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CHAPTER 6 

MECHANISTIC STUDIES OF PALLADIUM-CATALYZED S,O-LIGAND 

PROMOTED C–H OLEFINATION OF AROMATIC COMPOUNDS 
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6.1 Introduction  

Mechanism of Fujiwara-Moritani reaction 

The general mechanism for Pd-catalyzed C–H olefination of arenes is shown in Scheme 6.1.1 

First, PdX2 reacts with ArH via a C–H activation reaction forming intermediate 1 which then 

undergoes 1,2-migratory insertion giving compound 2. β-H Elimination of compound 2 

provides the olefinated product and metal complex 3. Reductive elimination of complex 3 

releases Pd(0) that is oxidized to form the active Pd(II) species.  

 

 

Scheme 6.1 General mechanism for Fujiwara-Moritani reaction. 

 

As mentioned in Chapter 1, different mechanisms for the C–H activation step can be 

proposed.2 However, in the particular case of Pd-catalyzed C–H activation of arenes, only 

electrophilic metalation and proton transfer-palladation mechanisms have been described. 

Electrophilic palladation via an SEAr process involves initial palladation to form an arenium 

(Wheland) intermediate followed by deprotonation by a weak base to regain aromaticity 

(Scheme 6.2, a). In this mechanism, the rate-determining step (RDS) is the formation of the 

Wheland intermediate (k2>k1), resulting in a small kinetic isotope effect (KIE).3 However, in 

few cases large KIE values have been reported where the rate of deprotonation is slow 

(k1>k2).
4 For simplicity reasons, for the proton transfer-palladation mechanism, in Chapter 1 

we only described the concerted metalation-deprotonation (CMD) or ambiphilic metal-ligand 

activation (AMLA) mechanism. However, in 2014 Ackermann introduced the term of base-

assisted internal electrophilic substitution (BIES) (Scheme 6.2, b).5 In both mechanisms, the 

C–H bond cleavage generally occurs through the assistance of Lewis-basic heteroatom such 

as carboxylate6 via a proposed 6-membered transition state7 where the agostic interaction has 

been suggested for AMLA mechanism.8 Large KIE values are generally observed in both 

cases. However, reactions that take place preferentially with electron poor arenes are likely to 

occur via CMD/AMLA7a,9 and in contrast, reactions that occur preferentially with electron rich 

arenes are expected to proceed via a BIES mechanism.5,10  
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Scheme 6.2 General mechanism for the C–H activation step.7b 

 

In this chapter, we describe mechanistic studies performed to elucidate the role of the S,O-

ligand in promoting the Pd-catalyzed C–H olefination of arenes. For this purpose, various 

experiments including the identification of several Pd complexes, kinetic studies and 

competitive reactions are performed. The results suggest that C–H activation is the RDS and 

that a BIES mechanism is operative. We suggest that the S,O-ligand triggers the formation of 

more reactive cationic Pd species, accelerating the C–H activation step. 

 

6.2 Results and discussion 

We considered two possibilities to explain the observed acceleration of the Pd-catalyzed C–H 

olefination in the presence of the S,O-ligand: 1) the ligand causes a change in the mechanism 

or 2) the ligand accelerates the RDS.  

 

Identification of active Pd complexes  

First, we concentrated our efforts in the identification of Pd complexes that can be involved in 

the catalytic cycle using 2-methyl-2-(phenylthio)propanoic acid (L1) as the ligand to avoid the 

formation of isomeric complexes. With this purpose, we reacted Pd(OAc)2 with L1 in a 1:1 

ratio in CH2Cl2 at room temperature overnight (Scheme 6.3, a). From the 1H NMR spectrum of 

the crude reaction mixture, several complexes were detected. Fortunately, we were able to 

isolate the major Pd complex 4-cis bearing two S,O-ligands in a cis geometry and was 

unequivocally characterized by X-ray analysis. When the reaction was performed using 2 

equiv of ligand L1, Pd-complexes 4-cis and 4-trans were obtained in quantitative yield in a 

2:1 ratio, respectively (Scheme 6.3, b). We elucidated the structure of the complex 4-trans 

based on the similarity of the NMR spectra with complex 4-cis.  

 

 



Chapter 6 

186 

 

 

Scheme 6.3 Synthesis of complexes 4. 

 

In order to isolate the Pd complex with only one S,O-ligand attached, we performed the 

reaction using PPh3 with the intention to form a Pd complex that comprises of one S,O-ligand 

and one molecule of PPh3. The reaction using a 1:1:1 ratio of Pd:L1:PPh3 in CH2Cl2 furnished 

complex 5 in 84% yield. This complex was fully characterized by X-ray analysis and contains 

one S,O-ligand, one PPh3 and one acetate ligand (Scheme 6.4).  

 

 

Scheme 6.4 Synthesis of complex 5. 

 

With these complexes in hand, we performed several experiments to evaluate their 

involvement in the catalytic cycle (Table 6.1). We tested the reaction of benzene with ethyl 

acrylate under the optimal reaction conditions as described in Chapter 3, with and without L1 

(entries 1 and 2). Ligand L1 promoted the C–H olefination, providing the olefinated product in 

71% yield. When we performed the same reaction using 5 mol% of complex 4 instead of 

Pd(OAc)2, the olefinated product was obtained in only 26% yield (entry 3), indicating that 

complex 4 is not involved in catalytic cycle. To see the effect of PPh3 in the reaction, we 

tested the reaction using 5 mol% of a catalyst based on a 1:1:1 ratio of Pd:L1:PPh3. This 

reaction provided the desired product in 78% yield which is comparable to the reaction without 

PPh3 (entries 2 and 4). Therefore, similar intermediates in the catalytic cycle can be expected 

to be formed in the reactions with and without PPh3. To our delight, the reaction using 5 mol% 

of complex 5 gave the product in 75% yield (entry 5), suggesting that this complex is involved 

in the catalytic cycle.  
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Table 6.1 Reactivity of Pd complexes. 

 

Entry Catalyst (5 mol%)  NMR yield  

1 Pd(OAc)2   16% 

2 Pd(OAc)2     +  

 

 

71%a 

3 

 

26% 

4 Pd(OAc)2     +  

 

+   PPh3 78%a 

5 

 

 

75%a 

Yield was determined by 1H NMR analysis of the crude mixture using CH2Br2 as an internal standard. 
aSmall amount of ethyl 3,3-diphenylacrylate product was detected. 

 

With the intention to identify a Pd complex after the C–H activation step, we carried out the 

reaction of complex 5 with benzene in a pressure tube at 100 °C for 10 min (Scheme 6.5). 

From the 1H NMR spectrum of the reaction mixture, we tentatively assigned some peaks to 

the formation of complexes 6 and/or 6’, which come after the C–H activation step, along with 

many other peaks that we could not identify. From the 31P NMR spectrum, mainly three 

equally intense peaks which belong to triphenylphosphine oxide, complexes 5 and 6 (or 6’) 

were observed. Unfortunately, from the reaction mixture we were not able to isolate complex 6 

(or 6’). 

    

 

Scheme 6.5 Reaction of complex 5 with benzene. 

 

To confirm the formation of complex 6 (or 6’), we decided to synthesize 6’ via a different 

synthetic route. Complex 6’ was synthesized in three steps following a literature procedure as 

shown in Scheme 6.6.11 The reaction of (PPh3)2PdCl2 with phenyl iodide in the presence of an 

excess of KOH under a nitrogen atmosphere at 100 °C provided a mixture of complexes 7-

trans and 7-cis in 33% yield in a 3:1 ratio, respectively. The mixture of complexes reacted 

with acetic acid providing the Pd complex 8 in good yield. The reaction of complex 8 with 2 



Chapter 6 

188 

 

equiv of ligand L1 at room temperature provided complex 6’ in quantitative yield. The 

structure of complex 6’ was confirmed by X-ray analysis where the two enantiomers 6’A and 

6’B were observed. Then, we compared the 1H and 31P NMR spectra of 6’ with the one 

obtained from the reaction of 5 with benzene (Scheme 6.5). We found that both spectra 

match; however, since we did not synthesize complex 6, we cannot unequivocally confirm 

which of the two isomers 6 or 6’ was formed. Nevertheless, it is clear that complex 5 activates 

the C–H bond of benzene and probably it is involved in the catalytic cycle. 

 

 

Scheme 6.6 Synthetic route for synthesis of complex 6’. 

 

We next performed the reaction of complex 6’ with an excess of ethyl acrylate affording the 

olefinated product in 90% NMR yield (Scheme 6.7). From this result, we suggest that 

complexes 6’ and/or 6 act as the active catalyst in the reaction. 

 

 

Scheme 6.7 Reaction of complex 6’ with ethyl acrylate. 

 

Identification of Pd complexes during the catalytic reaction 

After our progress having several Pd complexes characterized, we attempted to identify the 

complexes that were formed during the catalytic reaction. The reaction was performed in an 

NMR tube at 100 °C and was followed at different times by measuring the 1H and 31P NMR 

spectra at room temperature. We performed the reaction under standard conditions but using 

50 mol% of the catalyst and deuterated acetic acid as a solvent (Scheme 6.8).  
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Scheme 6.8 C–H Olefination of benzene. 

 

The comparison of 1H NMR spectra of ligand L1, Pd complexes 4–6’ and the reaction at 

different times (0, 3, 5 and 10 min) are shown in Figure 6.1. Before the reaction started (0 

min), ligand L1 and complex 5 were clearly identified from their characteristic peaks of the 

methyl groups. After 3 and 5 min, we observed mainly complex 5 in the 1H NMR spectra. After 

10 min, the reaction was completed and the signals of complex 5 were almost gone. After 3 

min, we started to observe trace amounts of complex 4 and we did not detect any formation of 

complex 6’ during the reaction. The 1H NMR data were consistent with 31P NMR spectra as 

shown in Figure 6.2. Mainly the peak at 27 ppm, which belongs to complex 5, was observed 

from 0 to 5 min and the intensity of this peak dramatically decreased after 10 min. The 

formation of complex 6’ (31P NMR at 26 ppm) was not detected during the reaction; however, 

other unidentified phosphorus species were formed. These results indicate that complex 5 is 

the resting state of the catalyst. 

