems less likely because such bridging binding modes are uncommon for 

tertiary phosphines.[133] Structure C was also excluded; if it had formed, one would expect other 

ethers, such as the abundantly present THF, to coordinate to the ZnBu+ moiety as well. The 

absence of BuZnL(THF)+ or related complexes suggests, however, that such species are not 

sufficiently stable under the chosen experimental conditions. 
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Further insight is obtained from the gas-phase fragmentation of L2PdZnBu+, which leads to 

losses of a phosphine ligand, a neutral PdL unit, and a Zn atom together with butene and the 

phosphine, eq. 4.2a – 4.2c with L = S-PHOS, respectively (Figure 8.24). 

L2PdZnBu+ LPdZnBu+   +   L (4.2a) 

LZnBu+   +   PdL (4.2b) 

LPdH+   +   [Zn, C4H8, L] (4.2c) 

The expulsion of an S-PHOS ligand under conservation of the Pd-Zn core, eq. 4.2a, points to 

an appreciable stability of the latter, in line with the proposed structure A 

The second fragmentation channel, eq. 4.2b, corresponds to the heterolytic dissociation of the 

parent ion into its two subunits, which is the back reaction of the putative formation of 

L2PdZnBu+. Moreover, the partitioning of the S-PHOS ligands between the two fragments is 

of interest. The fact that only a Zn-containing fragment with exactly one S-PHOS ligand is 

observed strongly suggests that already in the parent ion one of the two S-PHOS ligands is 

bound to the Pd and the other to the Zn center. As already mentioned above, Pd(0) indeed is 

generally believed to accommodate only a single S-PHOS ligand due to the high steric demands 

of the latter. [101d, 105] A similar situation can also be expected for the Zn(II) center. The 

interpretation of the third fragmentation channel, eq. 4.2c, is less straightforward. This reaction 

could either correspond to a proton transfer reaction affording a protonated PdL complex 

together with a Zn carbene species and an S-PHOS ligand or it could result in a Pd hydride 

complex LPd(II)H+ together with neutral Zn, butene, and S-PHOS (Scheme 8.1). The first 

possibility seems somewhat less likely as none of the previously studied ligated ZnBu+ 

complexes underwent proton transfer reactions upon fragmentation. The related ZnCH3
+, 

however, was shown to react with NH3 under formation of CH3NH3
+.[134] In analogy, energized 

L2PdZnBu+ might also transfer the Bu substituent to the Pd center, followed by rapid -

hydrogen elimination to yield LPd(II)H+. This point will be discussed later. 

Negative-ion mode ESI mass spectrometry of solutions of Pd(OAc)2, S-PHOS, and BuZnBr in 

THF does not detect any Pd-containing species, but only zincate anions, such as ZnBr3  and 

Zn2Br5  (Figure 8.27 and Table 8.8).  
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These zincates as well as their butyl-containing analogues are already known from BuZnBr 

solutions and have previously been studied in detail.[27h, 27r] The absence or reduced abundance 

of organozincates observed in the present work presumably originates from an imperfect 

insulation of the ESI source from the atmosphere and the occurrence of hydrolysis reactions of 

theses sensitive species. 

In the presence of LiBr, solutions of Pd(OAc)2, S-PHOS, and BuZnBr in THF again show 

LZnBu+ and L2PdZnBu+ upon analysis by positive-ion mode ESI mass spectrometry (Figure 

4.7, Figure 4.8, Figure 8.28 and Table 8.9). In addition, the Li+ complexes of S-PHOS and the 

corresponding phosphine oxide as well as the heterobimetallic dimer L2PdLi+ are observed as 

new peaks. As discussed above, the phosphine oxide presumably stems from the activation of 

the catalyst.[90a, 90b] The high oxophilicity of Li+ explains why it readily forms complexes with 

the phosphine oxide, which are efficiently detected by ESI mass spectrometry. In the negative-

ion mode, the anions, ZnBr3 , BuZn2Br4 , and Zn2Br5  are observed (Figure 8.29 and Table 

8.10).  

Figure 4.7. Positive-ion mode ESI mass spectrum of a solution of Pd(OAc)2 (3 mM), S-PHOS 

(L, 6 mM M) in THF (a = Li3ZnBr(OAc)3
+, b = LH+). 
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Figure 4.8 Measured (black) and simulated (red) isotope pattern of L2PdLi+ (L = S-PHOS). 

To test the generality of the present findings, the catalyst is first varied. Positive-ion mode ESI 

mass-spectrometric analysis of solutions of Pd(PPh3)4 and BuZnBr∙LiBr in THF detects a 

multitude of cationic species (Figure 4.9, Figure 8.30,Figure 8.31, Figure 8.32, Figure 8.33, 

Figure 8.34 and Table 8.11). The cations with m/z < 600 do not contain any Pd, however, but 

just Li and/or Zn as metallic component.  

Figure 4.9. Positive-ion mode ESI mass spectrum of a solution of Pd(PPh3)4 (3 mM) and 

BuZnBr∙LiBr (15 mM) in THF (a = Li3ZnBr4
+, b = LLiZnBr2

+, c = LLi2ZnBr3(H2O)+, d = 

L2Pd+/L2PdH+, e = LLi3ZnBr4
+, L = PPh3). 
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Pd-containing complexes are observed at higher m/z ratios and include L2PdZnBu+ (L = PPh3), 

for which a structure analogous to A (Scheme 4.2) is postulated. This assignment is 

corroborated by gas-phase fragmentation experiments (Figure 8.33), which demonstrate the 

facile loss of one phosphine ligand from the parent ion, eq. (4.2a) with L = PPh3, and a 

2Pd+ and 

L3Pd+, of which the former has already been observed in previous ESI mass-spectrometric 

experiments.[95f] These ions are open-shell species and are not expected to form spontaneously. 

Instead, they probably arise from an anodic oxidation during the ESI process.[95f, 135] A careful 

inspection of the measured isotope patterns moreover shows that the LnPd+ ions are 

accompanied by LnPdH+ complexes (Figure 8.30 and Figure 8.31). The latter could result from 

the former either by H abstraction from the solvent or by a reaction sequence involving 

transmetalation and -H elimination (in analogy to the Scheme 8.1). In the negative-ion mode, 

only zincate ions are observed, which do not provide additional information (Figure 8.35 and 

Table 8.12).  

The discussion of the Pd(PPh3)4 catalytic system is concluded by noting the complete absence 

of phosphine oxide, in marked contrast to the situation encountered for the case of the 

Pd(OAc)2/2 S-PHOS solutions. This absence reflects the fact that the Pd(PPh3)4 precatalyst 

already contains Pd(0) and, thus, does not require initial reduction. 

As third precatalyst, PEPPSI-IPr[62] is considered, which contains an N-heterocyclic carbene as 

ligand. 

Upon positive-ion mode ESI, solutions of PEPPSI-IPr and B

exclusively afford the protonated N-heterocyclic carbene (Figure 8.36, Figure 8.37 and Table 

8.13). Given the extremely high basicity of N-heterocyclic carbenes,[136] this observation is not 

unexpected, although the origin of the proton is not clear.[137] Besides the protonated ligand, 

small amounts of the protonated Pd complex (L2Pd)H+ (L = N-heterocyclic carbene) are also 

detected. With respect to the anions observed upon negative-ion mode ESI, again only zincates 

are found (Figure 8.38 and Table 8.14). 
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Next, the organozinc reagent is varied. Probing solutions of Pd(OAc)2/2 S-PHOS and 

-free cations (Figure 4.11, Figure 8.44, Figure 8.45, Figure 8.46, 

Figure 8.47 and Table 8.17) is again found. 

Figure 4.10. Positive-ion mode ESI mass spectrum of a solution of Pd(OAc)2 (3 mM), S-PHOS 

(L, 6 mM M) in THF (a = Li3ZnBr(OAc)3
+, b = Li2ZnBr2(OAc)(THF)+, 

c = LLi+, d = Li3ZnBr4(THF)+, e = Li4ZnBr2(OAc)3(THF)+, f = Li3ZnBr4(THF)2
+, g = 

Li3ZnBr4(THF)3
+). 

Of these, two types of species deserve explicit mentioning: (i) (LO)Li+ again points to the 

oxidation of the phosphine in the course of the precatalyst activation.[90a, 90b] (ii) LLiZnPhBr+ 

and the related L2Zn2Ph2Br+ once more demonstrate the tendency of organozinc halides toward 

cationization in the presence of strong ligands.[55a, 132a-f] Besides these Pd-free species, two Pd-

containing complexes are also observed: (i) L2PdLi+ may be considered as aggregate of an LPd 

and an LLi+ moiety, which could be held together by coordination of LLi+ via one of the ether 

groups of the second S-  cannot be 

excluded, however. (ii) L2PdZnPh+ forms the counterpart of L2PdZnBu+ and supposedly 

features a structure analogous to A (Scheme 4.2). This assumption is fully borne out by 

fragmentation experiments, which identify three distinct decomposition channels, eq. 4.3a – 

4.3c with L = S-PHOS, respectively (Figure 4.12). 
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Figure 4.11. Positive-ion mode ESI mass spectrum of a solution of Pd(OAc)2 (3 mM), S-PHOS 

(L, 6 mM M) in THF (a = Li3ZnBr3OH+, b = Li3H2Br4(THF)+/LLi+, c 

= (LO)Li+, d = Li2ZnBr3(THF)2
+, e = Li3ZnBr4(THF)+, f = Li3H2Br4(THF)2

+, g = 

Li2ZnBr3(THF)3
+, h = LLiZnPhBr+, i = Li3ZnBr4(THF)4, j = LLiZnPhBr(THF)+, k = 

L2Zn2Ph2Br+).

Figure 4.12 Mass spectrum of mass-selected L2PdZnPh+ and its daughter ions produced upon 

collision-induced dissociation (ELAB = 30 eV). The peak labeled a corresponds to (LO)Li+, 

which results from an isobaric contamination of the parent ion. 
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L2PdZnPh+ LPdZnPh+   +   L (4.3a) 

LZnPh+   +   PdL (4.3b) 

LPdPh+   +   [Zn, L] (4.3c) 

Eq. 4.3a and 4.3b directly parallel fragmentation reactions of L2PdZnBu+, eq. 4.2a and 4.2b, 

respectively. Eq. 4.3c corresponds to a transmetalation, for L2PdZnBu+ (Scheme 8.1) which is 

also inferred. Whereas the transmetalated species derived from L2PdZnBu+ supposedly 

undergoes a consecutive -H elimination, the analogous degradation pathway is not available 

for LPdPh+, thus explaining its persistence in the present experiments. In the negative-ion mode 

ESI mass spectrum, only zincate ions are observed (Figure 8.39 and Table 8.15). 

n the detection of very similar species. 

Among the cations observed (Figure 4.13, Figure 8.40, Figure 8.41, Figure 8.42, Figure 8.43 

and Table 8.16), the heterobimetallic complex L2PdZnBn+ again is of special interest. 

Figure 4.13 Positive-ion mode ESI mass spectrum of a solution of Pd(OAc)2 (3 mM), S-PHOS 

(L, 6 mM M) in THF (a = Li3ZnBr(OAc)3
+, b = Li2ZnBr2(OAc)(THF)+, 

c = LLi+, d = Li3ZnBr4(THF)+, e = Li4ZnBr2(OAc)3(THF)+, f = Li3ZnBr4(THF)2
+, g = 

Li3ZnBr4(THF)3
+). 

Fragmentation experiments of this ion find three different decomposition reactions (Figure 

8.43), eq. 4.4a – c with L = S-PHOS, which are in line with the parent ion having a structure 

analogous to A (Scheme 4.2). 
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L2PdZnBn+ LZnBn+   +   PdL (4.4a) 

LPdBn+   +   [Zn, L] (4.4b) 

LPd+   +   [ZnBn, L] (4.4c) 

The first two reactions, eq. 4.4a and 4.4b, proceed in analogy to fragmentation reactions 

occurring for L2PdZnPh+, eq. 4.3b and 4.3c, respectively. In contrast, eq. 4.4c corresponds to a 

novel decomposition process. This reaction produces a Pd(I) species, thus pointing to a 

-ion mode, mainly zincate anions are 

observed (Figure 8.48 and Table 8.18). 

Solutions of Pd(OAc)2/2 S-PHOS and ZnBr2  are also probed, but no ions of interest are 

detected in these experiments (Figure 8.49, Figure 8.50, Figure 8.51, Table 8.19 and Table 

8.20).  

4.2.5 ESI mass spectrometry – catalyst in the presence of aryl iodide substrate 

Positive-ion mode ESI of solutions of Pd(OAc)2/2 S-PHOS and ArI (Scheme 3.1) affords two 

Pd dimers, namely L2Pd2I+ and L2Pd2(PCy2)+ (Figure 4.14, Figure 8.52, Figure 8.53 and Table 

8.21). As discussed above, the latter is also generated in the absence of ArI. The former, in turn, 

reaction, such as an oxidative addition. 
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Figure 4.14. Positive-ion mode ESI mass spectrum of a solution of Pd(OAc)2 (3 mM), S-PHOS 

(L, 6 mM), and ArI (p-EtOOC-C6H4-I, 15 mM) in THF. 

Direct evidence for the occurrence of oxidative additions/Pd insertions under the present 

reaction conditions is provided by negative-ion mode ESI mass spectrometry. Besides simple 

palladium acetate/hydroxide cluster ions, these experiments detect the insertion products 

ArPdI(OAc)  and ArPdI2  (Figure 4.15, Figure 8.56, Figure 8.57, Figure 8.58, Figure 8.59 and 

Table 8.23); the propensity of Pd(II) insertion products to add anions and form negatively 

charged complexes is well-known.[51b, 77a, 79a, 102b, 102c] Somewhat unexpectedly, the observed 

intermediates do not contain any phosphine ligand, however. During fragmentation in the gas 

phase, ArPdI(OAc)  and ArPdI2  

substituent (Figure 8.58 and Figure 8.59). In contrast, reductive elimination of ArI is not found, 

which would correspond to the reverse of the oxidative addition. The absence of this 

fragmentation channel implies that the oxidative additions occurs virtually irreversibly, in 

accordance with reports in the literature.[138] 
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Figure 4.15. Negative-ion mode ESI mass spectrum of a solution of Pd(OAc)2 (3 mM), S-PHOS 

(L, 6 mM), and ArI (p-EtOOC-C6H4-I, 3 mM) in THF (a = NaPd2(OAc)5(OH) ). 

4.2.6 ESI mass spectrometry – catalyst in the simultaneous presence of organozinc 

reagent and aryl iodide substrate 

Finally, solutions of Pd(OAc)2/2 S- LiBr and ArI are analyzed. This mixture 

contains all components required for the catalytic cycle and therefore should yield the Negishi 

cross-coupling product. In the positive-ion mode ESI mass spectrum, prominent species include 

LZnBu+, L2PdLi+, and the heterobimetallic dimer L2PdZnBu+, all of which are already known 

from the experiments discussed above (Figure 4.16 and Table 8.24). The most abundant ion 

corresponds to LLi+. This ion is superimposed by a second species, however. Careful inspection 

of the isotope pattern (Figure 8.60) as well as gas-phase fragmentation experiments (Figure 

8.61) identify this second species as (ArBu)2Li+. This complex consists of Li+ and two 

molecules of the cross-coupling product.  
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Figure 4.16. Positive-ion mode ESI mass spectrum of a solution of Pd(OAc)2 (3 mM), S-PHOS 

(L, 6 mM M), and ArI (p-EtOOC-C6H4-I, 3 mM) in THF (a = 

Li3ZnBr(OAc)3
+, b = Li2ZnBr2(OAc)(THF)+, c = (LO)Li+, d = Li3ZnBr3(OAc)(THF)+, e = 

Li3ZnBr4(THF)+). 

 range, the reaction is slowed down to such 

an extent that the increase of (ArBu)2Li+ in time can be monitored (Figure 8.62). As expected, 

the reaction becomes faster for higher catalyst loadings, but the signal/noise ratio of the 

obtained data is too poor for a rigorous quantitative analysis; such behavior is typical for ESI 

mass-spectrometric experiments,[27q] although favorable exceptions are known.[98i, 139] In the 

negative-ion mode ESI mass spectrum, only zincate ions are detected (Figure 8.63 and Table 

8.25).  

4.2.7 Mechanistic implications 

The present ESI mass-spectrometric experiments reveal an unexpected diversity of Pd species 

formed in the reaction mixtures and, thus, corroborate the findings both of the 31P NMR-

spectroscopic and kinetic measurements.[126] Unlike 31P NMR and UV/Vis spectroscopy, ESI 

mass spectrometry affords more direct insight into the microscopic speciation. First, the 

formation of cationic L2Pd2X+ complexes (X = Br, I, OAc, PCy2) is of interest because these 

Pd(I) dimers (alternatively described as mixed Pd(0)/Pd(II) species, see Figure 4.3) might be 

considered the onset of aggregation and the formation of nanoclusters, eventually resulting in 

the precipitation of Pd black.[92] The simultaneous observation of the low-valent 
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(LO)Pd3(PCy2)(OAc)2  trimer seems to support this rationale as does the UV/Vis-spectroscopic 

evidence for the formation of Pd nanoclusters. However, the Pd dimers completely vanish upon 

addition of the organozinc reagent. This finding indicates that their formation is reversible under 

real catalytic conditions and that they do not easily undergo further aggregation; Pfaltz and 

coworkers came to a similar result.[95g]  

Moreover, Pd dimers are successfully used as precatalysts.[99-100, 140] Accordingly, the formation 

of Pd dimers does not appear to be a major pathway of catalyst degradation.

The catalyst deactivation presumably takes place via the decomposition of S-PHOS ligand. The 

observation of Pd-bound PCy2 

which have also been reported in the literature for similar systems.[98g, 141] The increase of the 

signal intensity of L2Pd2(PCy2)+ 

This decomposition reaction could therefore explain the modest decrease in reactivity observed 

for longer incubation times of Pd(OAc)2/2 S-PHOS solutions.  

The addition of LiBr apparently counteracts the degradation of the ligand; the molecular origin 

of this effect remains unclear, however. Certainly, the protection of the ligand against 

degradation contributes to the beneficial role of LiBr in Pd-catalyzed Negishi cross-coupling 

reactions but cannot fully account for it. The kinetic measurements have shown that the later 

addition of LiBr largely restores the catalytic activity.[126] Such behavior is hardly compatible 

with the irreversible decomposition of the S-PHOS ligand. 

The fact that no Pd dimers are observed upon addition of the organozinc reagent possibly 

suggests that the former are consumed in a reaction with the latter. The detection of the 

heterobimetallic dimers L2PdZnR+ (R = Bu, Ph, Bn) fully agrees with this hypothesis. 

Interestingly, these species remarkably resemble their homobimetallic L2Pd2X+ counterparts: 

both complexes can be considered to result from the combination of an electron-rich Pd(0) 

moiety with a Lewis-acidic M(II) cation. As Zn(II) is more Lewis-acidic than Pd(II),[142] the 

heterobimetallic complex should be more stable and prevail, in line with the experiment; note 

that the higher concentration of the organozinc reagent also favors the formation of L2PdZnR+. 

Under real catalytic conditions, the excess of the RZnX reagent will be even higher and so the 

equilibrium will be further shifted toward L2PdZnR+ and the corresponding neutral species, i.e., 

L2PdZn(R)X. Moreover, the observation of heterobimetallic Pd-Zn complexes for all three 

general phenomenon (no analogous species are detected for the PEPPSI-IPr precatalyst, but 

here the extreme predominance of protonated species in the positive-ion mode ESI mass 

spectrum may bias the analysis). A notable exception from this rule seems to be the Pd(OAc)2/2 
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S-PHOS/ZnBr2  which no L2PdZnBr+ is observed. We do not see an obvious

reason why heterobimetallic Pd-Zn complexes should not form in this case. Possibly because

of the increased Lewis acidity of L2PdZnBr+ a Br  anion binds to the complex and the resulting

neutral species cannot be observed by ESI mass spectrometry.

The apparently ready formation of Pd-Zn complexes most likely also affects the activity of the

Pd catalyst and, in particular, the oxidative addition. First, the reactivity of L2PdZnR+ as well

as that of its neutral counterpart L2PdZn(R)Br toward aryl halides are expected to depend on

the nature of the organyl group. Furthermore, the equilibrium concentrations of these species

presumably also differ upon variation of R. The kinetic measurements discussed in Chapter 3

actually found markedly different reaction rates for the cross-coupling of ArI with

addition as rate-limiting step.[126] These results could not be reconciled within in the concept of

the conventional catalytic cycle, but they are rationalized if the involvement of Pd-Zn

complexes is taken into account.[143] Quantum-chemical calculations predict that the association

of Pd(PMe3)2 with MeZnCl(THF) significantly slows down the oxidative addition.[70] Possibly

an analogous effect could also explain the bimodal behavior observed in the kinetic

measurements. In these experiments, the reaction was started by adding a solution of the catalyst

initial phase.[126] This extremely fast reaction progress could possibly reflect the exclusive

presence of free and more reactive LPd complexes (L = S-PHOS) just after the addition of the

catalyst solution. At longer times, the LPd complexes should be largely consumed due to the

formation of the Pd-Zn dimers. To test this hypothesis, control experiments were performed, in

were premixed and started the reaction by the

addition of ArI. Under these conditions, the Pd-Zn complexes should be present from the very

beginning on. Indeed, slower reactions are consistently observed although the magnitude of the

effect varies to some extent (Figure 4.17, Figure 4.18 and Figure 4.19).[144] Although this

finding supports our hypothesis, the control experiments themselves now also exhibit bimodal

behavior, with a slower initial and a faster later reaction. The origin of the apparent induction

period is unclear. Nonetheless, it remains a striking result that a simple change in the order of

addition of the reaction partners strongly influences the reaction rate.

Assuming that ZnBr2 gives rise to (neutral) Pd-Zn dimers as well, the involvement of such

complexes also explains the observed rate-decreasing effect of this additive.[27p, 65, 126] In this

context, it is also worth considering the role of ZnBr2 generated as byproduct of the reaction;

like extra added ZnBr2, it is supposed to slow down the reaction. As the formation of each
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ZnBr2 molecule consumes one RZnBr molecule, the concentration of Zn(II) species that can 

coordinate to LPd does not change in the course of the reaction. Therefore, the overall effect of 

the newly formed ZnBr2 probably is not overly large. 

Figure 4.17. Time profiles of the concentration of the cross-coupling product ArBu formed 

upon reaction of ArI (0.10 M M) in THF at 298 K (precatalyst: 

Pd(OAc)2/2 S-PHOS, 2 · 10 M) with the reaction partners added in different order.  
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Figure 4.18 Time profiles of the concentration of reactant ArI (left) and of the cross-coupling 

product ArBu (right) M) in THF at 298 K

(precatalyst: Pd(OAc)2/2 S-PHOS, 2 · 10 5 M) with the reaction partners added in different 

order (repetition run 1).  

Figure 4.19 Time profiles of the concentration of reactant ArI (left) and of the cross-coupling 

product ArBu (right) M) in THF at 298 K 

(precatalyst: Pd(OAc)2/2 S-PHOS, 2 · 10 5 M) with the reaction partners added in different order 

(repetition run 2). 

In the case of LiBr, the situation is more complex. Apart from its apparent role in protecting the 

S-PHOS ligand against degradation (see above), the ESI mass-spectrometric experiments do

not give any direct clue why it strongly enhances the cross-coupling efficiency.[27p, 27s, 54, 62, 65,

126] It is assumed that LiBr must act upon the oxidative addition, which under the present

conditions is the rate-limiting step according to these kinetic measurements.[126]
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Koszinowski[27h, 27i, 27r, 55b] and others [27s, 54, 56, 57, 145] have established the tendency of RZnX 

reagents (and ZnX2) to add halides anions and form the corresponding zincate anions. The 

negative-ion mode ESI mass spectra presented also show many zincate anions. Most of these 

zincate anions, however, are purely inorganic (see above).  

Compared to neutral RZnX species, organozincate anions have a drastically reduced Lewis 

acidity. It is therefore likely that they cannot simply be combined with electron-rich Pd(0) to 

form heterobimetallic Pd-Zn complexes. 

This would explain why more free LPd can be observed in the presence of LiBr. However, it is 

very difficult to find support for this hypothesis in the experiments. The ESI mass-spectrometric 

measurements detect L2PdZnBu+ both in the absence and presence of LiBr and the comparison 

of absolute or relative signal intensities between different samples is notoriously difficult.  

As an alternative rationalization for the effect of LiBr, the involvement of Pd(0) ate complexes 

in the present experiments was also considered.[51, 63b] The coordination of a Br  ion to an LPd 

complex enhances the electron density of the latter, thus possibly also increasing its affinity 

toward Lewis-acidic RZn+ or RZnBr species. The concomitant saturation of a vacant 

coordination site on Pd(0) supposedly lowers its tendency toward further association reactions, 

however. In the second case, the Pd(0) ate complexes could also counteract the formation of 

Pd-Zn dimers.  

The presence of heterobimetallic Pd-Zn species in Negishi cross-coupling reactions is also very 

interesting in another respect. These complexes contain both low-valent Pd and an organozinc 

moiety. Perhaps the elementary steps, the oxidative addition and the transmetalation, do not 

occur one after the other but in a more concerted manner. It is possible that the order of the 

elementary steps can be reversed. This alternative route would start with transmetalation and 

be followed by oxidative addition. Terao and Kambe have suggested mechanisms of this type 

in a related context.[145] Gas-phase fragmentation experiments demonstrate that the organyl 

group R of the L2PdZnR+ complexes can indeed be transferred to the Pd center, eq. 4.2c, 4.3c, 

and 4.4b, respectively (also see Scheme 8.1). In the course of this reaction, the Pd adopts an 

oxidation state of + II and would therefore no longer tend to oxidative addition.  
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5 Reactivity enhancement of aryl bromides in the presence of aryl 

iodides 

Introduction

Aryl halides are frequently used in synthesis reactions as substitution targets. In common cross-

coupling reactions, aryl iodides and also bromides are used for synthetic applications. The aryl 

bromides and iodides are particularly common in cross-couplings; they are generally more 

reactive than the chlorides and fluorides, with the iodides being the most reactive.[138] However, 

aryl chlorides and bromides are much more readily available and easier to synthesize than the 

other halogen derivatives,[146] [140a] and therefore, an effective method for the conversion of aryl 

halide derivatives would be extremely useful. In this way, one could take advantage of the 

higher reactivity of aryl iodides and the lower cost of aryl bromides and chlorides. Sheppard 

suggested an alternative for Finkelstein halogen exchange at aromatic compounds, a reaction 

catalyzed by a transition metal.[138] To date, there have been few reports of aromatic halogen 

exchange in the literature on transition metal-catalyzed cross-coupling reactions, particularly 

with palladium. More investigations have been reported on analogous reactions that use copper 

or nickel catalysis.[138, 147] Currently, research is focused on the development of ligands and 

reaction conditions of the palladium cross-coupling reactions. In this way, reactions with less 

reactive aryl chlorides should also be possible. [138, 148]  

Schoenebeck et al. studied the replacement of the halogen in a bromide-containing palladium(I) 

dimer with aryl iodide by experimental and theoretical studies. “9-Iodoanthracene was found 

to be the most reactive, with 92% conversion to 9-bromoanthracene after 3 hours, with 

concomitant formation of the palladium(I) iodide dimer.” (Scheme 5.1) [99]
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Scheme 5.1 Halogen exchange at 9-iodoanthracene to 9-bromoanthracene in presence of Pd(I)-
Br-dimer

They excluded the involvement of Pd(0)/Pd(II) and monomeric Pd(I) radical in this mechanism 

experimentally and conclude that the reaction takes place at palladium(I) dimer. Until this time, 

oxidative addition to palladium dimers had not been studied computationally. The data obtained 

strongly suggests that the aromatic halogen exchange process occurs by direct oxidative 

addition at the intact palladium(I) dimer.