 

 

Figure 6.1 1H NMR spectra of 1) ligand L1, 2) complexes 4-cis and 4-trans, 3) complex 5, 4) 

complex 6’. C–H Olefination of benzene and ethyl acrylate with L1 in AcOD-d4 at 5) 0 min, 6) 

3 min, 7) 5 min and 8) 10 min. ox = oxidant, BA = benzoic acid, EA = ethyl acrylate, P = ethyl 

cinnamate. 
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Figure 6.2 31P NMR spectra of 1) complex 5, 2) complex 6’. C–H Olefination of benzene and 

ethyl acrylate with L1 in AcOD-d4 at 3) 0 min, 4) 3 min, 5) 5 min and 6) 10 min. 

 

Next, we examined the reaction using benzene, Pd(OAc)2, ligand L1 and PPh3 in AcOD-d4 in 

the absence of ethyl acrylate in an NMR tube at 100 °C, recording the NMR data at the 

indicated time at room temperature (Scheme 6.9).  

 

Scheme 6.9 Reaction of benzene, Pd(OAc)2, ligand L1 and PPh3. 

 

As shown in Figure 6.3, at 0 min, the formation of complex 5 together with ligand L1 was 

detected. After 2 and 4 min, complex 5 was the main complex observed, traces of complex 6’ 

(or 6) were identified from the peaks around 6.5–7 ppm and traces of complex 4 were 

detected. 31P NMR data corroborated that complex 5 (27 ppm) was the main complex during 

the reaction and that traces of complex 6’ (or 6) (26 ppm) were formed (Figure 6.4). 
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Figure 6.3 1H NMR spectra of 1) ligand L1, 2) complexes 4-cis and 4-trans, 3) complex 5, 4) 

complex 6’. Reaction of benzene with Pd(OAc)2, ligand L1 and PPh3 in AcOD-d4 at 5) 0 min, 

6) 2 min and 7) 4 min. 

 

 

Figure 6.4 31P NMR spectra of 1) complex 5, 2) complex 6’. Reaction of benzene with 

Pd(OAc)2, ligand L1 and PPh3 in AcOD-d4 at 3) 0 min, 4) 2 min and 5) 4 min. 
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Kinetic order of the reaction  

Next, we determined the order of each reagent in the reaction in the presence of the 3-methyl-

2-(phenylthio)butanoic acid (L2) by using the initial rate method. Figure 6.5 shows the plot of 

logarithm of the reaction rate against the concentration of the reagent. A straight line with a 

slope of nearly one was measured for the Pd-catalyst and benzene, revealing a first order in 

these reagents (Figure 6.5, a and b). Non-significant change in the reaction rate was 

observed using different concentrations of oxidant and olefin (Figure 6.5, c and d), indicating 

that the migratory insertion and oxidation of Pd(0) occur after the RDS.  

 

 

 

 

Figure 6.5 Dependence of the observed rate constant on the concentration of a) catalyst, b) 

benzene, c) PhCO3t-Bu, d) ethyl acrylate and e) NaOAc in the reaction with ligand L2.             

f) Dependence of the observed rate constant on the concentration of NaOAc using complex 5 

as a catalyst. 

 

Recently, a new monodentate thioether ligand capable of promoting the C–H olefination of 

heteroarenes has been reported.12 Based on the observation of an inverse first-order 

a) b) 

c) d) 

e) f) 



Mechanistic studies of S,O-ligand 

193 

 

dependence of the rate of [OAc-], the authors proposed the formation of cationic Pd species. 

Then, we measured the order of the reaction at different concentrations of NaOAc (Figure 6.5, 

e). An inverse first order dependence was found. To explain this observation, three different 

possibilities were considered: 1) dissociation of acetate to form cationic palladium species, 2) 

the S,O-ligand substitutes one acetate of Pd(OAc)2 forming the Pd-ligand complex and 3) 

acetate reacts with LPd(OAc), forming an off-cycle [LPd(OAc)2]
-. 

To distinguish between the first two possibilities, we investigated the dependence of the rate 

of [OAc-] using complex 5 as a catalyst. We observed an inverse half order in acetate, 

suggesting that the dissociation of an acetate from Pd(OAc)2
 to form the LPd(OAc) is not the 

cause for the inverse order detected. The observation of an inverse half order using complex 

5 might be the result of the formation of dimeric species in the solution; however, NMR 

experiments need to be carried out to confirm this assumption. Next, to determine whether the 

off-cycle [LPd(OAc)2]
- was formed or not, we performed an additional experiment in an NMR 

tube. First, we mixed ligand L1 and Pd(OAc)2 in a 1:1 ratio in AcOD-d4, heated at 100 °C for 

20 min and recorded the 1H NMR spectrum at room temperature. Then, an excess of NaOAc 

was added and the mixture was heated again. The comparison of the two 1H NMR spectra is 

shown in Figure 6.6. After the addition of NaOAc, the relative intensity of the peaks that 

belong to different Pd species changed; however, the formation of new species was not 

detected. Therefore, the observed inverse first order with respect to NaOAc is not the result of 

the formation of an off-cycle palladium species. Thus, it seems reasonable to suggest that 

cationic palladium species are formed during the reaction and prior the RDS.  

 

 
Figure 6.6 1H NMR spectra of the mixture of Pd(OAc)2 and ligand L1 in AcOD-d4, 1) before 

and 2) after the addition of 20 equiv of NaOAc. 
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Next, we investigated the order of each reagent in the reaction without ligand (Figure 6.7). We 

observed a 0.3 order in catalyst and a first order in benzene (Figure 6.7, a and b), suggesting 

a trimeric precatalyst and one benzene associated in the reaction before the RDS. Zero order 

in both oxidant and olefin were observed (Figure 6.7, c and d), indicating that olefin insertion 

and oxidation of Pd(0) occurred after the RDS. For the order in NaOAc (Figure 6.7, e), the 

reaction gave zero order and changed to inverse first order when the concentration of acetate 

was increased. To explain these results, we postulated that at low concentrations of NaOAc, 

no dissociation of acetate is occurring and at higher concentrations, the off-cycle [Pd(OAc)3]
- 

is formed. Since the concentration of OAc- is low in the catalytic reaction, we considered a 

zero order dependence in OAc- in the reaction without ligand. 

 

 

 

    

Figure 6.7 Dependence of the observed rate constant on the concentration of a) catalyst, b) 

benzene, c) PhCO3t-Bu, d) ethyl acrylate and e) NaOAc in the reaction without ligand. 

 

From all these kinetic experiments, the difference between the reaction with and without 

ligand is the order of the reaction respect to the catalyst and NaOAc. The reaction with ligand 

a) b) 

c) d) 

e) 
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gave first order dependence in catalyst and an inverse first order in NaOAc, suggesting the 

presence of a monomeric precatalyst and the formation of cationic Pd species. In contrast, the 

reaction without ligand gave 0.3 order dependence in catalyst and the reaction rate is 

independent of the concentration of OAc-, indicating a trimeric precatalyst and no formation of 

cationic Pd species.  

 

KIE of benzene  

KIE values of this reaction were examined by performing the reactions with benzene and 

benzene-d6 in two different flasks.13 The reaction in the presence of ligand L2 provided a 

kH/KD ratio of 4.0 and in the absence of ligand provided a kH/KD ratio of 5.4 (Scheme 6.10). 

The observed primary KIE indicates that C–H bond cleavage is the RDS in both reactions.   

 

 

Scheme 6.10 KIE experiments of benzene with and without L2. 

 

Competition experiments 

We performed one-pot intermolecular competition experiments between an electron-rich 

arene, p-xylene (9), and an electron-poor arene, 1,4-bis(trifluoromethyl)benzene (10), in the 

C–H olefination with and without ligand L2 (Scheme 6.11). We found that in both cases, 

electron-rich arene 9 reacted preferentially. These results are consistent with two possible 

mechanisms, 1) the reaction proceeds via an electrophilic palladation mechanism with the 

deprotonation of the Wheland intermediate being the RDS or 2) the reaction proceeds via a 

BIES mechanism.  

 

 

Scheme 6.11 Competition experiments with and without L2. 

 



Chapter 6 

196 

 

KIE of ethyl benzoate 

In view of the competition experiments, we decided to investigate the KIE of ethyl benzoate to 

distinguish between the electrophilic palladation and BIES mechanisms. We expected that for 

such an electron deficient arene, the RDS might be the formation of the Wheland 

intermediate, which would provide a small KIE value. We found out that in both cases, with 

and without ligand L2, large KIE values were observed again (Scheme 6.12). These results 

indicate that both reactions are unlikely to proceed through an electrophilic palladation 

mechanism.  

 

 

Scheme 6.12 KIE experiments of ethyl benzoate with and without L2. 

 

H/D exchange experiments 

We checked the reversibility of the C–H activation step by performing H/D scrambling 

experiments using AcOD-d4 as a deuterium source. We used mesitylene as a diagnostic 

arene to facilitate the interpretation of the 1H NMR spectra. The reaction with ligand L2 

provided the olefinated product and deuterated mesitylene in 17% after 6 h (Scheme 6.13, a). 

In the reaction without ligand, by increasing the amount of catalyst and the reaction time, the 

formation of 25% deuterated mesitylene was observed (Scheme 6.13, b). Therefore, C–H 

activation is reversible in both cases, with and without the ligand. 

 

 

Scheme 6.13 H/D scrambling experiments with and without L2. 

 

Investigation of catalyst deactivation 

Finally, we decided to investigate if the deactivation of the Pd/S,O-ligand catalyst was due to 

the in situ oxidation of the thioether during the reaction. Thus, we performed the reaction 
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using ligand L1 with an excess of PhCO3t-Bu and benzene in acetic acid at 100 °C. After 2 h, 

only the S,O-ligand was detected in the crude mixture by 1H NMR. We next tested the 

oxidation reaction of the Pd/S,O-ligand complex. In this case, we chose complex 4 to perform 

this reaction since other complexes (complexes 5 and 6’) contain a phosphine ligand, which 

can be oxidized easily. The reaction of complex 4 with an excess of PhCO3t-Bu at 100 °C for 

2 h provided a similar spectrum as the starting Pd complex. These experiments indicate that 

decomposition of the catalyst is not due to oxidation of ligand L1.  