Results and Discussion

To compare the reactivity of the electrophiles in the model reaction, ethyl 4-iodobenzoate (ArI) 

with BuZnBr·LiBr in THF (Scheme 3.1) with other electrophiles, the reaction of ethyl 4-

bromobenzoate (ArBr) and BuZnBr·LiBr under analogous condition was studied (Scheme 5.2). 

This has already been discussed in chapter 3 (Figure 3.17). The experiment indicated that at 

standard concentration (precatalyst 5 ·10-5 M), only a small conversion is observed and the 

concentration of the precatalyst has to be increased. ArBr was found to be less reactive in the 

oxidative addition, which was determined to be the rate-limiting step. (see chapter 3) 

To start the reaction, a 1:2 mixture of the precatalyst Pd(OAc)2
[90a] (1 ·10 3 M) and the sterically 

demanding phosphine S-PHOS[105] as ligand were added. The organozinc reagent was

employed in four-time excess relative to the ArBr.
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Scheme 5.2 Reaction of ethyl 4-bromobenzoate (ArBr) with BuZnBr LiBr in THF at room 

temperature gives the desired cross-coupling product ethyl 4-butylbenzoate (ArBu) and the side 

products ethyl benzoate (ArH) and biphenyl-4,4'-dicarboxylic acid diethyl ester (Ar2). 

The reaction of ArBr with BuZnBr·LiBr in presence of the Pd(OAc)2/2 S-Phos results in 

negligible conversion of ArBr to ArBu. (precatalyst 5 ·10-5 M data not shown) However, if Ar´I 

is added to the above reaction under otherwise identical conditions (Scheme 5.3), a significant 

enhancement of the rate of production of ArBr is observed. (Figure 3.18) 

The halogen exchange phenomenon is demonstrated by the experiment shown in Scheme 5.3. 

Scheme 5.3 Reaction of ethyl 4-bromobenzoate (0.1 M, ArBr) and methyl 4-iodobenzoate 

(0.1 M, Ar´I) with BuZnBr·LiBr (0.4 M) and the precatalyst Pd(OAc)2/2 S-Phos (5 ·10 5 M) to 

cross-coupling products ethyl 4-butylbenzoate (ArBu) and methyl 4-butylbenzoate (Ar´Bu).

desired product
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Methyl 4-iodobenzoate (Ar´I) is used for investigations on the influence of iodide compounds 

on the rate of the cross-coupling reactions. Structurally, methyl 4-iodobenzoate and ethyl 4-

bromobenzoate differ only by the halogen and by the ester group. The latter is necessary to 

differentiate between the products methyl 4-butylbenzoate and ethyl 4-butylbenzoate.

Figure 5.1 Time profiles of the concentrations of reactant ethyl 4-bromobenzoate ArBr ( ,

0.1 M) and methyl 4-iodobenzoate Ar´I ( , 0.1 M) reacting to the cross-coupling product ethyl 

4-butylbenzoate ArBu ( ) and methyl 4-butylbenzoate Ar´Bu ( ) formed upon reaction with

BuZnBr·LiBr (0.40 M) in THF at 298 K (precatalyst: Pd(OAc)2/2 S-PHOS, 5 ·10 5 M).

Further experiments shows that in presence of the methyl 4-iodobenzoate (Ar´I), the conversion 

of ethyl 4-bromobenzoate (ArBr) with BuZnBr·LiBr is enhanced. (Figure 5.1) 

The activating effect becomes more obvious when Ar´I is added with a delay relative to the 

start of the reaction by adding the catalyst mixture. Using the standard precatalyst loading 

(5 ·10 5 M) only low conversion of ethyl 4-bromobenzoate is observed. Due to the addition of 

methyl 4-iodobenzoate the conversion of ethyl 4-bromobenzoate is accelerated.

ArBr

Ar´I 
ArBu

Ar´Bu

KB133-1
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Figure 5.2 Left: Time profiles of the concentrations of the electrophiles ethyl 4-bromobenzoate 

ArBr ( , 0.1 M) and methyl 4-iodobenzoate Ar´I ( , 0.1 M) reacting with BuZnBr·LiBr (0.40 M) 

in THF at 298 K (precatalyst: Pd(OAc)2/2S-PHOS, 5 ·10 5 M) forming the products. Right: 

Time profiles of the concentrations of the products ethyl 4-butylbenzoate ArBu ( ) and methyl 

4-butylbenzoate Ar´Bu ( ).

To exclude transesterification as origin of the observed phenomenon, ArBr and Ar´I are mixed 

with the precatalyst, Pd(OAc)2 and S-Phos and found that no mixed aryl halogen like ArI or 

Ar´Br is formed. Analogous experiments excluded the possibility that salt effects like LiBr and 

ZnBr2 enable an exchange of the ester group. These experiments show no halogen exchange or 

transesterification in the absence of an organozinc compound (data not shown).  

The phenomenon, that an iodo compound accelerates the reaction of a bromo compound, could 

open a new way. Maybe this observation is the first step to accelerate the cross-coupling 

reaction of less reactive aryl bromides by the addition of an iodine source. Therefore, it is

investigated whether other sources of iodine have a similar effect.

Furthermore, phenyl iodide is chosen as representative electrophile for variable aryl iodide 

compounds. To the reaction of ethyl 4-bromobenzoate with BuZnBr·LiBr (0.40 M) catalyzed 

by Pd(OAc)2/2S-PHOS (5 ·10 5 M), phenyl iodide (0.1 M) is added. This reaction gives ethyl 4-

butylbenzoate in a yield of 10% and phenyl butane in 80%. Also, phenyl iodide is able to 

Ar´Bu

ArBu

Ar´I

ArBr
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accelerate the rate of the reaction of ethyl 4-iodobenzoate. The total consumption of phenyl 

iodide stops at 90% conversion.

Figure 5.3 Left: Time profiles of the concentrations of ethyl 4-bromobenzoate ArBr ( , 0.1 M) 

and phenyl iodide PhI ( , 0.1 M) reacting with BuZnBr·LiBr (0.40 M) in THF at 298 K 

(precatalyst: Pd(OAc)2/2 S-PHOS, 5 ·10 5 M) formed the products. Right: Time profiles of the 

concentrations of the products ethyl 4-butylbenzoate ArBu ( ) and phenyl butane PhBu ( ). 

To investigate the effect on the rate of the reaction by aryl iodide compounds, other iodine 

sources like iodine and methyl iodide are also tested. Reaction conditions analogous to those 

employed in the reaction of the ethyl 4-bromobenzoate with BuZnBr·LiBr and precatalyst 

Pd(OAc)2/2 S-PHOS are used. The added iodine and methyl iodide have not a significant effect 

on the rate of the cross-coupling reaction (data not shown). 

On the basis of the observations discussed above, the mechanisms shown in Scheme 5.4 and 

Scheme 5.5 for the halogen exchange reaction with monomeric (Scheme 5.4) or dimeric 

(Scheme 5.5) palladium are suggested. 

Path A in Scheme 5.4 shows one possible but limited appropriate way for the conversion of 

ethyl 4-bromobenzoate (ArBr) which is accelerated due to the addition of methyl 4-

iodobenzoate (Ar´I). In the first step, the reactive monoligated palladium complex (PdL) reacts 

in oxidative addition with the bromide electrophile. The formed palladium(II) complex I reacts 

with the organozinc compound. The dehalogenated product and the homocoupling product are 
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formed by side reactions analogous to the reactions shown in chapter 3. Due to the addition of 

methyl 4-iodobenzoate, a halogen exchange could occur and simultaneously one equivalent of 

the replaced electrophile methyl 4-bromobenzoate Ar´Br is formed.  

Scheme 5.4 Suggested mechanism of the halogen exchange with monomeric palladium. 

The results in chapter 3 demonstrate that the oxidative addition, the rate limiting step in the 

Negishi cross-coupling reaction, is decelerated if ArBr (Figure 3.17 and 3.18) is used and 

accelerated if ArI is used. These findings are in contradiction to an oxidative addition of ArBr 

in the first step of the Negishi cross-coupling reaction to form the palladium(II) complex I. 

Consequently, it is more likely that methyl 4-iodobenzoate (Ar´I) is reacting in the first step 

with palladium catalyst as demonstrated in path B (Scheme 5.4) and forms palladium(II) 

complex II. 

In both paths A and B Ar´ is exchanged with Ar. The formed palladium(II) complex III reacts 

with BuZnBr·LiBr in transmetalation and produces via palladium(II) complex IV the main 

product methyl 4-butylbenzoate (Ar´Bu). It is conceivable that a minor amount reacts with the 

ethyl 4-bromobenzoate and performs an exchange of the aryl group. The palladium(II) complex 
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III is formed, which contains the ethyl benzoate and the iodide group (ArPdLI). During 

transmetalation with BuZnBr·LiBr palladium(II) complex IV (ArPdLBu) is produced which 

forms in the reductive elimination ethyl 4-butylbenzate (ArBu). In both routes A and B, one 

equivalent of the replaced aryl halide (Ar´Br) should be formed, but this cannot be observed. 

This is not in accordance with the data of the experiment.  

Likewise, the mechanism could also occur over a dimeric palladium complex as suggested by 

Schoenebeck at al.[99] (Scheme 5.5) 

Scheme 5.5 Suggested mechanism of the halogen exchange with dimeric palladium 

In the oxidative addition the more reactive Ar´I forms a palladium(I) dimer V with the dimeric 

palladium catalyst. It is believed that ArBr reacts faster with palladium(I) dimer V than with 

the other low-valent Pd species considered. The palladium(I) dimer V can react in two ways. 

Path C illustrates the exchange of the aryl group. Ethyl 4-bromobenzoate reacts with the 

complex and one equivalent of the replaced aryl halogen Ar´Br should be released, but the 

formation of the replaced aryl halogen is against the findings from the experimental data from 

this work.  
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In path D the palladium(I) complex V reacts with one additional equivalent of ethyl 4-

bromobenzoate and forms a palladium(II) dimer VII. By transmetalation, ethyl 4-butylbenzoate 

(ArBu) and methyl 4-butylbenzoate (Ar´Bu) can be formed. 

On the basis of observations discussed above, it can be concluded that the mechanisms A, B 

and C describe the reality insufficiently, as no formation of methyl 4-bromobenzoate (Ar´Br) 

is observed experimentally. Path D (Scheme 5.5) correctly describes that no transformed aryl 

halogen is produced in the reaction.

To improve the reactivity of relatively low-priced but less reactive aryl bromide compounds by 

adding an iodide, would be of great synthetic interest. Further experiments were designed to 

investigate whether adding small portions of the aryl iodide can enhance the yield of the cross-

coupling product.  

Figure 5.4 Time profile of the concentrations of electrophile ethyl 4-bromobenzoate ArBr ( ,

0.1 M) reacting with BuZnBr·LiBr (0.40 M) in THF at 298 K (precatalyst: Pd(OAc)2/2S-PHOS, 

5 ·10 5 M) and the concentration of the formed product ethyl 4-butylbenzoate ArBu ( ). 

0.075 M methyl 4-iodobenzoate was added in three small portions of 0.025 M after 600 s, after 

2400 s and after 4200 s over the measured period.

Possibly the conversions of bromide electrophiles do not depend on the quantity of the added 

iodide compound, but on the reaction time.  

ArBr

ArBu
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In the following, it is checked whether the time of the reaction of methyl 4-iodobenzoate has 

an influence on the amount of ethyl 4-bromobenzoate reacted. 0.075 M methyl 4-iodobenzoate 

is added in three small portions over the measured period. After 600s, after 2400s and after 

4200, once each 0.025 M (data not shown) are added repeatedly to the reaction mixture of ethyl 

4-bromobenzoate with BuZnBr·LiBr and precatalyst (Pd(OAc)2/2S-Phos, 5 ·10 5 M).

Unfortunately, the total yield of the ArBu is approximately the same, no matter if the iodide 

compound is added in small portions or at once. Figure 5.4 shows the concentrations of the 

reactant ethyl 4-iodobenzoate (ArBr) and the cross-coupling product ethyl 4-butylbenzoate 

(ArBu). For simplification the concentrations of methyl 4-iodobenzoate and the corresponding 

cross-coupling product methyl 4-butylbenzoate are not shown in Figure 5.4. Presumably, the 

conversion of the bromide electrophile directly depends on the conversion of the iodide 

electrophile and cannot be increased by longer reaction times of the aryl iodide. 
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6 Anionic Pd0 and PdII ate complexes e

Introduction

A combination of electrospray ionization (ESI) mass spectrometry, electrical conductivity 

measurements, and multi-nuclear NMR spectroscopy are used to characterize anionic Pd0 and 

PdII ate complexes. 31P NMR spectroscopy is widely used for the analysis of Pd phosphine 

complexes.[29-30, 51a, 63b, 79a, 79c, 90a, 90c, 90d, 90k] The ESI mass spectrometry and the electrical 

conductivity measurements are capable to detect charged species. Therefore, they are 

particularly well-suited to address the present problem at hand. ESI mass spectrometry 

moreover has the advantage to afford stoichiometrically well-defined information and to permit 

coupling with gas-phase techniques.[27q, 89, 95c, 95f, 98b, 98f, 98h, 98i, 98l, 126, 149] Especially the existence 

of palladium ate species is an interesting point that has been discussed in the literature for 

years.[51a]

ESI mass spectrometry of Pd0 ate complexes f

Initial experiments probe millimolar solutions of [Pd(PPh3)4] and Pd(OAc)2/2 S-PHOS 

respectively, with an excess of LiBr or LiBr/BuZnBr (5 eq.) in THF by ESI mass spectrometry, 

but do not find any Pd0 ate complexes. If such complexes form in solution to a significant extent, 

they are apparently not sufficiently stable to survive the ESI process. It is concluded that the 

Pd0 ate complexes can be stabilized by lowering their electron density. To this end, the ligand 

is exchanged for the electron-poor phosphine LF. The resulting Pd complex [Pd(LF)3] is already 

known as an active catalyst in cross-coupling reactions.[150, 151]

e Some of the schemes and text passages of this chapter have partially been published already 
in Lit [156] 
f Prof. Koszinowski carried out the shown ESI mass spectrometry experiments. 
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Solutions of [Pd(LF)3] and LiBr (5 eq.) in THF give strong signals upon negative-ion mode ESI 

mass spectrometry (Figure 6.3).[152] The main peak observed correspond to the Pd0 ate complex 

[(LF)3PdBr] ; in addition, the ions [(LF)2PdBr] , [(LF)3Pd2Br3] , and [(LF)4Pd2Br] are detected. 

The latter closely resembles the dinuclear Pd0 complex [(PPh3)4Pd2Br2] suggested by Jutand 

and Amatore.[51a] In all cases, the given assignments fully agree with the measured exact m/z

ratios and the isotope patterns (Table 8.26, Figure 8.64, Figure 8.65, Figure 8.66 and Figure 

8.67).

If LiBr is exchanged for NBu4Br, the mononuclear complexes [(LF)2PdBr] and [(LF)3PdBr]

can be observed. (Figure 6.1 and Table 8.27). 

Figure 6.1 Negative-ion mode ESI mass spectrum of a solution of [Pd(LF)3] (3 mM) and NBu4Br 

(15 mM) in THF (a = [(ArF)3 , b = [(ArF)5P2O3] , LF = tris[3,5-bis(trifluoromethyl)-

phenyl]phosphine, ArF = 3,5-bis(trifluoromethyl)-phenyl). 

In contrast, there is less of [(LF)Br] , the Br  adduct, detected when LiBr is added to the 

solutions of the phosphine (without Pd) (Figure 6.2 and Table 8.28). 
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Figure 6.2 Negative-ion mode ESI mass spectrum of a solution of LF (3 mM) and LiBr (15 mM) 

in THF (LF = tris[3,5-bis(trifluoromethyl)-phenyl]phosphine, ArF = 3,5-bis(trifluoromethyl)-

phenyl). Left: full spectrum (a = [ZnBr3]−, b = [(ArF)2N]−, c = [(ArF)2,(ArF−H),N,O]−, d = 

[(ArF)3NBr]−, e = [((ArF)2NH)2Br]−, f = [((ArF)2NH)(ArF)3NO)Br]−, g = [(LF)2FeBr3]−, right: 

section from the spectrum. (ArF)2NH and (ArF)3N presumably are byproducts from the synthesis 

of the phosphine LF, which involves work-up with a concentrated aqueous solution of 

NH4Cl.[151, 153] [FeBr4]− and [(LF)2FeBr3) ]− presumably result from the use of a steel capillary 

for the ESI process. [ZnBr3]− presumably originates from a contamination of the ESI source. 
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Figure 6.3 Negative-ion mode ESI mass spectrum of a solution of [Pd(LF)3] (3 mM) and LiBr 

(15 mM) in THF.

This finding demonstrates that Br does not strongly bind to LF. Therefore, it can be suggested 

that it coordinates directly to the metal center in the Pd-containing complexes. Solutions of 

[Pd(LF)3] without any additive give only weak signal intensities as well (Figure 6.4 and 

Table 8.29).

Figure 6.4 Negative-ion mode ESI mass spectrum of a solution of [(LF)3Pd] (3 mM) in THF 

(LF = tris[3,5-bis(trifluoromethyl)-phenyl]phosphine, ArF = 3,5-bis(trifluoromethyl)-phenyl). 
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Gas-phase fragmentation of mass-selected [(LF)3PdBr] shows sequential losses of phosphine 

ligands, eq. (1) with n = 1 and 2 (Figure 6.5). Analogous reactions are also observed upon 

fragmentation of the other Pd ate complexes (Figure 8.68, Figure 8.69 and Figure 8.70).

[(LF)3PdBr] F) PdBr] + n LF (1)

It is found that the phosphine is split off more easily than the Br anion. This shows the strong 

interaction between the anion and the Pd center 

Accordingly, it can be assumed that the complexes in solution presumably can also easily 

switch between different coordination states, eq. (2). However, the oxidative addition 

supposedly only takes place through the less coordinated complex.  

[(LF)3PdBr] F)2PdBr] + LF (2)

Figure 6.5 Mass spectrum of mass-selected [(LF)3PdBr] and its daughter ions produced upon 

collision-induced dissociation (ELAB = 12 eV, LF = tris[3,5-bis(trifluoromethyl)-

phenyl]phosphine).

Electrical conductivity measurements of Pd0 ate complexes

Furthermore, electrical conductivity measurements are used for detection. A solution of 

[Pd(LF)3] in THF shows a negligibly small conductivity, but it sharply increases when LiBr is

added (Figure 6.6). As is already known from the literature the conductivity of LiBr in THF is 

very low.[27r, 154] An increase in conductivity is observed when the two components are mixed. 
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This reflects the formation of a new species that spontaneously yields free ions and must 

therefore correspond to the Pd0 ate complex Li+[(LF)3PdBr] (and/or the related species 

Li+[(LF)2PdBr] ). 

Figure 6.6 Specific electrical conductivities of a solution of [Pd(LF)3] (c = 1 mM) with varying 

amounts of LiBr (filled symbols) and of solutions of LiBr in varying concentration (open 

symbols). Measurements taken in THF at 298 K. 

The measured conductivity apparently approaches saturation at relatively low concentrations 

(Figure 6.6), which points to an appreciable tendency of [Pd(LF)3] and LiBr to combine and 

form ate complexes.
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Figure 6.7 Measured specific electrical conductivities of a solution of [Pd(LF)3] (c = 1 mM in 

THF, 298 K, LF = tris[3,5-bis(trifluoromethyl)-phenyl]phosphine) with varying amounts of 

LiBr (filled symbols). 

For the heterolytic dissociation of the resulting Li+[(LF)3PdBr] complexes, eq. (3), a relatively 

high tendency of the Pd(0) ate complex to form free ions is assumed. 

Li+[(LF)3PdBr] [(LF)3PdBr]  + Li+(solv)  

Analogous experiments with NBu4Br as additive are not performed because this electrolyte, 

unlike LiBr, exhibits a substantial conductivity in THF. Instead, solutions of [Pd(PPh3)4] and 

Pd(OAc)2/2 S-PHOS are also analyzed in the absence and presence of LiBr. For both Pd 

complexes, the addition of LiBr results in an increase of the conductivity (Figure 6.8), but the 

effect is much smaller than in the case of [Pd(LF)3]. 
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Figure 6.8 Specific electrical conductivities of solutions of [Pd(Ph3)4] (c = 1 mM, black

diamonds) and of Pd(OAc)2/2 S-PHOS (c = 1 mM, grey diamonds), respectively, with varying 

amounts of LiBr and of solutions of LiBr in varying concentration (open diamonds). 

Measurements are taken in THF at 298 K. 

This finding indicates that the more electron-rich Pd compounds have a lower tendency to add 

Br  anions and form ate complexes, in line with the ESI-mass spectrometric results.

NMR spectroscopy of Pd0 ate complexesg

Furthermore solutions of [Pd(LF)3] in THF are investigated by NMR spectroscopy. [Pd(LF)3] 

displays a sharp signal at 26.7 ppm in the 31P NMR spectrum at 298 K (Figure 6.9). Upon 

addition of NBu4Br, this signal is broadened considerably and shifted to 19.0 ppm. This 

behavior again demonstrates that the two components readily react with each other and that the 

formation of the Pd0 ate complex involves a dynamic equilibrium. Upon lowering the 

temperature to 198 K, the dynamics stops and the signal of the free phosphine appears (Figure 

6.10 and Figure 6.11). 

g Prof. Karaghiosoff carried out the shown NMR experiments. 
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Figure 6.9 31P NMR spectra of a solution of [Pd(LF)3] (c = 1 mM) in THF at 298 K (a) in the 

absence and (b) in the presence of 1 eq. of NBu4Br. The signal marked with an asterisk 

corresponds to the phosphine oxide derived of LF. 
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Figure 6.10 Temperature-dependent 31P NMR spectra of a 1:1 solution of [Pd(LF)3] and NBu4Br 

(c = 1 mM for each component) in THF. The signal marked with an arrow corresponds to free 

LF, that marked with an asterisk to the phosphine oxide derived there of (LF = tris[3,5-

bis(trifluoromethyl)-phenyl]phosphine).

Figure 6.11 31P NMR spectra of (a) a solution of free LF (298 K) and of (b) a 1:1 solution 

[Pd(LF)3] and NBu4Br (c = 1 mM for each component, 198 K) in THF. The signal marked 

*

*

/ ppm

(b)

(a)
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with an asterisk corresponds to the phosphine oxide derived of LF (LF = tris[3,5-

bis(trifluoromethyl)-phenyl]phosphine).

The small magnitude of the signal of free LF indicates that the association/dissociation

equilibrium between [(LF)3PdBr] and [(LF)2PdBr] , eq. (2), lies largely on the side of the tetra-

coordinated complex. Control experiments show no significant effect of NBu4Br on the 

phosphine LF itself and, thus, confirms that the latter does not add Br anions to any noticeable 

extent. Furthermore, 19F NMR spectroscopy is used to analyze solutions of [Pd(LF)3]. Again, 

the addition of NBu4Br leads to a broadening and shift of the 19F signal, as one would expect 

for the formation of [(LF)3PdBr]  (Figure 6.12).

Figure 6.12 19F NMR spectra of a solution of [Pd(LF)3] (c = 1 mM) in THF at 298 K (a) in the 

absence and (b) in the presence of 1 eq. of NBu4Br. The signal marked with an asterisk 

corresponds to the phosphine oxide derived of LF (LF = tris[3,5-bis(trifluoromethyl)-

phenyl]phosphine).

/ ppm

(b)

(a)

*

*

(b)

(a)

*

*
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ESI mass spectrometry of PdII ate complexesh

Finally, ethyl 4-iodo-benzoate (ArI) is added to a solution of [Pd(LF)3] and the resulting mixture 

is analyzed by ESI mass spectrometry. Besides the base peak [(LF)2PdI3] and a few minor 

species, two complexes with the stoichiometries [(LF),Pd,Ar,I2] and [(LF)2,Pd,Ar,I2] , 

respectively, are observed (Figure 6.13, Table 8.30, Figure 8.71, Figure 8.72, Figure 8.73, 

Figure 8.74, Figure 8.75 and Figure 8.76). 

Figure 6.13 Negative-ion mode ESI mass spectrum of a solution of [Pd(LF)3] (1.5 mM) and ArI 

(6 mM) in THF (a = P2(ArF)3 , b = [LFPd(ArF)I2] , c = [(LF)2,Pd,O,I] , d = [(LF)2CuI2] , e = 

[(LF)3Pd2(ArF)I2] , ArF = 3,5-bis(trifluoromethyl)-phenyl). 

Fragmentation of the mass-selected complex results only in the loss of the phosphine ligands 

(Figure 6.14). 

h Prof. Koszinowski carried out the shown ESI mass spectrometry experiments. 
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Figure 6.14 Mass spectra of mass-selected [(LF)2Pd(Ar)I2]  and its daughter ions produced upon 

collision-induced dissociation at different collision energies (left: ELAB = 5 eV, right: ELAB = 

15 eV, LF = tris[3,5-bis(trifluoromethyl)-phenyl]phosphine). 

This reactivity is consistent with a penta-coordinated structure of the parent ion (Scheme 6.1). 

However, it does not seem to be well compatible with the alternatively proposed square planar 

isomer, which should instead eliminate ArI.  