 

Proposed mechanism of the reaction in the presence of S,O-ligand 

By combining all the experimental data that we have, we propose the mechanism outlined in 

Scheme 6.14 for the C–H olefination of arenes in the presence of the S,O-ligand. We draw the 

intermediates with PPh3 as ligand taking the advance that we isolated many of these 

complexes. However, it can be expected that in the reaction without PPh3, complexes bearing 

an innocent ligand () or the formation of polymeric species are taking place. First, Pd(OAc)2 

reacts with ligand L1 and PPh3 forming Pd complex 5, which we isolated and demonstrated 

that is catalytically active. We observed by NMR that complex 5 is the catalyst resting state, 

indicating that C–H activation is the RDS. This is in agreement with the order of the reaction 

and the large KIE values observed. After the reversible C–H activation step, complex 6 is 

formed. We propose that the C–H activation takes place via a cationic palladium species 13 

on the basis of the inverse first order reaction in OAc-. Complex 6 reacts with ethyl acrylate 

providing complex 14 which then undergoes β-H elimination to provide the olefinated 

compound and complex 15 that rapidly forms Pd(0) species. The oxidation of these species 

by an oxidant completes the catalytic cycle.  

 

 

Scheme 6.14 Proposed mechanism for C–H olefination of benzene in the presence of S,O-

ligand. 
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From the comparison of the experiments performed with and without ligand, we propose that 

the same mechanism is operative in both cases and the S,O-ligand promotes C–H bond 

cleavage, which is the RDS. This step occurs through a BIES mechanism in agreement with 

the results obtained from the competition experiments and the KIE values. We suggest that 

the S,O-ligand triggers the formation of cationic Pd species that are more reactive in the C–H 

activation step (BIES mechanism), which explains the observed acceleration of the reaction.  

During the preparation of this thesis, a manuscript related with the mechanism of the C–H 

activation step was published by Macgregor and Davies.14 They observed that electronic 

substituent effects depend on whether the reaction is under kinetic or thermodynamic control. 

Under kinetic control, electron-rich arenes react faster and under thermodynamic control the 

products with electron withdrawing substituents are preferred. They suggested that both 

kinetic and thermodynamic products proceed via CMD or BIES mechanism which is, in their 

opinion, the same mechanism. Taking into account this latest paper, more competition 

experiments under kinetic and thermodynamic control need to be carried out to unequivocally 

assign the mechanism of our catalytic system. 

 

6.3 Conclusions 

In conclusion, several Pd complexes before and after the C–H activation step have been fully 

characterized and their reactivities have been evaluated. The C–H activation step is reversible 

and is the RDS based on the identification of the resting state, KIE values and order of the 

reaction with respect to the reagents. The competition experiments and KIE values point out 

that both reactions with and without ligand proceed via the same mechanism which likely 

occurs through a BIES mechanism. We suggest that the role of the S,O-ligand is to promote 

the C–H activation step via the formation of more active cationic palladium species.  
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6.5 Experimental section 

General information 

Chromatography: Silicycle Silica Flash P60 size 40–63 µm (230–400 mesh), TLC: Merck silica 

gel 60 (0.25mm). Visualization of the TLC was performed by UV. Mass spectra were recorded 

on a AccuTOF GC v 4g, JMS-T100GCV mass spectrometers. 1H, 13C and 31P NMR were 

recorded on a Bruker DRX 500, Bruker AMX 400 and Bruker DRX 300. Chemical shift values 

are reported in ppm with the solvent resonance as the internal standard (CDCl3: δ 7.26 for 1H, 

δ 77.16 for 13C, C6D6: δ 7.16 for 1H, δ 128.06 for 13C, THF-d8: δ 3.58 for 1H, δ 67.57 for 13C; 

AcOD-d4: δ 2.04 for 1H). Data are reported as follows: chemical shifts, multiplicity (s = singlet, 

d = doublet, dd = doublet of doublets, t = triplet, q = quartet, bs = broad singlet, m = multiplet), 

coupling constants (Hz) and integration. Infrared spectra were recorded on a Bruker IFS 28 

FT-spectrophotometer and wavelengths are reported in cm-1. GC analysis was performed on 

a Shimadzu GC-2010 Plus Gas Chromatograph using SH-Rxi-5HT (30 m, 0.25 mm, D 0.25 

µm) column. All reagents and solvents that were not mentioned were used as received. 
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Pd(OAc)2 was purchased from Strem. 2-Methyl-2-(phenylthio)propanoic acid (L1) and 3-

methyl-2-(phenylthio)butanoic acid (L2) were prepared according to the procedure described 

in Chapter 3. 

 

Procedure for the synthesis of complexes 4-cis and 4-trans 

A solution of Pd(OAc)2 (22.5 mg, 0.1 mmol, 1 equiv) 

and ligand L1 (39.3 mg, 0.2 mmol, 2 equiv) in CH2Cl2 

(3 mL) was stirred at room temperature overnight. 

The reaction was filtrated through a pad of Celite and 

evaporated to dryness to afford palladium complexes 4-cis and 4-trans as an organge solid 

(50.3 mg, quantiative yield). Single crystal suitable for X-ray crystallography was obtained by 

crystallization with a two-solvent system (CHCl3/n-heptane). 1H NMR (500 MHz, CDCl3) δ = 

8.01 – 7.87 (m, 4Hcis+trans), 7.65 – 7.16 (m, 16Hcis+trans), 1.92 (s, 6Hcis), 1.75 (s, 6Htrans), 1.22 (s, 

6Hcis), 1.20 (s, 6Htrans); IR ν = 1649, 1287, 1177, 746, 686, 494 cm-1; HRMS (FD) calcd for 

C20H22O4PdS2 [M]+: 495.9994; found: 495.9972. 

 

Crystal structure information of complex 4-cis 

 

CCDC Number    1567101 

Empirical formula    C20H22O4S2Pd  

Formula weight    496.94 

Temperature/K    N/A  

Crystal system   triclinic 

Space group    P-1  

a/Å    9.0235(3)  

b/Å    10.1775(4) 

c/Å    11.8976(5) 

α/°     81.443(2)   

β/°    73.982(2) 

γ/°    76.298(2) 

Volume/Å3   1016.25(7) 

Z     2 

ρcalcg/cm3
   1.6239  

/mm-1    1.141  

F(000)    502.7 

Crystal size/mm3   0.479 x 0.178 x 0.114  
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Radiation    MoKα (λ = 0.71073) 

2 range for data collection/° 5.22 to 50.08   

Index ranges   -10 ≤ h ≤ 10, -12 ≤ k ≤ 12, -14 ≤ l ≤ 14 

Reflections collected  15109 

Independent reflections  3577 [Rint = 0.0346, Rsigma = 0.0279] 

Data/ restraints/ parameters  3577/0/248 

Goodness-of-fit on F2  0.913 

Final R indexes [I>2σ (I)]  R1 = 0.0266, wR2 = 0.0916 

Final R indexes [all data]  R1 = 0.0347, wR2 = 0.1103 

Largest diff. peak/hole / e Å-3  0.62/-0.68 

 

Procedure for the synthesis of complex 5 

A solution of Pd(OAc)2 (56.1 mg, 0.25 mmol, 1 equiv), ligand L1 (49.0 mg, 

0.25 mmol, 1 equiv) and PPh3 (65.6 mg, 0.25 mmol, 1 equiv) in CH2Cl2 (8 

mL) was stirred at room temperature for 1 h. The reaction was filtrated 

through a pad of Celite and evaporated to dryness to afford palladium 

complex 5 as an orange solid (131.5 mg, 84% yield). Single crystal suitable for X-ray 

crystallography was obtained by crystallization with a two-solvent system (THF/n-heptane). 1H 

NMR (400 MHz, CDCl3) δ = 7.59 (dd, J = 12.1, 7.7 Hz, 8H), 7.44 (t, J = 7.4 Hz, 4H), 7.38 – 

7.27 (m, 8H), 2.02 (s, 3H), 1.75 (bs, 3H), 1.10 (s, 3H); 13C NMR (101 MHz, CDCl3) δ = 179.7, 

179.7, 134.2, 134.1, 134.0, 131.7, 131.7, 131.6, 129.9, 128.7, 128.6, 127.0, 126.4, 126.4, 

63.1, 27.7, 25.6, 21.7; 31P NMR (162 MHz, CDCl3) δ = 26.45 (s); IR ν = 3055, 2925, 1645, 

1436, 1302, 1098, 691, 536 cm-1; HRMS (FD) calcd for C30H29O4PPdS [M]+: 622.0559; found: 

622.0543. 

 

Crystal structure information of complex 5 

 

Empirical formula    C30H29O4PPdS  

Formula weight    622.96 

Temperature/K    100(2)  

Crystal system   monoclinic 

Space group    P21/c 

a/Å    10.1765(4) 

b/Å    28.3513(11)  

c/Å    9.7423(4)  

α/°     90   
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β/°    106.9510(10) 

γ/°    90 

Volume/Å3   2688.70(19) 

Z     4 

ρcalcg/cm3
   1.539 

/mm-1    0.862  

F(000)    1272.0 

Crystal size/mm3   0.23 x 0.17 x 0.05  

Radiation    MoKα (λ = 0.71073) 

2 range for data collection/° 5.85 to 52.912   

Index ranges   -12 ≤ h ≤ 12, -34 ≤ k ≤ 35, -12 ≤ l ≤ 12 

Reflections collected  35241 

Independent reflections  5489 [Rint = 0.0620, Rsigma = 0.0381] 

Data/ restraints/ parameters  5489/0/337 

Goodness-of-fit on F2  1.149 

Final R indexes [I>2σ (I)]  R1 = 0.0440, wR2 = 0.0808 

Final R indexes [all data]  R1 = 0.0585, wR2 = 0.0852 

Largest diff. peak/hole / e Å-3  0.92/-1.06 

 

Table 6.2 Fractional atomic coordinates (×104) and equivalent isotropic displacement 

parameters (Å2×103) for 5. Ueq is defined as 1/3 of of the trace of the orthogonalised UIJ tensor. 

Atom x y z U(eq) 

Pd1 6811.8(3) 6472.5(2) 6676.7(3) 17.49(8) 

S1 5116.3(9) 6820.7(3) 4935.4(10) 20.5(2) 

P1 8060.0(10) 6296.9(3) 5194.7(10) 17.7(2) 

O1 5622(3) 6614.2(10) 8006(3) 25.8(6) 

O2 3730(3) 6951.1(11) 8232(3) 36.6(7) 

O3 8240(3) 6190.6(9) 8402(3) 20.3(5) 

O4 7013(3) 5531.6(10) 7732(3) 27.3(6) 

C1 4576(4) 6888.1(14) 7570(4) 27.2(9) 

C2 4411(4) 7168.2(14) 6177(4) 24.4(9) 

C3 5349(4) 7607.4(15) 6502(5) 30.8(10) 

C30 8892(4) 5533.7(15) 9900(4) 29.2(9) 

C29 7943(4) 5754.4(14) 8565(4) 20.0(8) 

C4 2925(4) 7300.9(15) 5440(5) 31.3(10) 

C5 3878(4) 6370.2(13) 4242(4) 19.9(8) 

C6 3603(4) 6012.9(13) 5088(4) 20.8(8) 

C7 2664(4) 5667.3(14) 4460(4) 24.4(9) 

C8 2016(4) 5674.3(15) 2990(4) 26.0(9) 

C9 2300(4) 6029.1(16) 2145(4) 32.4(10) 

C10 3225(4) 6380.2(15) 2775(4) 27.8(9) 

C11 7000(4) 5950.2(14) 3708(4) 20.9(8) 
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Table 6.2 Fractional atomic coordinates (×104) and equivalent isotropic displacement 

parameters (Å2×103) for 5. Ueq is defined as 1/3 of of the trace of the orthogonalised UIJ tensor 

(continued). 

C12 6300(4) 5564.4(14) 4053(4) 21.1(8) 

C13 5397(4) 5304.9(15) 2966(5) 27.4(9) 

C14 5172(4) 5433.5(17) 1551(5) 35.1(11) 

C15 5840(4) 5817.3(19) 1198(4) 38.4(12) 

C17 9607(4) 5966.2(13) 6097(4) 18.6(8) 

C16 6761(4) 6079.5(16) 2277(4) 28.4(9) 

C18 9627(4) 5478.9(14) 6128(4) 22.6(8) 

C19 10784(4) 5244.9(15) 6967(4) 24.3(9) 

C20 11910(4) 5493.3(15) 7787(4) 25.9(9) 

C21 11906(4) 5978.2(15) 7754(4) 26.3(9) 

C22 10751(4) 6216.1(14) 6902(4) 23.7(8) 

C23 8683(4) 6797.3(16) 4414(5) 32.4(11) 

C24 8351(5) 7248.5(16) 4722(5) 42.2(13) 

C25 8856(6) 7636(2) 4147(7) 69(2) 

C26 9659(7) 7566(3) 3261(8) 94(3) 

C27 9986(5) 7120(3) 2945(7) 82(3) 

C28 9520(4) 6726(2) 3531(5) 48.0(14) 

 

Investigation of active Pd complexes 

Pd catalyst (12.5 µmol, 5 mol%), tert-butyl peroxybenzoate (47 µL, 0.25 mmol, 1 equiv), ethyl 

acrylate (27 µL, 0.25 mmol, 1 equiv), benzene (0.25 mL, 2.8 mmol, 11.2 equiv) and AcOH 

(1.25 mL, 0.2 M) were added into a pressure tube. The pressure tube was sealed with a screw 

cap and the reaction was placed in a 100 °C pre-heated oil bath and stirred for 2 h. The 

resulting mixture was diluted with EtOAc, filtered through a plug of Celite and concentrated 

under reduced pressure. The 1H NMR yield was determined by adding CH2Br2 (17.5 µL, 0.25 

mmol, 1 equiv) as an internal standard.  

 

Table 6.3 The amount of catalyst. 

Entry Amount of catalyst 

1 Pd(OAc)2 2.8 mg 

2 Pd(OAc)2 2.8 mg and L1 2.5 mg 

3 Complexes 4-cis and 4-trans 6.2 mg 

4 Pd(OAc)2 2.8 mg, L1 2.5 mg and PPh3 3.3 mg 

5 Complex 5 7.8 mg 

 

Procedure for the reaction of complex 5 and benzene 

Complex 5 (30 mg, 48.0 µmol, 1 equiv) and benzene (0.25 mL) were added into a pressure 

tube. The pressure tube was sealed with a screw cap and the reaction was placed in a 100 °C 

pre-heated oil bath and stirred for 10 minutes. The reaction was cooled down to room 

temperature. The resulting mixture was diluted with CH2Cl2, filtered through a plug of Celite 

and concentrated under reduced pressure. The resulting crude was measured by 1H NMR. 
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Procedure for the synthesis of complex 6’ 

Complex 7  

Complex 7 was prepared following the procedure 

described in the literature.11 Degassed toluene 

(20 mL) and degassed water (4 mL) were added 

to Pd(PPh3)2Cl2 (1.00 g, 1.42 mmol, 1 equiv) and 

KOH (4.00g, 71 mmol, 50 equiv) under nitrogen atmosphere followed by PhI (0.34 mL, 3.00 

mmol, 2.1 equiv). The reaction was heated at 100 °C for 3 h with vigorous stirred. The hot 

solution was filtered through a short pad of Celite. The filtrated was separated and extracted 

with toluene (3 x 20 mL). The combined organic layers were dried over anh. MgSO4, filtered 

and concentrated under reduced pressure to obtain a yellow solid. The resulting solid was 

triturated with acetone (5 mL) overnight and the obtained solid was filtered and washed with 

acetone (2 x 3 mL) to obtain a white solid (0.44 g, 33% yield). 1H and 31P NMR spectra data 

matched with the spectra data reported in the literature for this compound.11a 1H NMR (400 

MHz, CDCl3) δ = 7.54 – 7.43 (m, 10H), 7.43 – 7.29 (m, 8H), 7.27 – 7.17 (m, 12H), 7.10 – 7.01 

(m, 4H), 6.71 – 6.58 (m, 6H); 31P NMR (162 MHz, CDCl3) δ = 33.54 (s, trans), 32.85 (s, cis). 

 

Complex 8  

Complex 8 was prepared following the procedure described in the 

literature.11a AcOH (60 µL, 1.05 mmol, 3 equiv) was added to the 

suspension of complex 7 (324 mg, 0.35 mmol, 1 equiv) in toluene 

(10 mL). The reaction was stirred at room temperature until solid 

was completely dissolved. The reaction was then concentrated 

under reduced pressure. The solid was washed with petroleum ether (3 x 5 mL) and dried 

under vacuum to obtain a yellow powder (300 mg, 85% yield). 1H and 31P NMR spectra data 

matched with the spectra data reported in the literature for this compound.11a 1H NMR (400 

MHz, C6D6) δ = 7.77 (bs, 4H), 7.53 – 7.44 (m, 12H), 6.95 – 6.79 (m, 24H), 1.59 (s, 6H); 31P 

NMR (162 MHz, C6D6) δ = 29.97 (s). 

 

Complex 6’  

Complex 6’ was prepared following a similar procedure to the one described 

in the literature.11a Complex 8 (100 mg, 0.1 mmol, 1 equiv) and ligand L1 

(39.3 mg, 0.2 mmol, 2 equiv) were stirred in benzene at room temperature. 

After 1 h, the solvent was removed under reduced pressure to obtain a pale 

yellow solid (130 mg, quantitative yield). Single crystal suitable for X-ray crystallography was 

obtained by crystallization with a two-solvent system (THF/n-heptane). 1H NMR (400 MHz, 

THF-d8) δ = 7.78 (d, J = 6.8 Hz, 2H), 7.56 – 7.23 (m, 18H), 6.64 (d, J = 6.6 Hz, 2H), 6.53 (t, J 

= 6.8 Hz, 1H), 6.45 (t, J = 7.2 Hz, 2H), 1.54 (s, 6H); 13C NMR (101 MHz, THF-d8) δ = 179.1, 

146.8 (d, J = 7.2 Hz), 136.7 (d, J = 3.8 Hz), 135.5, 135.4, 135.2, 131.7, 131.5 (d, J = 1.9 Hz), 

131.2, 131.2, 130.5, 130.4, 129.4, 129.3, 129.2, 128.1, 123.5, 59.5, 27.7; 31P NMR (162 MHz, 

THF-d8) δ = 24.48 (s); IR ν = 1620, 1303, 1097, 735, 690, 529 cm-1; HRMS (FD) calcd for 

C34H31O2PPdS [M]+: 640.0817; found: 640.1009. 
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Crystal structure information of complex 6’A  

 

Empirical formula    C34H31O2PPdS  

Formula weight    641.02 

Temperature/K    100(2)  

Crystal system   orthorhombic 

Space group    P212121 

a/Å    9.7129(4) 

b/Å    11.8850(4) 

c/Å    24.9669(9) 

α/°     90   

β/°    90 

γ/°    90 

Volume/Å3   2882.12(19) 

Z     4 

ρcalcg/cm3
   1.477 

/mm-1    0.802 

F(000)    1312.0 

Crystal size/mm3   0.330 x 0.300 x 0.120  

Radiation    MoKα (λ = 0.71073) 

2 range for data collection/° 5.976 to 59.268  

Index ranges   -13 ≤ h ≤ 13, -16 ≤ k ≤ 16, -34 ≤ l ≤ 34 

Reflections collected  53234 

Independent reflections  8114 [Rint = 0.0236, Rsigma = 0.0172] 

Data/ restraints/ parameters  8114/0/354 

Goodness-of-fit on F2  1.086 

Final R indexes [I>2σ (I)]  R1 = 0.0163, wR2 = 0.0389 

Final R indexes [all data]  R1 = 0.0173, wR2 = 0.0392 

Largest diff. peak/hole / e Å-3  0.29/-0.51 

Flack parameter   -0.013(4) 
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Table 6.4 Fractional atomic coordinates (×104) and equivalent isotropic displacement 

parameters (Å2×103) for 6’A. Ueq is defined as 1/3 of of the trace of the orthogonalised UIJ 

tensor. 