Scheme 6.1 Gas-phase fragmentation of [(LF)2Pd(Ar)I2 ]. 

A penta-coordinated structure for [(LF)2PdI3 ] is also assumed. Most likely, this species results 

from the hydrolysis of [(LF)2Pd(Ar)I2]  and a consecutive OH /I  exchange;[27i] such reactions 

easily occur during the ESI-mass spectrometric analysis of diluted solutions of organometallics 

because the exclusion of traces of moisture in these experiments is notoriously difficult.[27h, 98h, 
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116] Upon fragmentation [(LF)2PdI3]  looses the ligand LF (Figure 6.15) and, thus, behaves

analogously to [(LF)2Pd(Ar)I2] .

Figure 6.15 Mass spectrum of mass-selected [(LF)2PdI3]  and its daughter ions produced upon 

collision-induced dissociation (ELAB = 15 eV).  

Anionic Pd0 and PdII ate complexes 
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7 Summary 

Palladium-catalyzed Heck and cross-coupling reactions have revolutionized organic synthesis. 

The researchers behind these reactions, Heck, Negishi, and Suzuki, were awarded the 2010 

Nobel Prize in chemistry.[18] This field is extremely rich and productive and is likely to continue 

to grow with major synthetic applications and “green” implications in the future.[155]

Organozinc halides, as used in Negishi cross-coupling reactions have a high reactivity in 

combination with an excellent tolerance towards functional groups and are easy accessible. 

Still, to the present day not all factors that affect the Negishi palladium catalyzed cross-coupling

cycle are discovered. The canonical catalytic cycle is oversimplified and does not describe all 

the intermediate steps in detail. A more detailed understanding of the catalytic cycle would be 

important in helping to characterize and optimize the reaction. This understanding would allow 

a more efficient synthesis of the desired cross-coupling products. For this reason, the present 

thesis has sought to elucidate the details of the Negishi reaction and to find out how different 

additives and conditions influence the reaction.

The content of this thesis was based on four subprojects. First, the reaction kinetics of Negishi 

cross coupling was analyzed (chapter 3) before the in-situ formed intermediates were 

investigated spectrometrically and spectroscopically (chapter 4). In a minor part of this work, 

the accelerating effect of aryl iodo compounds on the reactivity of aryl bromides in Negishi 

cross-coupling reactions was examined (chapter 5). During these investigations, Pd ate 

complexes were observed and further studied (chapter 6).

Kinetic measurements on Negishi cross-coupling reactions

In the first subproject, kinetic measurements have been used to elucidate the mechanism of Pd-

catalyzed Negishi cross-coupling reactions under realistic catalytic conditions. The kinetics of 

the palladium/S-Phos catalyzed Negishi cross-coupling reaction of ethyl 4-iodobenzoate with 

various butylzinc reagents in THF at room temperature (Scheme7.1) were investigated. Mainly 

gas chromatography was used for the studies. Even at low catalyst loading, the ArBu cross-

coupling product is formed efficiently in approx. 90% yield. 
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Besides the desired cross-coupling product ArBu, the reaction (Scheme 7.1) also affords 

dehalogenation and homo-coupling products, i.e., ArH and Ar2, though to only minor extents 

(approx. 10% in total). Analogous byproducts are well-known from the literature. [34a-d]  

Dehalogenation products, such as ArH, 

respectively, in their native state and furnish the detected ArH species only due to hydrolysis 

during the aqueous work-up before the gas-chromatographic analysis (see Experimental 

Section).  

The formation of the ArZnBr species, which forms the dehalogenated product, may occur by 

two paths, which are shown in the kinetic investigations (Scheme 3.2).  

Scheme 7.1 Model reaction with side reaction products Ar2 and ArH 

The measured concentration profiles typically do not display a simple exponential decay, which 

would be expected for the oxidative addition as rate-limiting step under pseudo-first order 

conditions but show unexpected bimodal behavior. This indicated a higher complexity of the 

catalytic cycle and complicates the extraction of rate constants. Therefore, only the 

approximately linear areas of the time profiles were evaluated to determine the reaction order. 

For efficient cross-coupling, the presence of 1 eq. of LiBr (relative to the organozinc reagent) 

is essential, whereas the addition of further LiBr has no significant effect. That excludes the 

involvement of so-called higher-order organozincates, such as RZnBr3  or the corresponding 
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Li+ ion pairs. In all cases the LiBr additive had a strong effect and increased the reactivity 

whereas control experiments without LiBr showed drastically reduced reaction rates. In 

contrast, the addition of ZnBr2 led to decreased reactivity.  

Concentration-dependent experiments show that the reaction rate increases as function of c(Pd) 

and depends on the S-PHOS:Pd ratio. Besides S-PHOS, PPh3 and the PEPPSI-IPr ligand 

catalyze the cross-coupling reaction, which also proceeds in the complete absence of an added 

ligand, however.  

Further concentration-dependent experiments reveal that the reaction rate increases with c(ArI), 

although apparently not in a simple linear fashion. ArBr also undergoes cross-coupling under 

the given reaction conditions, but much more slowly than ArI, as revealed by competition 

experiments; in contrast, ArOTs does not react. The observed reactivity decreased in the series 

ArI > ArBr  ArOTs.  

Variation of c

-

coupling efficiency, respectively (again probed in competition experiments). The overall 

rea  

-limiting step/rate-determining 

states. In contrast, it is not clear how the nature of the organozinc reagent can also influence the 

overall rate although this reactant is not involved in the oxidative addition according to the 

conventional catalytic cycle. The organozinc reagents were also used without LiBr, the 

reactivity decreased as already described. 

On the basis of the concentration-dependent experiments, the oxidative addition as rate-

determining step of these reactions is identified. Taking into account that the pronounced effects 

of the LiX and ZnBr2 additives imply a crucially important role in the oxidative addition, the 

situation becomes even more complex.  

In general, the experiments provide good insights into the Negishi cross-coupling reaction, but 

they also show that in this complex reaction it is important to consider all reaction partners for 

every step of the catalytic cycle. 
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Identification of intermediates 

To identify the intermediates formed in Pd-catalyzed Negishi cross-coupling reactions, 

electrospray ionization mass spectrometry, complemented by 31P NMR and UV/Vis 

spectroscopy, was used in the second part. 

31P NMR spectroscopy gave first indications of a significant sample complexity. UV/Vis 

spectroscopy, in turn, pointed to Pd aggregation, eventually resulting in the formation of Pd 

black. More detailed insight was obtained from ESI mass spectrometry. For solutions of 

Pd(OAc)2/2 S-PHOS in THF, cationic Pd(I) dimers are observed, which are analogous to 

complexes reported in the literature. These Pd(I) dimers could possibly be considered as onset 

of Pd aggregation, although, apart from a trinuclear anionic complex, no evidence for the 

formation of higher aggregates has been found. At the same time, degradation of the S-PHOS 

ligand due to C–P bond cleavage occurs, which also resembles processes described previously. 

In the presence of LiBr, the degradation of the phosphine is slowed down. Upon addition of 

BuZnBr or BuZnBr·LiBr, the Pd(I) dimers vanish and instead, among other ions, the complex 

L2PdZnR+ (L = S-PHOS, R = Bu) emerges. Gas-phase fragmentation experiments suggest that 

. This shows that Pd(0) and Zn(II) spontaneously 

combine to afford a heterobimetallic dimer. Analogous species for L= PPh3, R= Ph, Bn are 

detected. It was concluded that L2PdZnR+ and/or the corresponding neutral complex are 

relatively stable and readily form.

Scheme 7.2 Proposed structure for L2PdZnBu+.

Upon addition of the aryl iodide ArI to solutions of Pd(OAc)2/2 S-PHOS, the detection of 

iodine-containing Pd(I) dimers reflects the C–I bond activation in the course of the oxidative 

addition. In the negative-ion mode, insertion products, such as ArPdI2
–, are also directly visible. 

If both BuZnBr·LiBr and ArI are added to the catalyst, the heterobimetallic dimer L2PdZnR+ is 

formed again. Furthermore, the complex Li(ArBu)2
+, which contains the cross-coupling 
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product, is observed. As expected, its signal intensity increases in time as the reaction proceeds, 

but the rather poor signal/noise ratio prohibits the extraction of meaningful rate constants. 

The observation of Pd aggregation and ligand degradation processes explains why longer 

incubation times of the catalyst result in a moderate loss of activity. Both the kinetic 

measurements and the present spectroscopic experiments show that LiBr at least partially 

counteracts this deactivation. 

Heterobimetallic dimers are observed in significant abundance although the present 

experiments employ only a modest excess of the RZnX reagent (fourfold relative to the 

catalyst). Under typical catalytic conditions, the much higher concentration of the organozinc 

reagent will drive the equilibrium further to the side of the heterobimetallic dimers. L2PdZnBu+ 

and related neutral complexes with a direct Pd–Zn interaction in solution explain how the 

organozinc reagent is able to modulate the reactivity of the Pd catalyst, thus rationalizing the 

results of the kinetic measurements. Theoretical calculations from Álvarez, Lera and 

Aurrecoechea[70] suggested that the complexation by the organozinc reagent lowers the activity 

of the Pd catalyst. These heterobimetallic dimers then may actually be the predominating Pd 

species present in solution. The involvement of these heterobimetallic complexes easily 

explains why the nature of the organozinc reagent can affect the oxidative addition. Also the 

kinetic measurements show these results. The Pd-Zn dimers are coordinatively more saturated 

and putatively less reactive compared to the free LPd catalyst. Presumably, a similar effect also 

causes the rate decrease observed upon addition of ZnBr2.  

Moreover, the bimodal behavior observed in kinetic measurements is also ascribed to the 

formation of Pd-Zn dimers. Upon addition of the catalyst, the initially present LPd is converted 

to the heterobimetallic dimer and, thereby, diminished in its catalytic activity. This change from 

high to lower catalytic activity supposedly gives rise to bimodal kinetics. Control experiments 

confirm that the order of addition of the reaction partners indeed has a notable effect on the 

(initial) rate. Finally, the rate-accelerating effect of LiBr and other lithium halides could also be 

related to the heterobimetallic Pd-Zn dimers and the extent to which they are produced. The 

organozincates RZnX2 resulting from the lithium halides and the RZnX reagents are less Lewis 

acidic than the latter and do not easily combine with Pd(0) species. This supposedly protects 

the catalyst from complexation by the organozinc reagent thus avoids deactivation of the 

catalyst. Alternatively, the effect of lithium halides could possibly also arise from the formation 
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of anionic Pd(0) ate complexes. These Pd(0) ate complexes were not observed in the present 

experiments, however.

Reactivity enhancement of aryl bromides in the presence of aryl iodides

The experiments in chapter 5 confirmed that the aryl bromide reactant ethyl 4-bromobenzoate 

is less reactive in cross-coupling reactions than aryl iodide compound methyl 4-iodobenzoate. 

The presence of aryl iodide electrophiles like methyl 4-iodobenzoate and phenyl iodide 

accelerates the reaction of ethyl 4-bromobenzoate with BuZnBr·LiBr to form the cross-

coupling product ethyl 4-butylbenzoate. 

Scheme 7.3 Cross-coupling reaction of ArBr with BuZnBr·LiBr in presence of Ar´I

Hypothetically a reactive palladium(I) dimer V (Scheme 5.5) is formed as intermediate, which 

can react to the minor product ethyl 4-butylbenzoate. In the experiments the halogen-exchanged

product Ar´Br could not be observed, however. In contrast to the activating effect of aryl iodide 

compounds, the presence of iodine and methyl iodide has no effect on the rate of reaction of 

ethyl 4-bromobenzoate. 

On the basis of the experiments, one could suggest that the conversion of ethyl 4-

bromobenzoate directly correlates with the conversion of methyl 4-iodobenzoate. According to 

that an extension of the reaction time of methyl 4-iodobenzoate could possibly affect the yield 

of the aryl bromide cross-coupling product. Based on these results, it could be concluded that 

Ar´I
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the otherwise sluggish conversion of ethyl 4-bromobenzoate to alkylarene is immediately 

accelerated upon addition of aryl iodide (phenyl iodide, methyl 4-iodobenzoate). In each case 

the ArI is consumed at a faster rate than the ethyl 4-bromobenzoate (see Figure 6.1). So far, the 

present results do not allow any conclusion about the mechanism of a presumed halogen 

exchange reaction.

However, the mechanism of the accelerating effect is not exactly understood. A halogen 

exchange, as proposed by Schoenebeck et al.,[99] can be easily excluded for the investigated 

reaction of Scheme 5.3; since there is no formation of the mixed electrophile Ar´Br detected. 

The replaced electrophile methyl 4-bromobenzoate should be formed simultaneously with the 

cross-coupling product. The transition metal catalyzed mechanism for halogen exchange 

proposed by Sheppard[138] shows a possibility but does not explain the demand of aryl halogen 

compounds, however. Nevertheless, by this suggested mechanism also charged compounds 

such as salts can promote halogen exchange, which is not observed for the lithium salts, present 

in the reaction mixtures. Consequently, the mechanism suggested by Sheppard cannot explain 

the experimental findings completely, either. The experiments show that no methyl 4-

bromobenzoate (Ar´Br) was formed and only path D (Scheme 5.5) shows a possible mechanism 

for the halogen exchange. 

It was not possible to increase the yield of ethyl 4-butylbenzoate by the addition of a small 

quantity of aryl iodide. However, this exchange would be a great chance for synthetic 

applications and more research should be done to explore the mechanism of acceleration of the 

aryl bromid compound in presence of the aryl iodide.