Atom x y z U(eq) 

Pd1 7138.3(2) 5911.4(2) 6231.0(2) 9.25(3) 

S1 7842.2(5) 7332.0(3) 6825.9(2) 12.71(8) 

P1 6104.5(5) 4611.4(4) 5696.5(2) 9.27(8) 

O1 8217.0(14) 4842.8(11) 6758.2(5) 14.1(3) 

O2 9287.0(18) 4660.2(12) 7540.1(6) 23.8(3) 

C1 6177(2) 7070.0(15) 5790.7(7) 11.9(3) 

C2 4805(2) 7374.3(17) 5875.9(8) 15.5(4) 

C3 4196(2) 8214.7(17) 5564.9(9) 20.5(4) 

C4 4943(2) 8746.9(17) 5163.3(9) 22.6(4) 

C5 6318(2) 8461.6(17) 5083.0(8) 19.7(4) 

C6 6930.7(19) 7637.3(15) 5399.7(7) 14.6(3) 

C7 8857(2) 5238.0(16) 7166.1(7) 13.6(3) 

C8 9178(2) 6520.9(16) 7179.9(8) 14.0(4) 

C9 10474(2) 6726.3(17) 6839.7(9) 20.3(4) 

C10 9409(3) 6977.5(18) 7742.9(8) 22.1(4) 

C11 6327(2) 7311.7(17) 7230.8(8) 17.2(4) 

C12 5997(3) 6439(2) 7575.5(11) 34.3(6) 

C13 4743(3) 6467(2) 7853.1(13) 44.9(8) 

C14 3829(3) 7345(2) 7778.5(11) 36.1(6) 

C15 4160(3) 8190(3) 7433.0(11) 36.7(6) 

C16 5414(2) 8192(2) 7161.0(10) 27.3(5) 

C17 4301.9(19) 4480.3(15) 5887.2(7) 11.1(3) 

C18 4010.4(19) 4552.0(17) 6436.5(7) 14.6(4) 

C19 2696(2) 4324.6(16) 6624.9(7) 17.1(4) 

C20 1650.2(17) 4042.4(17) 6268.0(8) 16.9(3) 

C21 1926.8(17) 3975.3(16) 5723.4(7) 15.7(3) 

C22 3254.8(17) 4189.2(16) 5532.0(7) 12.9(3) 

C23 6158.1(18) 4803.3(15) 4972.0(7) 11.3(3) 

C24 5378.9(19) 5653.2(15) 4727.1(7) 13.2(3) 

C25 5459.8(19) 5819.3(17) 4175.8(7) 15.9(3) 

C26 6316(2) 5154.7(17) 3860.1(7) 17.7(4) 

C27 7099(2) 4316.2(15) 4101.8(7) 17.0(3) 

C28 7021.4(18) 4139.3(16) 4653.6(7) 14.0(3) 

C29 6717.5(19) 3176.0(15) 5789.0(7) 11.9(3) 

C30 8105.6(19) 2986.7(16) 5900.5(7) 15.5(4) 

C31 8587(2) 1894.0(18) 5974.6(8) 20.1(4) 

C32 7691(2) 993.8(18) 5940.7(8) 22.3(4) 

C33 6309(2) 1172.7(17) 5820.5(9) 22.1(4) 

C34 5824(2) 2257.6(17) 5744.8(8) 17.8(4) 
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Crystal structure information of complex 6’B  

 

Empirical formula    C34H31O2PPdS  

Formula weight    641.02 

Temperature/K    100(2)  

Crystal system   orthorhombic 

Space group    P212121 

a/Å    9.6976(5)  

b/Å    11.8942(7) 

c/Å    24.9749(15) 

α/°     90   

β/°    90 

γ/°    90 

Volume/Å3   2880.7(3) 

Z     4 

ρcalcg/cm3
   1.478 

/mm-1    0.802 

F(000)    1312.0 

Crystal size/mm3   0.12 x 0.10 x 0.06  

Radiation    MoKα (λ = 0.71073) 

2 range for data collection/° 5.974 to 54.388 

Index ranges   -12 ≤ h ≤ 12, -15 ≤ k ≤ 15, -32 ≤ l ≤ 32 

Reflections collected  55231 

Independent reflections  6397 [Rint = 0.0281, Rsigma = 0.0159] 

Data/ restraints/ parameters  6397/0/354 

Goodness-of-fit on F2  1.085 

Final R indexes [I>2σ (I)]  R1 = 0.0155, wR2 = 0.0380 

Final R indexes [all data]  R1 = 0.0164, wR2 = 0.0385 

Largest diff. peak/hole / e Å-3  0.25/-0.43 

Flack parameter   -0.030(4) 
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Table 6.5 Fractional atomic coordinates (×104) and equivalent isotropic displacement 

parameters (Å2×103) for 6’B. Ueq is defined as 1/3 of of the trace of the orthogonalised UIJ 

tensor. 

Atom x y z U(eq) 

Pd1 7139.5(2) 5911.0(2) 3769.0(2) 9.73(4) 

S1 7843.5(6) 7331.0(4) 3174.0(2) 13.23(10) 

P1 6105.3(5) 4612.0(5) 4303.5(2) 9.65(10) 

O1 8218.2(16) 4841.1(13) 3242.2(6) 14.3(3) 

O2 9289(2) 4659.6(14) 2459.9(7) 24.1(4) 

C1 6178(2) 7069.4(18) 4210.3(9) 12.4(4) 

C2 4806(2) 7374(2) 4124.2(9) 15.9(4) 

C3 4198(2) 8214(2) 4435.6(10) 21.2(5) 

C4 4943(3) 8744(2) 4836.7(10) 22.8(5) 

C5 6317(3) 8460(2) 4915.9(10) 20.4(5) 

C6 6932(2) 7637.5(18) 4601.7(9) 14.9(4) 

C7 8858(2) 5237.9(18) 2833.3(9) 13.6(4) 

C8 9179(2) 6522.0(19) 2819.5(9) 14.8(4) 

C9 10479(2) 6727(2) 3159.6(10) 21.0(5) 

C10 9410(3) 6977(2) 2256.4(10) 22.5(5) 

C11 6326(2) 7309(2) 2769.3(9) 17.7(5) 

C12 5414(3) 8191(2) 2837.7(11) 28.2(6) 

C13 4161(3) 8190(3) 2566.0(12) 36.7(7) 

C14 3829(3) 7343(3) 2221.2(12) 36.0(7) 

C15 4743(4) 6466(3) 2146.1(14) 45.4(9) 

C16 5993(3) 6439(2) 2424.5(12) 34.7(7) 

C17 6717(2) 3177.2(18) 4212.4(8) 12.5(4) 

C18 5824(2) 2257(2) 4255.2(9) 17.7(5) 

C19 6307(3) 1172(2) 4179.5(10) 22.4(5) 

C20 7691(3) 992(2) 4060.1(9) 22.7(5) 

C21 8586(3) 1894(2) 4026.0(9) 20.6(5) 

C22 8105(2) 2985.2(19) 4098.7(9) 15.8(5) 

C23 6158(2) 4803.6(18) 5028.3(8) 12.1(4) 

C24 5380(2) 5655.6(18) 5273.0(9) 14.0(4) 

C25 5461(2) 5819(2) 5823.6(9) 16.6(4) 

C26 6317(2) 5155.2(19) 6139.7(9) 18.0(5) 

C27 7100(3) 4316.4(18) 5897.5(8) 17.4(4) 

C28 7021(2) 4138.7(19) 5347.2(8) 14.4(4) 

C29 4299(2) 4479.4(18) 4112.7(9) 11.8(4) 

C30 4012(2) 4552(2) 3564.6(9) 15.3(4) 

C31 2699(2) 4324.7(19) 3375.6(9) 18.0(5) 

C32 1650(2) 4042(2) 3731.2(9) 17.1(4) 

C33 1929(2) 3975.8(19) 4276.4(9) 16.2(4) 

C34 3253(2) 4190.1(19) 4467.7(8) 13.6(4) 
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Procedure for the reaction of complex 6’ and ethyl acrylate 

Complex 6’ (32 mg, 50.0 µmol, 1 equiv) and ethyl acrylate (0.25 mL, 2.35 mmol, excess) were 

added into a pressure tube. The pressure tube was sealed with a screw cap and the reaction 

was placed in a 100 °C pre-heated oil bath and stirred for 2 h. The reaction was cooled down 

to room temperature. The resulting mixture was diluted with EtOAc, filtered through a plug of 

Celite and concentrated under reduced pressure. The 1H NMR yield was determined by 

adding CH2Br2 (6.0 µL, 85.0 µmol, 1.7 equiv) as an internal standard. The reaction provided 

the olefinated product in 90% 1H NMR yield.  

 

Procedure for the C–H olefination of benzene (the reaction in an NMR tube) 

Pd(OAc)2 (11.2 mg, 0.05 mmol, 50 mol%), ligand L1 (9.8 mg, 0.05 mmol, 50 mol%), PPh3 

(13.1 mg, 0.05 mmol, 50 mol%), tert-butyl peroxybenzoate (19 µL, 0.1 mmol, 1 equiv), ethyl 

acrylate (11 µL, 0.1 mmol, 1 equiv), benzene (0.1 mL, 1.12 mmol, 11.2 equiv) and AcOD-d4 

(0.5 mL) were added into an NMR tube. The NMR tube was sealed with a screw cap. The 

reaction was placed in a 100 °C pre-heated oil bath and followed during the indicated time. 1H 

and 31P NMR spectra were collected at room temperature.  

 

Procedure for the reaction of Pd(OAc)2, ligand L1, PPh3 and benzene (the reaction in an 

NMR tube) 

Pd(OAc)2 (11.2 mg, 0.05 mmol, 1 equiv), ligand L1 (9.8 mg, 0.05 mmol, 1 equiv), PPh3 (13.1 

mg, 0.05 mmol, 1 equiv), benzene (0.1 mL) and AcOD-d4 (0.5 mL) were added into an NMR 

tube. The NMR tube was sealed with a screw cap. The reaction was placed in a 100 °C pre-

heated oil bath and followed during the indicated time. 1H and 31P NMR spectra were collected 

at room temperature. 

 

Kinetic order of the reaction 

Pd(OAc)2, ligand L2, tert-butyl peroxybenzoate, ethyl acrylate, benzene, NaOAc and AcOH 

(1.25 mL) were added into a pressure tube. The pressure tube was sealed with a crimp cap 

with septa and the reaction was placed in a 100 °C pre-heated oil bath. The reaction was 

followed during the indicated time by sampling 50 µL. PhCl (10 µL) was added in each sample 

as an internal standard for quantitative GC analysis. The reaction mixture was diluted with 

EtOAc (0.5 mL). The organic layer was quenched with saturated aqueous NaHCO3 solution 

(0.5 mL). The organic layer was filtered through a plug of anh. MgSO4 and analyzed by GC.  

 

Order of catalyst with ligand L2 

General procedure was followed using Pd(OAc)2 (2.5–12.5 mol%), ligand L2 (0.0843 M in 

AcOH) (2.5–12.5 mol%), tert-butyl peroxybenzoate (47 µL, 0.25 mmol, 1 equiv), ethyl acrylate 

(27 µL, 0.25 mmol, 1 equiv), benzene (0.25 mL, 0.28 mmol, 11.2 equiv) and AcOH (1.25 mL, 

0.2 M). The reaction was sampling at 4, 8, 12, 16 and 20 min. 
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Table 6.6 Amount of catalyst. 

Entry Amount of Pd(OAc)2 Amount of ligand L2 
AcOH 

(mL) 

[catalyst] 

(mM) 

1 
1.4 mg, 6.25 µmol, 2.5 

mol% 

75 µL, 6.25 µmol, 2.5 

mol% 
1.175 4.17 

2 
2.8 mg, 12.50 µmol, 5 

mol% 

150 µL, 12.50 µmol, 5 

mol% 
1.1 8.33 

3 
4.2 mg, 18.75 µmol, 7.5 

mol% 

225 µL, 18.75 µmol, 7.5 

mol% 
1.025 12.50 

4 
5.6 mg, 25.00 µmol, 10 

mol% 

300 µL, 25.00 µmol, 10 

mol% 
0.95 16.67 

5 
7.0 mg, 31.25 µmol, 12.5 

mol% 

375 µL, 31.25 µmol, 12.5 

mol% 
0.875 20.83 

 

Table 6.7 Data used to determine the rate of the reactions with different concentrations of 

catalyst with ligand L2. 

Entry [catalyst] (mM) 
[product] (mM) 

0.07 h 0.13 h 0.2 h 0.26 h 0.33 h 

1 4.17 0.56 1.79 4.94 9.08 13.62 

2 8.33 0.84 3.96 11.49 18.78 27.25 

3 12.50 1.29 6.24 15.29 26.79 40.18 

4 16.67 1.26 8.65 22.63 38.34 50.82 

5 20.83 2.00 11.03 25.21 45.23 60.66 

 

 

Figure 6.8 Plot of time (h) versus [product] (mM) with different concentrations of catalyst with 

ligand L2 to determine the rate of the reactions. 

 

Table 6.8 Data used to determine the order of catalyst with ligand L2. 

Entry [catalyst] (mM) k (mM/h) R2 log[catalyst] (mM) logk (mM/h) 

1 4.17 42.26 0.9165 0.62 1.63 

2 8.33 86.24 0.9349 0.92 1.94 

3 12.50 125.01 0.9274 1.10 2.10 

4 16.67 165.40 0.9438 1.22 2.22 

5 20.83 194.96 0.9419 1.32 2.29 
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Order of benzene with ligand L2 

General procedure was followed using Pd(OAc)2 (2.8 mg, 12.5 µL, 5 mol%), ligand L2 (0.0843 

M in AcOH) (150 µL, 12.5 µmol, 5 mol%), tert-butyl peroxybenzoate (47 µL, 0.25 mmol, 1 

equiv), ethyl acrylate (27 µL, 0.25 mmol, 1 equiv), benzene (6.7–24.7 equiv), C6F6 and AcOH 

(1.1 mL, 0.2 M). The reaction was sampling at 5, 10, 15, 20 and 25 min. 

 

Table 6.9 Amount of benzene. 

Entry Amount of benzene Amount of C6F6 [benzene] (mM) 

1 0.15 mL, 1.675 mmol, 6.7 equiv 0.6 mL 837.50 

2 0.25 mL, 2.8 mmol, 11.2 equiv 0.5 mL  1400.00 

3 0.35 mL, 3.925 mmol, 15.7 equiv 0.4 mL 1962.50 

4 0.45 mL, 5.05 mmol, 20.2 equiv 0.3 mL 2525.00 

5 0.55 mL, 6.175 mmol, 24.7 equiv 0.2 mL 3087.50 

 

Table 6.10 Data used to determine the rate of the reactions with different concentrations of 

benzene with ligand L2. 

Entry [benzene] (mM) 
[product] (mM) 

0.08 h 0.17 h 0.25 h 0.33 h 0.42 h 

1 837.50 0 1.44 3.35 4.90 7.18 

2 1400.00 1.01 2.10 5.43 9.39 13.47 

3 1962.50 1.19 2.93 6.48 11.86 16.39 

4 2525.00 0.84 4.15 10.78 19.72 27.10 

5 3087.50 1.40 4.92 12.33 23.50 33.16 

 

 

Figure 6.9 Plot of time (h) versus [product] (mM) with different concentrations of benzene with 

ligand L2 to determine the rate of the reactions. 

 

Table 6.11 Data used to determine the order of benzene with ligand L2. 

Entry [benzene] (mM) k (mM/h) R2 log[benzene] (mM) logk (mM/h) 

1 837.50 17.93 0.9528 2.92 1.25 

2 1400.00 32.69 0.9347 3.15 1.51 

3 1962.50 40.07 0.9397 3.29 1.60 

4 2525.00 67.80 0.9329 3.40 1.83 

5 3087.50 81.71 0.9256 3.49 1.91 
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Order of oxidant with ligand L2 

General procedure was followed using Pd(OAc)2 (2.8 mg, 12.5 µL, 5 mol%), ligand L2 (0.0843 

M in AcOH) (150 µL, 12.5 µmol, 5 mol%), tert-butyl peroxybenzoate (0.5–1.25 equiv), ethyl 

acrylate (27 µL, 0.25 mmol, 1 equiv), benzene (0.25 mL, 2.8 mmol, 11.2 equiv) and AcOH (1.1 

mL, 0.2 M). The reaction was sampling at 5, 10, 15, 20 and 25 min. 

 

Table 6.12 Amount of oxidant. 

Entry Amount of oxidant [oxidant] (mM) 

1 24 µL, 0.125 mmol, 0.5 equiv 83.33 

2 36 µL, 0.188 mmol, 0.75 equiv 125.00 

3 47 µL, 0.25 mmol, 1 equiv 166.67 

4 59 µL, 0.313 mmol, 1.25 equiv 208.33 

 

Table 6.13 Data used to determine the rate of the reactions with different concentrations of 

oxidant with ligand L2. 

Entry [oxidant] (mM) 
[product] (mM) 

0.08 h 0.17 h 0.25 h 0.33 h 0.42 h 

1 83.33 1.49 8.86 20.05 33.13 39.79 

2 125.00 1.74 7.63 18.34 29.21 38.82 

3 166.67 1.23 7.44 18.30 29.36 39.17 

4 208.33 1.14 6.97 16.17 27.35 36.43 

 

 

Figure 6.10 Plot of time (h) versus [product] (mM) with different concentrations of oxidant with 

ligand L2 to determine the rate of the reactions. 

 

Table 6.14 Data used to determine the order of oxidant with ligand L2. 

Entry [oxidant] (mM) k (mM/h) R2 log[oxidant] (mM) logk (mM/h) 

1 83.33 103.99 0.9583 1.92 2.02 

2 125.00 97.96 0.9572 2.10 1.99 

3 166.67 99.31 0.9541 2.22 2.00 

4 208.33 92.11 0.9511 2.32 1.96 
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Order of olefin with ligand L2 

General procedure was followed using Pd(OAc)2 (2.8 mg, 12.5 µL, 5 mol%), ligand L2 (0.0843 

M in AcOH) (150 µL, 12.5 µmol, 5 mol%), tert-butyl peroxybenzoate (47 µL, 0.25 mmol, 1 

equiv), ethyl acrylate (0.5–1.5 equiv), benzene (0.25 mL, 2.8 mmol, 11.2 equiv) and AcOH 

(1.1 mL, 0.2 M). The reaction was sampling at 5, 10, 15, 20 and 25 min. 

 

Table 6.15 Amount of olefin. 

Entry Amount of olefin [olefin] (mM) 

1 14 µL, 0.125 mmol, 0.5 equiv 83.33 

2 27 µL, 0.25 mmol, 1 equiv 166.67 

3 34 µL, 0.313 mmol, 1.25 equiv 208.33 

4 41 µL, 0.375 mmol, 1.5 equiv 250.00 

 

Table 6.16 Data used to determine the rate of the reactions with different concentrations of 

olefin with ligand L2. 

Entry [olefin] (mM) 
[product] (mM) 

0.08 h 0.17 h 0.25 h 0.33 h 0.42 h 

1 83.33 1.35 9.53 20.12 33.14 42.25 

2 166.67 1.20 9.34 18.05 30.97 42.25 

3 208.33 1.03 7.86 16.46 25.77 35.76 

4 250.00 1.55 6.83 17.11 25.43 34.36 

 

 

Figure 6.11 Plot of time (h) versus [product] (mM) with different concentrations of olefin with 

ligand L2 to determine the rate of the reactions. 

 

Table 6.17 Data used to determine the order of olefin with ligand L2. 