Palladium ate complexes

The fourth subproject focuses on palladium ate complexes. They are considered to be important 

intermediates in palladium catalyzed cross-coupling reactions, but complete characterization 

has not yet been achieved. Here, electrospray-ionization mass spectrometry, electrical 

conductivity measurements and 31P NMR spectroscopy are used to investigate the tendency of 

Pd species to form ate complexes. It is shown that the electron-poor catalyst [Pd(LF)3] (LF = 

tris[3,5-bis(trifluoromethyl)- phenyl]phosphine) readily reacted with Br ions to afford the 

anionic, zero-valent ate complex [(LF)3PdBr] . The resulting ate complex [(LF)3PdBr] easily 

looses one LF ligand. The resulting tri-coordinated Pd(0) ate complex is supposed to be the 

catalytically active intermediate in cross-coupling reactions. In contrast, more electron-rich Pd 
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pre-catalysts (Pd(OAc)2/ 2 S-PHOS, Pd(PPh3)4, PEPPSI-IPr) display lower tendencies toward 

the formation of Pd(0) ate complexes. Combining [Pd(LF)3] with an aryl iodide substrate ArI 

results in the observation of [(LF)Pd(Ar)I2] , [(LF)2Pd(Ar)I2]  and [(LF)2PdI3] .  

Scheme 7.4 Gas-phase fragmentation of [(LF)2Pd(Ar)I2 ]. 

Gas-phase fragmentation experiments suggests that the latter two complexes exhibit a penta-

coordinated structure, thus demonstrating that such complexes are stable and can form as 

intermediates in palladium catalyzed cross-coupling reactions, in line with previous suggestions 

of Jutand, Amatore, and coworkers.[51b] 
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8 Appendix

Further data of Intermediates on Negishi cross-coupling reactions

8.1.1

Figure 8.1 Positive-ion mode ESI mass spectrum of a solution of Pd(OAc)2 (3 mM) in THF. 

Table 8.1 Measured and theoretical m/z ratios of selected ions. For each ion, only the most 

abundant isotopologue is considered.

ion sum formula m/z(measured) m/z(theoretical)

NaPd3(OAc)6
+ C12H18NaO12Pd3

+ 696.79       696.78

NaPd6(OAc)12
+ C24H36NaO24Pd6

+ 1369.58     1369.58
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Figure 8.2 Negative-ion mode ESI mass spectrum of a solution of Pd(OAc)2 (3 mM) in THF 

Table 8.2 Measured and theoretical m/z ratios of selected ions. For each ion, only the most 

abundant isotopologue is considered. 

ion sum formula m/z(measured) m/z(theoretical) 

NaPd3(OAc)3(OH)5  C6H14NaO11Pd3        604.78       604.76 

NaPd3(OAc)3(OH)5(HOAc)  C8H18NaO13Pd3        664.80       664.78 

Pd6(OAc)7(OH)4(O)  C12H25O19Pd6      1134.51     1134.53 
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Figure 8.3 Measured (black) and simulated (red) isotope pattern of L2Pd2(OAc)+ (L = S-PHOS). 

Figure 8.4 Measured (black) and simulated (red) isotope pattern of L2Pd2(PCy2)+ (L = S-

PHOS). 
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Figure 8.5 Mass spectrum of mass-selected L2Pd2(OAc)+ and its daughter ion produced upon 

collision-induced dissociation (ELAB = 20 eV).

Figure 8.6 Mass spectrum of mass-selected L2Pd2(PCy2)+ and its daughter ion produced upon 

collision-induced dissociation (ELAB = 30 eV).
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Figure 8.7 Positive-ion mode ESI mass spectrum of a solution of Pd(OAc)2 (3 mM) and S-PHOS 

(L, 6 mM) in THF 90 min after mixing. 

Figure 8.8 Positive-ion mode ESI mass spectrum of a solution of Pd(OAc)2 (3 mM) and S-PHOS 

(L, 6 mM) in THF after exposure to air. 
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Figure 8.9 Measured (black) and simulated (red) isotope pattern of LPd(L−PCy2)+ (L = S-

PHOS). 

Figure 8.10 Mass spectrum of mass-selected LPd(L−PCy2)+ and its daughter ions produced 

upon collision-induced dissociation (ELAB = 60 eV). The incorporated water originates from an 

ion-molecule reaction with H2O present as a contamination in the vacuum system of the mass 

spectrometer. 

Table 8.3 Measured and theoretical m/z ratios of selected ions. For each ion, only the most 

abundant isotopologue is considered. 

ion sum formula m/z(measured) m/z(theoretical) 

LPd(L−PCy2)+ C40H48O4PPd+       729.25       729.23 

L2Pd2(OAc)+ C54H73O6P2Pd2
+     1093.29     1093.30 
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L2Pd2(PCy2)+ C64H92O4P3Pd2
+     1231.42     1231.43 

Figure 8.11 Negative-ion mode ESI mass spectrum of a solution of Pd(OAc)2 (3 mM) and S-

PHOS (L, 6 mM) in THF (a = (LO−Cy)O− [?], b = NaPd2(OAc)5(OH)−, c = (LO)Pd(OAc)−, d = 

LPd(OAc)2(NO2)− [?]). The tentative assignments given for a and d are consistent with the 

observed exact m/z ratios (Table S4), the isotope patterns (data not shown), and the gas-phase 

fragmentation behavior (data not shown), but the origin of these putative species is unclear. 

Figure 8.12 Measured (black) and simulated (red) isotope pattern of (LO)Pd3(PCy2)(OAc)2
− 

(L = S-PHOS). 
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Table 8.4 Measured and theoretical m/z ratios of selected ions. For each ion, only the most 

abundant isotopologue is considered.

ion sum formula m/z(measured) m/z(theoretical)

[?]a C20H24O4P       359.14       359.14

NaPd2(OAc)5(OH) C10H16NaO11Pd2       548.86       548.87

(LO)Pd(OAc) C28H38O5PPd       591.15       591.15

NaPd3(OAc)3(OH)5 C6H14NaO11Pd3       604.73       604.76

NaPd3(OAc)3(OH)5(HOAc) C8H18NaO13Pd3       664.75       664.78

LPd(OAc)2(NO2) [?]a C30H41NO8PPd       680.16       680.16

Pd4(OAc)4(OH)5 C8H17O13Pd4       746.68       746.68

(LO)Pd3(PCy2)(OAc)2 C42H63O7P2Pd3     1061.15     1061.12

a Tentative assignment, see above.

Figure 8.13 Mass spectrum of mass-selected (LO)Pd3(PCy2)(OAc)2 and its daughter ions 

produced upon collision-induced dissociation (ELAB = 30 eV).
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Figure 8.14 Negative-ion mode ESI mass spectrum of a solution of Pd(OAc)2 (3 mM) and S-

PHOS (L, 6 mM) in THF after exposure to air. 

Figure 8.15 Positive-ion mode ESI mass spectrum of a solution of Pd(OAc)2 (3 mM), S-PHOS 

(L, 6 mM), and LiBr (15 mM) in THF. 
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Figure 8.16 Measured (black) and simulated (red) isotope pattern of L2Pd2Br+ (L = S-PHOS). 

Figure 8.17 Mass spectrum of mass-selected L2Pd2Br+ and its daughter ions produced upon 

collision-induced dissociation (ELAB = 50 eV). 

Table 8.5 Measured and theoretical m/z ratios of selected ions. For each ion, only the most 

abundant isotopologue is considered. 

ion sum formula m/z(measured) m/z(theoretical) 

L2Pd2(OAc)+ C54H73O6P2Pd2
+     1093.30     1093.30 

L2Pd2Br+ C52H70BrO4P2Pd2
+     1113.20     1113.20 

L2Pd2(PCy2)+ C64H92O4P3Pd2
+     1231.43     1231.43 
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Figure 8.18 Negative-ion mode ESI mass spectrum of a solution of Pd(OAc)2 (3 mm), S-PHOS 

(L, 6 mm), and LiBr (15 mm) in THF (a = LiPd2(OAc)4(OH)(NO2)  ?). 

Table 8.6 Measured and theoretical m/z ratios of selected ions. For each ion, only the most 

abundant isotopologue is considered. 

ion sum formula m/z(measured) m/z(theoretical) 

LiPd2(OAc)4(OH)2 C8H14LiO10Pd2        490.88       490.88 

LiPd2(OAc)4(OH)(NO2)  ?a C8H13LiNO11Pd2        519.86       519.87 

LiPd2(OAc)5(OH) C10H16LiO11Pd2        532.89       532.89 

Pd4(OAc)4(OH)5 C8H17O13Pd4        746.67       746.68 

Pd4(OAc)5(OH)4 C10H19O14Pd4        788.70       788.70 

a Tentative assignment, see above. 
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8.1.2 ESI mass spectrometry – catalyst in the presence of organozinc reagents 

Figure 8.19 Positive-ion mode ESI mass spectrum of a solution of Pd(OAc)2 (3 mM), S-PHOS 

(L, 6 mM), and BuZnBr (15 mM) in THF (a = L2Pd2(NO2)+ ?). 

Figure 8.20 Measured (black) and simulated (red) isotope pattern of LZnBu+ (L = S-PHOS). 
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Figure 8.21 Measured isotope pattern of the ion centered at m/z 1064 (black) and simulated 

(dashed) isotope pattern of L2Pd2(NO)+ (L = S-PHOS). 

Figure 8.22 Measured (black) and simulated (dashed) isotope pattern of L2Zn2Bu2Br+ (L = S-

PHOS). 
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Figure 8.23 Mass spectrum of mass-selected LZnBu+ and its daughter ions produced upon 

collision-induced dissociation (ELAB = 40 eV).

Figure 8.24 Mass spectrum of mass-selected L2PdZnBu+ and its daughter ions produced upon 

collision-induced dissociation (ELAB = 35 eV).
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Figure 8.25 Mass spectrum of the mass-selected ion centered at m/z 1064 and its daughter ions 

produced upon collision-induced dissociation (ELAB = 25 eV).

Figure 8.26 Mass spectrum of mass-selected L2Zn2Bu2Br+ and its daughter ions produced upon 

collision-induced dissociation (ELAB = 10 eV).
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Table 8.7 Measured and theoretical m/z ratios of selected ions. For each ion, only the most 

abundant isotopologue is considered. 

ion sum formula m/z(measured) m/z(theoretical) 

LH+ C26H36O2P+       411.24       411.25 

LZnBu+ C30H44O2PZn+       531.24       531.24 

L2PdZnBu+ C56H79O4P2PdZn+     1049.38     1049.38 

L2Pd2(NO)+ ? C52H70NO5P2Pd2
+     1064.28     1064.28 

L2Zn2Bu2Br+ C60H88BrO4P2Zn2
+     1145.39     1145.39 

Scheme 8.1 Alternative mechanistic rationalizations of the fragmentation of L2PdZnBu+ 

resulting in the formation of LPdH+. 

Figure 8.27 Negative-ion mode ESI mass spectrum of a solution of Pd(OAc)2 (3 mM), S-PHOS 

(L, 6 mM), and BuZnBr (15 mM) in THF (a = Zn2Br2(OAc)2(OH) , b = Zn2Br3(OAc)(OH) , c 

= Zn2Br4(OH) , d = Zn2Br4(OCH3) , e = Zn2Br4(OAc) , f = Zn3Br5(OAc)(OH) , g = 

Zn3Br6(OH) , h = Zn3Br6(OAc)(HOAc) ). 
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Table 8.8 Measured and theoretical m/z ratios of selected ions. For each ion, only the most 

abundant isotopologue is considered.

ion sum formula m/z(measured) m/z(theoretical)

ZnBr3 Br3Zn       304.68       304.68

Zn2Br2(OAc)2(OH) C4H7Br2O5Zn2       424.72       424.72

Zn2Br3(OAc)(OH) C2H4Br3O3Zn2       446.62       446.62

Zn2Br4(OH) HBr4OZn2       466.53       466.53

Zn2Br4(OCH3) CH3Br4OZn2       480.54       480.54

Zn2Br4(OAc) C2H3Br4O2Zn2       508.54       508.54

Zn2Br5 Br5Zn2       530.44       530.44

Zn3Br5(OAc)(OH) C2H4Br5O3Zn3       670.38       670.39

Zn3Br6(OH) HBr6OZn3       692.28       692.29

Zn3Br7 Br7Zn3       754.20       754.21

Zn3Br6(OAc)(HOAc) C4H7Br6O4Zn3       794.31       794.32

Figure 8.28 Mass spectrum of mass-selected L2PdLi+ and its daughter ions produced upon 

collision-induced dissociation (ELAB = 35 eV).
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Table 8.9 Measured and theoretical m/z ratios of selected ions. For each ion, only the most 

abundant isotopologue is considered. 

ion sum formula m/z(measured) m/z(theoretical) 

Li3ZnBr(OAc)3
+ C6H9BrLi3O6Zn+       342.93       342.93 

LH+ C26H36O2P+       411.24       411.24 

LLi+ C26H35LiO2P+       417.25       417.25 

(LO)Li+ C26H35LiO3P+       433.24       433.25 

LZnBu+ C30H44O2PZn+       531.23       531.24 

L2PdLi+ C52H70LiO4P2Pd+       933.39       933.40 

L2PdZnBu+ C56H79O4P2PdZn+     1049.37     1049.38 

Figure 8.29 Negative-ion mode ESI mass spectrum of a solution of Pd(OAc)2 (3 mM), S-PHOS 

(L, 6 mM  mM) in THF. 
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Table 8.10 Measured and theoretical m/z ratios of selected ions. For each ion, only the most 

abundant isotopologue is considered. 

ion sum formula m/z(measured) m/z(theoretical) 

ZnBr3
− Br3Zn−       304.68       304.68 

Zn2BuBr4
− C4H9Br4Zn2

−       506.59       506.60 

Zn2Br5
− Br5Zn2

−       530.44       530.44 

Figure 8.30 Measured (black) and simulated (red) isotope pattern of L2PdBuZn+ (L = PPh3). 

Figure 8.31 Left: Measured isotope pattern of the ion centered at m/z 631 (black) and simulated 

isotope pattern of L2Pd+ (red). Right: Measured isotope pattern of the ion centered at m/z 631 

(black) together with simulated isotope patterns of L2Pd+ (red) L2PdH+(blue) in a ratio of 30:70 

(L = PPh3).) 
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Figure 8.32 Left: Measured isotope pattern of the ion centered at m/z 893 (black) and simulated 

isotope pattern of L3Pd+ (red). Right: Measured isotope pattern of the ion centered at m/z 893 

(black) together with simulated isotope patterns of L3Pd+ (red) and L3PdH+ (blue) in a ratio of 

60:40 (L = PPh3). 

Figure 8.33 Mass spectrum of mass-selected L2PdZnBu+ and its daughter ions produced upon 

collision-induced dissociation (ELAB = 10 eV, L = PPh3). The incorporated water originates 

from an ion-molecule reaction with H2O present as a contamination in the vacuum system of 

the mass spectrometer. 
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Figure 8.34 Mass spectrum of mass-selected L3
106Pd+ (m/z 892) and its daughter ions produced 

upon collision-induced dissociation (ELAB = 20 eV). Note that the parent ion presumably is 

contaminated by isobaric L3
105PdH+. The ion L2PdO2

+ apparently results from an ion-molecule 

reaction with O2 present in the vacuum system of the mass spectrometer.

Table 8.11 Measured and theoretical m/z ratios of selected ions. For each ion, only the most 

abundant isotopologue is considered.

ion sum formula m/z(measured) m/z(theoretical)

LLi2Br+ C18H15BrLi2P+       355.04       355.04

Li3ZnBr4
+ Br4Li3Zn+       406.65       406.64

Li3ZnBr4(THF)+ C26H36O2P+       478.70       478.70

LLiZnBr2
+ C18H15Br2LiPZn+       492.86       492.87

LLi2ZnBr3
+ C18H15Br3Li2PZn+       580.80       580.80

LLi2ZnBr3(H2O)+ C18H17Br3Li2OPZn+       598.81       598.81

L2Pd+ C36H30P2Pd+       630.09       630.09

L2PdH+ C36H31P2Pd+       631.09       631.09

LLi3ZnBr4
+ C18H15Br4Li3PZn+       668.73       668.73

L2PdZnBu+ C40H39P2PdZn+       753.08       753.08

L3Pd+ C54H45P3Pd+       892.18       892.18
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L3PdH+ C54H46P3Pd+       893.18       893.19 

 

 

Figure 8.35 Negative-ion mode ESI mass spectrum of a solution of Pd(PPh3)4 (3 mM) and 

M) in THF. 

 

Table 8.12 Measured and theoretical m/z ratios of selected ions. For each ion, only the most 

abundant isotopologue is considered. 

ion sum formula m/z(measured) m/z(theoretical) 

ZnBr3  Br3Zn        304.68       304.68 

LiZnBr4
 Br4LiZn        392.61       392.61 

Li2ZnBr5  Br5Li2Zn        478.54       478.55 

LiZn2Br6  Br6LiZn2        616.37       616.38 
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Figure 8.36 Positive-ion mode ESI mass spectrum of a solution of PEPPSI-IPr (3 mM) and 

BuZnBr∙LiBr (15 mM) in THF (a = Li3ZnBr4(THF)+, L = N-heterocyclic carbene). 

Figure 8.37 Measured (black) and simulated (red) isotope pattern of (L2Pd)H+ (L = N-

heterocyclic carbene). 

Table 8.13 Measured and theoretical m/z ratios of selected ions. For each ion, only the most 

abundant isotopologue is considered. 

ion sum formula m/z(measured) m/z(theoretical) 

LH+ C27H37N2
+       389.29       389.30 

Li3ZnBr4(THF)+ C4H8Br4Li3OZn+       478.69       478.70 

(L2Pd)H+ C54H73N4Pd+       883.52       883.49 
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Figure 8.38 Negative-ion mode ESI mass spectrum of a solution of PEPPSI-IPr (3 mM) and 

M) in THF (a = LiZnClBr3 , b = Li2ZnClBr4 , c = Zn2ClBr4 , d = 

LiZn2ClBr5 ). 

 

Table 8.14 Measured and theoretical m/z ratios of selected ions. For each ion, only the most 

abundant isotopologue is considered. 

ion sum formula m/z(measured) m/z(theoretical) 

ZnBr3  Br3Zn        304.68       304.68 

LiZnClBr3
 Br3ClLiZn        346.66       346.66 

LiZnBr4
 Br4LiZn        392.61       392.61 

Li2ZnClBr4  Br4ClLi2Zn        434.58       434.60 

Zn2ClBr4  Br4ClZn2        484.48       484.49 

Zn2Br5  Br5Zn2        530.41       530.44 

LiZn2ClBr5  Br5ClLiZn2        572.40       572.43 

LiZn2Br6  Br6LiZn2        616.37       616.38 

Zn3Br7  Br7Zn3        754.15       754.21 
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Figure 8.39 Negative-ion mode ESI mass spectrum of a solution of Pd(OAc)2 (3 mM), S-PHOS 

(L, 6 mM M) in THF. 

Table 8.15 Measured and theoretical m/z ratios of selected ions. For each ion, only the most 

abundant isotopologue is considered. 

ion sum formula m/z(measured) m/z(theoretical) 

Br Br          78.93         78.92 

ZnBr3
 Br3Zn        304.68       304.68 

LiZnBr4 Br4LiZn        392.61       392.61 

Zn2Br4(OCH3) CH3Br4OZn2        480.54       480.54 

Zn2PhBr4 C6H5Br4Zn2        526.57       526.56 

Zn2Br5 Br5Zn2        530.44       530.44 
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Figure 8.40 Measured (black) and simulated (red) isotope pattern of LLiZnBnBr+ (L = S-

PHOS). 

Figure 8.41 Measured (black) and simulated (red) isotope pattern of L2PdZnBn+ (L = S-PHOS). 
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Figure 8.42 Mass spectrum of mass-selected LLiZnBnBr+ and its daughter ions produced upon 

collision-induced dissociation (ELAB = 10 eV).

Figure 8.43 Mass spectrum of mass-selected L2PdZnBn+ and its daughter ions produced upon 

collision-induced dissociation (ELAB = 30 eV).

Table 8.16 Measured and theoretical m/z ratios of selected ions. For each ion, only the most 

abundant isotopologue is considered.

ion sum formula m/z(measured) m/z(theoretical)

Li3ZnBr(OAc)3
+ C6H9BrLi3O6Zn+       342.93       342.93

Li2ZnBr2(OAc)(THF)+ C6H11Br2Li2O3Zn+       368.86       368.87

LLi+ C26H35LiO2P+       417.25       417.25
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(LO)Li+ C26H35LiO3P+       433.25       433.25 

Li2ZnBr3(THF)2
+ C8H16Br3Li2O2Zn+       462.83       462.83 

Li3ZnBr4(THF)+ C4H8Br4Li3OZn+       478.70       478.70 

Li4ZnBr2(OAc)3(THF)+ C10H17Br2Li4O7Zn+       500.92       500.92 

Li2ZnBr3(THF)3
+ C12H24Br3Li2O3Zn+       534.88       534.88 

Li3ZnBr4(THF)2
+ C8H16Br4Li3O2Zn+       550.76       550.76 

Li3ZnBr4(THF)3
+ C12H24Br4Li3O3Zn+       622.82       622.82 

LLiZnBnBr+ C33H42BrLiO2PZn+       653.15       653.15 

L2PdLi+ C52H70LiO4P2Pd+       933.40       933.40 

L2PdZnBn+ C59H77O4P2PdZn+     1083.37     1083.36 

Figure 8.44 Measured (black) and simulated (red) isotope pattern of LLiZnPhBr+ (L = S-

PHOS). 
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Figure 8.45 Measured (black) and simulated (red) isotope pattern of L2PdZnPh+ (L = S-PHOS). 

Figure 8.46 Mass spectrum of mass-selected LLiZnPhBr+ and its daughter ions produced upon 

collision-induced dissociation (ELAB = 10 eV). 
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Figure 8.47 Mass spectrum of mass-selected L2PdZnPh+ and its daughter ions produced upon 

collision-induced dissociation (ELAB = 30 eV). The peak labeled a corresponds to (LO)Li+, 

which results from an isobaric contamination of the parent ion.

Table 8.17 Measured and theoretical m/z ratios of selected ions. For each ion, only the most 

abundant isotopologue is considered.

ion sum formula m/z(measured) m/z(theoretical)

Li3ZnBr3OH+ Br3HLi3OZn+       342.74       342.73

Li3H2Br4(THF)+ C4H10Br4Li3OZn+       414.80       414.79

LLi+ C26H35LiO2P+       417.27       417.25

(LO)Li+ C26H35LiO3P+       433.26       433.25

Li2ZnBr3(THF)2
+ C8H16Br3Li2O2Zn+       462.84       462.83

Li3ZnBr4(THF)+ C4H8Br4Li3OZn+       478.72       478.70

Li3H2Br4(THF)2
+ C8H18Br4Li3O2

+       486.86       486.85

Li2ZnBr3(THF)3
+ C12H24Br3Li2O3Zn+       534.90       534.88

Li3ZnBr4(THF)2
+ C8H16Br4Li3O2Zn+       550.78       550.76

Li3ZnBr4(THF)3
+ C12H24Br4Li3O2Zn+       622.83       622.82

LLiZnPhBr+ C32H40BrLiO2PZn+       639.16       639.14

Li3ZnBr4(THF)4
+ C16H32Br4Li3O4Zn+ 694.89 694.87
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LLiZnPhBr(THF)+ C36H48BrLiO3PZn+       711.21       711.20 

L2PdLi+ C52H70LiO4P2Pd+       933.42       933.40 

L2PdZnPh+ C58H75O4P2PdZn+     1069.38     1069.35 

L2Zn2Ph2Br+ C64H80BrO4P2Zn2
+     1185.36     1185.33 

Figure 8.48 Negative-ion mode ESI mass spectrum of a solution of Pd(OAc)2 (3 mM), S-PHOS 

(L, 6 mM), and M) in THF (a = LiZnBr4 , b = Zn2Br4(OCH3) , c = Zn2Br5 ). 
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Table 8.18 Measured and theoretical m/z ratios of selected ions. For each ion, only the most 

abundant isotopologue is considered. 

ion sum formula m/z(measured) m/z(theoretical) 

Br  Br          78.93         78.92 

ZnBr3
 Br3Zn        304.68       304.68 

ZnBnBr2  C7H7Br2Zn        314.81       314.82 

LiZnBr4  Br4LiZn        392.60       392.61 

Zn2Br4(OCH3)  CH3Br4OZn2        480.53       480.54 

Zn2Br5  Br5Zn2        530.43       530.44 

Zn2BnBr4  C7H7Br4Zn2        540.57       540.58 

 

 

Figure 8.49 Positive-ion mode ESI mass spectrum of a solution of Pd(OAc)2 (3 mM), S-PHOS 

(L, 6 mM), and ZnBr2 LiBr (15 mM) in THF (a = Li2ZnBr2(OAc)(THF)+, b = 

Li2ZnBr2(OAc)(THF)2
+, c = Li2Zn2Br5(THF)2

+, d = Li3Zn2Br5(OAc)(THF)2
+/ 

Li2Zn2Br5(THF)3
+, e = Li3Zn2Br6(THF)3

+). 
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Figure 8.50 Measured (black) and simulated (red) isotope pattern of L2PdLiBr2
+ (L = S-PHOS). 

Table 8.19 Measured and theoretical m/z ratios of selected ions. For each ion, only the most 

abundant isotopologue is considered. 

ion sum formula m/z(measured) m/z(theoretical) 

Li3ZnBr(OAc)3
+ C6H9BrLi3O6Zn+       342.94       342.93 

Li2ZnBr2(OAc)(THF)+ C6H11Br2Li2O3Zn+       368.87       368.87 

LH+ C26H36O2P+       411.25       411.24 

Li2ZnBr2(OAc)(THF)2
+ C10H19Br2Li2O3Zn+       440.92       440.92 

Li2ZnBr3(THF)2
+ C8H16Br3Li2O2Zn+       462.83       462.83 

Li2ZnBr3(THF)3
+ C12H24Br3Li2O3Zn+       534.89       534.88 

Li2Zn2Br5(THF)2
+ C8H16Br5Li2O2Zn2

+       688.59       688.59 

Li3Zn2Br5(OAc)(THF)2
+ C10H19Br5Li3O4Zn2

+       754.6       754.62 

Li2Zn2Br5(THF)3
+ C12H24Br5Li2O3Zn2

+       760.65       760.65 

Li3Zn2Br6(THF)3
+ C12H24Br6Li3O3Zn+       846.58       846.58 

L2PdLiBr2
+ C52H70Br2LiO4P2Pd+     1093.24     1093.23 
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Figure 8.51 Negative-ion mode ESI mass spectrum of a solution of Pd(OAc)2 (3 mM), S-PHOS 

(L, 6 mM), and ZnBr2 LiBr (15 mM) in THF (a = ZnBr2(OAc) , b = Zn2Br2(OAc)2(OCH3) , c = 

Zn2Br4(OAc) ). 