Entry [olefin] (mM) k (mM/h) R2 log[olefin] (mM) logk (mM/h) 

1 83.33 108.20 0.9612 1.92 2.03 

2 166.67 105.56 0.9553 2.22 2.02 

3 208.33 89.32 0.9607 2.32 1.95 

4 250.00 85.56 0.9605 2.40 1.93 

 

 

 



Mechanistic studies of S,O-ligand 

213 

 

Order of NaOAc with ligand L2 

General procedure was followed using Pd(OAc)2 (2.8 mg, 12.5 µL, 5 mol%), ligand L2 (0.0843 

M in AcOH) (150 µL, 12.5 µmol, 5 mol%), tert-butyl peroxybenzoate (47 µL, 0.25 mmol, 1 

equiv), ethyl acrylate (27 µL, 0.25 mmol, 1 equiv), benzene (0.25 mL, 2.8 mmol, 11.2 equiv), 

NaOAc (0.5–2.5 equiv) and AcOH (1.1 mL, 0.2 M). The reaction was sampling at 5, 10, 15, 20 

and 25 min. 

 

Table 6.18 Amount of NaOAc. 

Entry Amount of NaOAc [NaOAc] (mM) 

1 10.3 mg, 0.125 mmol, 0.5 equiv 83.33 

2 20.5 mg, 0.25 mmol, 1 equiv 166.67 

3 30.8 mg, 0.375 mmol, 1.5 equiv 250.00 

4 41.0 mg, 0.5 mmol, 2 equiv 333.33 

5 51.3 mg, 0.625 mmol, 2.5 equiv 416.67 

 

Table 6.19 Data used to determine the rate of the reactions with different concentrations of 

NaOAc with ligand L2. 

Entry [NaOAc] (mM) 
[product] (mM) 

0.08 h 0.17 h 0.25 h 0.33 h 0.42 h 

1 83.33 2.88 9.42 15.99 23.40 29.26 

2 166.67 2.47 7.06 13.63 16.10 21.99 

3 250.00 1.75 5.53 9.01 11.05 14.78 

4 333.33 1.27 3.33 5.75 7.45 9.95 

5 416.67 1.24 2.16 3.47 4.83 5.59 
 

 

Figure 6.12 Plot of time (h) versus [product] (mM) with different concentrations of NaOAc with 

ligand L2 to determine the rate of the reactions. 

 

Table 6.20 Data used to determine the order of NaOAc with ligand L2. 

Entry [NaOAc] (mM) k (mM/h) R2 log[NaOAc] (mM) logk (mM/h) 

1 83.33 73.17 0.9886 1.92 1.86 

2 166.67 53.75 0.9864 2.22 1.73 

3 250.00 35.97 0.9934 2.40 1.56 

4 333.33 24.14 0.9939 2.52 1.38 

5 416.67 13.64 0.9927 2.62 1.13 
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Order of NaOAc using complex 5 as catalyst 

General procedure was followed using complex 5 (7.8 mg, 12.5 µL, 5 mol%), tert-butyl 

peroxybenzoate (47 µL, 0.25 mmol, 1 equiv), ethyl acrylate (27 µL, 0.25 mmol, 1 equiv), 

benzene (0.25 mL, 2.8 mmol, 11.2 equiv), NaOAc (0.5–2.5 equiv) and AcOH (1.25 mL, 0.2 

M). The reaction was sampling at 5, 10, 15, 20 and 25 min. 

 

Table 6.21 Amount of NaOAc. 

Entry Amount of NaOAc [NaOAc] (mM) 

1 10.3 mg, 0.125 mmol, 0.5 equiv 83.33 

2 20.5 mg, 0.25 mmol, 1 equiv 166.67 

3 30.8 mg, 0.375 mmol, 1.5 equiv 250.00 

4 41.0 mg, 0.5 mmol, 2 equiv 333.33 

5 51.3 mg, 0.625 mmol, 2.5 equiv 416.67 

 

Table 6.22 Data used to determine the rate of the reactions with different concentrations of 

NaOAc using complex 5 as a catalyst. 

Entry [NaOAc] (mM) 
 [product] (mM) 

0.08 h 0.17 h 0.25 h 0.33 h 0.42 h 

1 83.33 1.72 2.07 1.62 1.63 1.64 

2 166.67 8.73 8.92 5.65 5.53 4.85 

3 250.00 16.29 15.47 10.75 9.93 8.72 

4 333.33 23.42 22.55 15.17 14.40 11.86 

5 416.67 28.82 27.19 20.05 18.59 15.53 

 

 

Figure 6.13 Plot of time (h) versus [product] (mM) with different concentrations of NaOAc 

using complex 5 as a catalyst. 

 

Table 6.23 Data used to determine the order of NaOAc using complex 5 as a catalyst. 

Entry [NaOAc] (mM) k (mM/h) R2 log[NaOAc] (mM) logk (mM/h) 

1 83.33 73.96 0.9810 1.92 1.87 

2 166.67 69.58 0.9845 2.22 1.84 

3 250.00 49.82 0.9832 2.40 1.68 

4 333.33 46.30 0.9855 2.52 1.67 

5 416.67 38.30 0.9901 2.62 1.58 
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Order of catalyst without ligand  

General procedure was followed using Pd(OAc)2 (1–10 mol%), tert-butyl peroxybenzoate (47 

µL, 0.25 mmol, 1 equiv), ethyl acrylate (27 µL, 0.25 mmol, 1 equiv), benzene (0.25 mL, 0.28 

mmol, 11.2 equiv) and AcOH (1.25 mL, 0.2 M). The reaction was sampling at 30, 45, 60, 75 

and 90 min. 

 

Table 6.24 Amount of catalyst. 

Entry Amount of Pd(OAc)2 [catalyst] (mM) 

1 0.6 mg, 2.50 µmol, 1 mol% 1.67 

2 1.4 mg, 6.25 µmol, 2.5 mol% 4.17 

3 2.8 mg, 12.50 µmol, 5 mol% 8.33 

4 4.2 mg, 18.75 µmol, 7.5 mol% 12.50 

5 5.6 mg, 25.00 µmol, 10 mol% 16.67 

 

Table 6.25 Data used to determine the rate of the reactions with different concentrations of 

catalyst without ligand. 

Entry [catalyst] (mM) 
[product] (mM) 

0.5 h 0.75 h 1 h 1.25 h 1.5 h 

1 1.67 4.47 5.90 7.62 11.44 12.86 

2 4.17 5.13 7.33 10.66 14.48 18.16 

3 8.33 6.18 8.89 12.06 16.61 21.44 

4 12.50 7.13 10.87 13.81 19.35 24.65 

5 16.67 8.03 12.87 17.74 22.30 29.29 

 

 

Figure 6.14 Plot of time (h) versus [product] (mM) with different concentrations of catalyst 

without ligand to determine the rate of the reactions. 

 

Table 6.26 Data used to determine the order of catalyst without ligand. 

Entry [catalyst] (mM) k (mM/h) R2 log[catalyst] (mM) logk (mM/h) 

1 1.67 8.66  0.9849 0.22 0.94 

2 4.17 12.06  0.9878 0.62 1.08 

3 8.33 14.01  0.9857 0.92 1.15 

4 12.50 16.13  0.9876 1.10 1.21 

5 16.67 19.22  0.9917 1.22 1.28 
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Order of benzene without ligand  

General procedure was followed using Pd(OAc)2 (2.8 mg, 12.5 µL, 5 mol%), tert-butyl 

peroxybenzoate (47 µL, 0.25 mmol, 1 equiv), ethyl acrylate (27 µL, 0.25 mmol, 1 equiv), 

benzene (6.7–24.7 equiv), C6F6 and AcOH (1.1 mL, 0.2 M). The reaction was sampling at 30, 

45, 60, 75 and 90 min. 

 

Table 6.27 Amount of benzene. 

Entry Amount of benzene Amount of C6F6 [benzene] (mM) 

1 0.15 mL, 1.675 mmol, 6.7 equiv 0.6 mL 837.50 

2 0.25 mL, 2.8 mmol, 11.2 equiv 0.5 mL  1400.00 

3 0.35 mL, 3.925 mmol, 15.7 equiv 0.4 mL 1962.50 

4 0.45 mL, 5.05 mmol, 20.2 equiv 0.3 mL 2525.00 

 

Table 6.28 Data used to determine the rate of the reactions with different concentrations of 

benzene without ligand. 

Entry [benzene] (mM) 
[product] (mM) 

0.5 h 0.75 h 1 h 1.25 h 1.5 h 

1 837.50 1.94 2.88 3.98 4.67 5.57 

2 1400.00 3.49 5.07 7.44 9.78 11.40 

3 1962.50 4.35 7.34 9.37 12.27 16.52 

4 2525.00 6.28 8.57 11.95 14.92 19.30 

 

 

Figure 6.15 Plot of time (h) versus [product] (mM) with different concentrations of benzene 

without ligand to determine the rate of the reactions. 

 

Table 6.29 Data used to determine the order of benzene without ligand. 

Entry [benzene] (mM) k (mM/h) R2 log[benzene] (mM) logk (mM/h) 

1 837.50 3.73 0.9976 2.92 0.57 

2 1400.00 7.77 0.995 3.15 0.89 

3 1962.50 10.72 0.9855 3.29 1.03 

4 2525.00 12.53 0.994 3.40 1.10 
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Order of oxidant without ligand 

General procedure was followed using Pd(OAc)2 (2.8 mg, 12.5 µL, 5 mol%), tert-butyl 

peroxybenzoate (0.5–2.5 equiv), ethyl acrylate (27 µL, 0.25 mmol, 1 equiv), benzene (0.25 

mL, 2.8 mmol, 11.2 equiv) and AcOH (1.1 mL, 0.2 M). The reaction was sampling at 30, 45, 

60, 75 and 90 min. 

 

Table 6.30 Amount of oxidant. 

Entry Amount of oxidant [oxidant] (mM) 

1 24 µL, 0.125 mmol, 0.5 equiv 83.33 

2 47 µL, 0.25 mmol, 1 equiv 166.67 

3 71 µL, 0.375 mmol, 1.5 equiv 250.00 

4 94 µL, 0.5 mmol, 2 equiv 333.33 

5 118 µL, 0.625 mmol, 2.5 equiv 416.67 

 

Table 6.31 Data used to determine the rate of the reactions with different concentrations of 

oxidant without ligand. 