Table 8.20 Measured and theoretical m/z ratios of selected ions. For each ion, only the most 

abundant isotopologue is considered. 

ion sum formula m/z(measured) m/z(theoretical) 

ZnBr2(OAc) C2H3Br2O2Zn        282.77       282.78 

ZnBr3
 Br3Zn        304.68       304.68 

Zn2Br2(OAc)2(OCH3)  C5H9Br2O5Zn        438.73       438.74 

Zn2Br4(OAc) C2H3Br4O2Zn2        508.53       508.54 

Zn2Br5 Br5Zn2        530.44       530.44 

Zn3Br7 Br7Zn3        754.20       754.21 
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8.1.3 ESI mass spectrometry – catalyst in the presence of aryl iodide substrate 

Figure 8.52 Measured (black) and simulated (red) isotope pattern of L2Pd2I+ (L = S-PHOS). 

Figure 8.53 Mass spectrum of mass-selected L2Pd2I+ and its daughter ions produced upon 

collision-induced dissociation (ELAB = 40 eV). 
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Table 8.21 Measured and theoretical m/z ratios of selected ions. For each ion, only the most 

abundant isotopologue is considered. 

ion sum formula m/z(measured) m/z(theoretical) 

L2Pd2I+ C52H70IO4P2Pd2
+     1161.18     1161.19 

L2Pd2(PCy2)+ C64H92O4P3Pd2
+     1231.42     1231.43 

Figure 8.54 Measured (black) and simulated (red) isotope pattern of L2Pd2I+ (L = S-PHOS). 
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Figure 8.55 Mass spectrum of mass-selected L2Pd2I+ and its daughter ions produced upon 

collision-induced dissociation (ELAB = 40 eV).

Table 8.22 Measured and theoretical m/z ratios of selected ions. For each ion, only the most 

abundant isotopologue is considered.

ion sum formula m/z(measured) m/z(theoretical)

L2Pd2I+ C52H70IO4P2Pd2
+     1161.18     1161.19

L2Pd2(PCy2)+ C64H92O4P3Pd2
+     1231.42     1231.43



Appendix 160 

Figure 8.56 Measured (black) and simulated (red) isotope pattern of ArPdI(OAc)− (Ar = 4-

EtOOC-C6H4). 

Figure 8.57 Measured (black) and simulated (red) isotope pattern of ArPdI2
− (Ar = 4-EtOOC-

C6H4). 
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Figure 8.58 Mass spectrum of mass-selected ArPdI(OAc) and its daughter ions produced upon 

collision-induced dissociation (ELAB = 15 eV).

Figure 8.59 Mass spectrum of mass-selected ArPdI2 and its daughter ions produced upon 

collision-induced dissociation (ELAB = 30 eV).

Table 8.23 Measured and theoretical m/z ratios of selected ions. For each ion, only the most 

abundant isotopologue is considered.

ion sum formula m/z(measured) m/z(theoretical)

ArPdI(OAc) C11H12IO4Pd       440.92       440.88

ArPdI2 C9H9I2O2Pd       508.81       508.77

NaPd2(OAc)5(OH) C10H16NaO11Pd2       548.91       548.87
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Pd4(OAc)4(OH)5
− C8H17O13Pd4

−       746.74       746.68 

8.1.4 ESI mass spectrometry – catalyst in the simultaneous presence of organozinc 

reagent and aryl iodide substrate 

Figure 8.60 Section from the positive-ion mode ESI mass spectrum of a solution of Pd(OAc)2 

(3 mM), S-PHOS (L, 6 mM), BuZnBr∙LiBr (15 mM), and ArI (Ar = 4-EtOOC-C6H4, 3 mM) in 

THF together with simulated isotope patterns of LLi+ (blue) and (ArBu)2Li+ (red) in a ratio of 

57:43. 
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Figure 8.61 Mass spectrum of mass-selected (ArBu)2Li+ and its daughter ions produced upon 

collision-induced dissociation (ELAB = 10 eV). The incorporated water originates from an ion-

molecule reaction with H2O present as a contamination in the vacuum system of the mass 

spectrometer.

Table 8.24 Measured and theoretical m/z ratios of selected ions. For each ion, only the most 

abundant isotopologue is considered.

ion sum formula m/z(measured) m/z(theoretical)

Li3ZnBr(OAc)3
+ C6H9BrLi3O6Zn+       342.93       342.93

Li2ZnBr2(OAc)(THF)+ C6H11Br2Li2O3Zn+       368.86       368.87

LLi+ C26H35LiO2P+       417.25       417.25

(ArBu)2Li+ C26H36LiO4
+       419.28       419.28

(LO)Li+ C26H35LiO3P+       433.25       433.25

Li3ZnBr3(OAc)(THF)+ C6H11Br3Li3O3Zn+       456.80       456.80

Li3ZnBr4(THF)+ C4H8Br4Li3OZn+       478.70       478.70

LZnBu+ C30H44O2PZn+       531.24       531.24

LLiZnBr2
+ C26H35Br2LiO2PZn+       643.02       643.01

L2PdLi+ C52H70LiO4P2Pd+       933.40       933.40

L2PdZnBu+ C56H79O4P2PdZn+     1049.38     1049.38
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Figure 8.62. Time dependence of the signal intensity of (ArBu)2Li+ (m/z 420.3) formed in the 

cross-coupling reaction between ArI (6 mM mM) in THF at room 

temperature with different catalyst loadings (precatalyst: Pd(OAc)2/2 S-PHOS). The reactions 

are monitored with positive-ion mode ESI mass spectrometry after combination of all reaction 

partners at t = 0 and stirring. The observed oscillations presumably do not reflect periodic 

changes of the concentration of ArBu, but rather the uneven motion of the step motor of the 

syringe pump used to inject the sample solution.

Figure 8.63 Negative-ion mode ESI mass spectrum of a solution of Pd(OAc)2 (3 mM), S-PHOS 

(L, 6 mM M), and ArI (Ar = 4-EtOOC-C6H4, 3 mM) in THF (a = 

Zn2BuBr4 , b = Zn2Br3I2 ).
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Table 8.25 Measured and theoretical m/z ratios of selected ions. For each ion, only the most 

abundant isotopologue is considered.

ion sum formula m/z(measured) m/z(theoretical)

ZnBr3 Br3Zn       304.68       304.68

ZnBr2I Br2IZn       350.67       350.67

ZnBrI2 BrI2Zn       398.65       398.65

Zn2BuBr4 C4H9Br4Zn2       506.59       506.60

Zn2Br5 Br5Zn2       530.44       530.44

Zn2Br4I Br4IZn2       576.43       576.43

Zn2Br3I2 Br3I2Zn2       624.41       624.42

Further data of Intermediates on Anionic Pd0 and PdII Ate Complexes

Table 8.26 Measured and theoretical m/z ratios of selected ions. For each ion, only the most 

abundant isotopologue is considered.

ion sum formula m/z(measured) m/z(theoretical)

[(LF)2PdBr] C48H18BrF36P2Pd     1526.88     1526.85

[(LF)3PdBr] C72H27BrF54P3Pd     2196.91     2196.87

[(LF)3Pd2Br3] C72H27Br3F54P3Pd2     2462.65     2462.61

[(LF)4Pd2Br] C96H36BrF72P4Pd2     2972.86     2972.79
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Figure 8.64 Measured (black) and simulated (red) isotope pattern of [(LF)2PdBr]− (LF = tris[3,5-

bis(trifluoromethyl)-phenyl]phosphine). 

Figure 8.65 Measured (black) and simulated (red) isotope pattern of [(LF)3PdBr]− (LF = tris[3,5-

bis(trifluoromethyl)-phenyl]phosphine). 
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Figure 8.66 Measured (black) and simulated (red) isotope pattern of [(LF)3Pd2Br3]− (LF = 

tris[3,5-bis(trifluoromethyl)-phenyl]phosphine). 

Figure 8.67 Measured (black) and simulated (red) isotope pattern of [(LF)4Pd2Br]− (LF = 

tris[3,5-bis(trifluoromethyl)-phenyl]phosphine).  
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Table 8.27 Measured and theoretical m/z ratios of selected ions. For each ion, only the most 

abundant isotopologue is considered. 

ion sum formula m/z(measured) m/z(theoretical) 

[(ArF)3 C24H9BrF18OP        766.94       766.93 

[(ArF)5P2O3] C40H15F30O3P2      1175.02     1175.00 

Table 8.28 Measured and theoretical m/z ratios of selected ions. For each ion, only the most 

abundant isotopologue is considered. 

ion sum formula m/z(measured) m/z(theoretical) 

[ZnBr3] Br3Zn        304.69       304.68 

[FeBr4] Br4Fe        375.61       375.60 

[(ArF)2N] C16H6F12N        440.04       440.03 

[((ArF)2NH)Br] C16H7BrF12N        519.97       519.96 

[(ArF)2,(ArF H),N,O]  C24H8F18NO        668.04       668.03 

[((ArF)3N)Br] C24H9BrF18N        733.97       733.96 

[((ArF)3NO)Br] C24H9BrF18NO        749.97       749.96 

[(LF)Br] C24H9BrF18P        750.96       750.93 

[((ArF)2NH)2Br] C32H14BrF24N2        963.01       962.99 

[((ArF)2NH)(ArF)3NO)Br]  C40H16BrF30N2O      1191.03     1191.00 

[(LF)2FeBr3] C48H18Br3F36FeP2      1636.78     1636.72 
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Table 8.29 Measured and theoretical m/z ratios of selected ions. For each ion, only the most 

abundant isotopologue is considered. 

ion sum formula m/z(measured) m/z(theoretical) 

[P2(ArF)3] C24H9F18P2        701.01       700.99 

[Pd,P3,(ArF)6] C48H18F36P3Pd      1476.97     1476.91 

[(LF)2PdArF] C56H21F42P2Pd      1658.99     1658.95 

Figure 8.68 Mass spectrum of mass-selected [(LF)2PdBr]  and its daughter ions produced 

upon collision-induced dissociation (ELAB = 15 eV, LF = tris[3,5-bis(trifluoromethyl)-

phenyl]phosphine). 



Appendix 170 

Figure 8.69 Mass spectrum of mass-selected [(LF)3Pd2Br3]  and its daughter ions produced 

upon collision-induced dissociation (ELAB = 15 eV, LF = tris[3,5-bis(trifluoromethyl)-

phenyl]phosphine). 

Figure 8.70 Mass spectrum of mass-selected [(LF)4Pd2Br]  and its daughter ions produced 

upon collision-induced dissociation (ELAB = 15 eV, LF = tris[3,5-bis(trifluoromethyl)-

phenyl]phosphine). 
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Table 8.30 Measured and theoretical m/z ratios of selected ions. For each ion, only the most 

abundant isotopologue is considered. 

ion sum formula m/z(measured) m/z(theoretical) 

[P2(ArF)3]− C24H9F18P2
−       701.02       700.99 

[(LF)Pd(Ar)I2]− C33H18F18I2O2PPd−     1178.83     1178.79 

[(LF)Pd(ArF)I2]− C32H12F24I2PPd−     1242.78     1242.74 

[(LF)2,Pd,O,I]− C48H18F36IOP2Pd−     1588.89     1588.84 

[(LF)2CuI2]− C48H18CuF36I2P2
−     1656.82     1656.77 

[(LF)2PdI3]− C48H8F36I3P2Pd−     1826.71     1826.65 

[(LF)2Pd(Ar)I2]− C57H27F36I2O2P2Pd−     1848.87     1848.81 

[(LF)3Pd2(ArF)I2]− C80H30F60I2P3Pd2
−     2690.78     2690.68 

Figure 8.71 Measured (black) and simulated (red) isotope pattern of [(LF)Pd(Ar)I2]− (LF = 

tris[3,5-bis(trifluoromethyl)-phenyl]phosphine). 
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Figure 8.72 Measured (black) and simulated (red) isotope pattern of [(LF)Pd(ArF)I2]− (LF = 

tris[3,5-bis(trifluoromethyl)-phenyl]phosphine, ArF = 3,5-bis(trifluoromethyl)-phenyl). 

Figure 8.73 Measured (black) and simulated (red) isotope pattern of [(LF)2,Pd,O,I]− (LF = 

tris[3,5-bis(trifluoromethyl)-phenyl]phosphine). 
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Figure 8.74 Measured (black) and simulated (red) isotope pattern of [(LF)2PdI3]− (LF = 

tris[3,5-bis(trifluoromethyl)-phenyl]phosphine). 

Figure 8.75 Measured (black) and simulated (red) isotope pattern of [(LF)2Pd(Ar)I2]− (LF = 

tris[3,5-bis(trifluoromethyl)-phenyl]phosphine). 
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Figure 8.76. Measured (black) and simulated (red) isotope pattern of [(LF)3Pd2(ArF)I2]− (LF = 

tris[3,5-bis(trifluoromethyl)-phenyl]phosphine, ArF = 3,5-bis(trifluoromethyl)-phenyl). 
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