Entry [oxidant] (mM) 
[product] (mM) 

0.5 h 0.75 h 1 h 1.25 h 1.5 h 

1 83.33 7.04 13.39 19.86 27.17 34.91 

2 166.67 7.06 13.29 19.70 25.51 33.94 

3 250.00 6.73 11.66 17.98 23.73 30.85 

4 333.33 6.26 10.57 14.82 19.70 24.46 

5 416.67 6.71 10.51 15.61 20.45 25.61 

 

 

Figure 6.16 Plot of time (h) versus [product] (mM) with different concentrations of oxidant 

without ligand to determine the rate of the reactions. 

 

Table 6.32 Data used to determine the order of oxidant without ligand. 

Entry [oxidant] (mM) k (mM/h) R2 log[oxidant] (mM) logk (mM/h) 

1 83.33 23.62 0.9758 1.92 1.37 

2 166.67 22.68 0.978 2.22 1.36 

3 250.00 20.73 0.9784 2.40 1.32 

4 333.33 16.47 0.9912 2.52 1.22 

5 416.67 17.20 0.9896 2.62 1.24 
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Order of olefin without ligand 

General procedure was followed using Pd(OAc)2 (2.8 mg, 12.5 µL, 5 mol%), tert-butyl 

peroxybenzoate (47 µL, 0.25 mmol, 1 equiv), ethyl acrylate (0.5–1.5 equiv), benzene (0.25 

mL, 2.8 mmol, 11.2 equiv) and AcOH (1.1 mL, 0.2 M). The reaction was sampling at 30, 45, 

60, 75 and 90 min. 

 

Table 6.33 Amount of olefin. 

Entry Amount of olefin [olefin] (mM) 

1 14 µL, 0.125 mmol, 0.5 equiv 83.33 

2 20 µL, 0.188 mmol, 0.75 equiv 125.00 

3 27 µL, 0.25 mmol, 1 equiv 166.67 

4 34 µL, 0.313 mmol, 1.25 equiv 208.33 

5 41 µL, 0.375 mmol, 1.5 equiv 250.00 

 

Table 6.34 Data used to determine the rate of the reactions with different concentrations of 

olefin without ligand. 

Entry [olefin] (mM) 
[product] (mM) 

0.5 h 0.75 h 1 h 1.25 h 1.5 h 

1 83.33 6.93 9.35 13.80 18.01 23.15 

2 125.00 6.60 10.65 16.30 21.57 28.10 

3 166.67 6.10 10.23 15.26 21.20 28.05 

4 208.33 5.97 10.13 16.03 22.39 30.65 

5 250.00 6.27 11.42 15.69 23.90 31.21 

 

 

Figure 6.17 Plot of time (h) versus [product] (mM) with different concentrations of olefin 

without ligand to determine the rate of the reactions. 

 

Table 6.35 Data used to determine the order of olefin without ligand. 

Entry [olefin] (mM) k (mM/h) R2 log[olefin] (mM) logk (mM/h) 

1 83.33 15.18 0.9884 1.92 1.18 

2 125.00 18.75 0.9802 2.10 1.27 

3 166.67 18.65 0.9716 2.22 1.27 

4 208.33 20.30 0.9583 2.32 1.31 

5 250.00 20.80 0.9620 2.40 1.32 
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Order of NaOAc without ligand  

General procedure was followed using Pd(OAc)2 (2.8 mg, 12.5 µL, 5 mol%), tert-butyl 

peroxybenzoate (47 µL, 0.25 mmol, 1 equiv), ethyl acrylate (27 µL, 0.25 mmol, 1 equiv), 

benzene (0.25 mL, 2.8 mmol, 11.2 equiv), NaOAc (0.1–3.5 equiv) and AcOH (1.25 mL, 0.2 

M). The reaction was sampling at 30, 45, 60, 75 and 90 min. 

 

Table 6.36 Amount of NaOAc. 

Entry Amount of NaOAc [NaOAc] (mM) 

1 2.1 mg, 0.025 mmol, 0.1 equiv 16.67 

2 6.2 mg, 0.075 mmol, 0.3 equiv 50.00 

3 10.3 mg, 0.125 mmol, 0.5 equiv 83.33 

4 20.5 mg, 0.25 mmol, 1 equiv 166.67 

5 30.8 mg, 0.375 mmol, 1.5 equiv 250.00 

6 41.0 mg, 0.5 mmol, 2 equiv 333.33 

7 51.3 mg, 0.625 mmol, 2.5 equiv 416.67 

8 61.5 mg, 0.75 mmol, 3 equiv 500.00 

9 71.8 mg, 0.875 mmol, 3.5 equiv 583.33 

 

Table 6.37 Data used to determine the rate of the reactions with different concentrations of 

NaOAc without ligand. 

Entry [NaOAc] (mM) 
[product] (mM) 

0.5 h 0.75 h 1 h 1.25 h 1.5 h 

1 16.67 8.16 12.66 16.19 21.96 29.78 

2 50.00 10.49 16.54 22.99 39.06 41.76 

3 83.33 13.48 21.06 28.64 39.15 47.95 

4 166.67 17.37 24.11 32.55 43.19 50.12 

5 250.00 14.93 22.67 33.76 39.31 46.06 

6 333.33 9.66 13.82 18.38 23.74 27.14 

7 416.67 7.88 12.35 14.86 19.60 22.59 

8 500.00 6.17 9.16 11.54 14.31 17.44 

9 583.33 5.41 7.85 11.18 12.20 16.05 

 

 

Figure 6.18 Plot of time (h) versus [product] (mM) with different concentrations of NaOAc 

without ligand to determine the rate of the reactions. 
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Table 6.38 Data used to determine the order of NaOAc without ligand. 

Entry [NaOAc] (mM) k (mM/h) R2 log[NaOAc] (mM) logk (mM/h) 

1 16.67 19.15 0.9807 1.22 1.28 

2 50.00 29.53 0.9575 1.70 1.47 

3 83.33 32.10 0.9926 1.92 1.51 

4 166.67 33.62 0.9976 2.22 1.53 

5 250.00 31.43 0.9945 2.40 1.50 

6 333.33 18.29 0.9982 2.52 1.26 

7 416.67 15.12 0.9964 2.62 1.18 

8 500.00 11.45 0.9985 2.70 1.06 

9 583.33 10.42 0.9911 2.77 1.02 

 

Procedure for the investigation of the formation of [L1Pd(OAc)2]
- (the reaction in an 

NMR tube) 

Pd(OAc)2 (2.2 mg, 0.01 mmol, 1 equiv), L1 (2.0 mg, 0.01 mmol, 1 equiv) and AcOD-d4 (0.5 

mL) were added into an NMR tube. The NMR tube was sealed with a screw cap and the 

reaction was placed in a 100 °C pre-heated oil bath for 20 minutes until solid was dissolved. 

The reaction was cooled down to room temperature and the 1H NMR spectrum was collected. 

Then, NaOAc (16.4 mg, 0.2 mmol, 20 equiv) was added to the NMR tube. The NMR tube was 

again placed in a 100 °C pre-heated oil bath for 2 h. The reaction was cooled down to room 

temperature and the 1H NMR spectrum was collected. 

 

KIE for Pd-catalyzed C–H olefination of benzene with ligand L2 

Pd(OAc)2 (5.6 mg, 25.0 µmol, 5 mol%), a stock solution of ligand L2 (0.0846 M in AcOH) (300 

µL, 25.0 µmol, 5 mol%), tert-butyl peroxybenzoate (94 µL, 0.5 mmol, 1 equiv), ethyl acrylate 

(53 µL, 0.5 mmol, 1 equiv), benzene (0.5 mL, 5.6 mmol, 11.2 equiv) or benzene-d6 (0.5 mL, 

5.6 mmol, 11.2 equiv) and AcOH (2.2 mL, 0.2 M) were added into a pressure tube. The 

pressure tube was sealed with a crimp cap with septa and the reaction was placed in a 100 °C 

pre-heated oil bath. The reaction was followed during the time (5, 10, 15, 30 and 45 min) by 

sampling 100 µL. PhCl (20 µL) was added in each sample as an internal standard for 

quantitative GC analysis. The reaction mixture was diluted with EtOAc (0.5 mL). The organic 

layer was quenched with saturated aqueous NaHCO3 solution (0.5 mL). The organic layer was 

filtered through a plug of anh. MgSO4 and analyzed by GC.  

 

Table 6.39 Data used to determine KIE for C–H olefination of benzene with ligand L2. 

Entry Time (h) 
[product] (mM) 

Benzene Benzene-d6 

1 0.08 2.63 1.10 

2 0.17 10.16 2.93 

3 0.25 19.39 5.50 

4 0.50 47.31 12.60 

5 0.75 71.08 17.60 
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Figure 6.19 Plot of time (h) versus [product] (mM) to determine KIE for C–H olefination of 

benzene with ligand L2. 

 

KIE for Pd-catalyzed C–H olefination of benzene without ligand  

Pd(OAc)2 (5.6 mg, 25.0 µmol, 5 mol%), tert-butyl peroxybenzoate (94 µL, 0.5 mmol, 1 equiv), 

ethyl acrylate (53 µL, 0.5 mmol, 1 equiv), benzene (0.5 mL, 5.6 mmol, 11.2 equiv) or benzene-

d6 (0.5 mL, 5.6 mmol, 11.2 equiv) and AcOH (2.5 mL, 0.2 M) were added into a pressure tube. 

The pressure tube was sealed with a crimp cap with septa and the reaction was placed in a 

100 °C pre-heated oil bath. The reaction was followed during the time (5, 10, 15, 30 and 45 

min) by sampling 100 µL. PhCl (20 µL) was added in each sample as an internal standard for 

quantitative GC analysis. The reaction mixture was diluted with EtOAc (0.5 mL). The organic 

layer was quenched with saturated aqueous NaHCO3 solution (0.5 mL). The organic layer was 

filtered through a plug of anh. MgSO4 and analyzed by GC.  

 

Table 6.40 Data used to determine KIE for C–H olefination of benzene without ligand. 

Entry Time (h) 
[product] (mM) 

Benzene Benzene-d6 

1 0.08 0.99 0.74 

2 0.17 2.17 1.13 

3 0.25 2.77 1.25 

4 0.50 7.03 1.82 

5 0.75 12.85 2.66 

 

 

Figure 6.20 Plot of time (h) versus [product] (mM) to determine KIE for C–H olefination of 

benzene without ligand. 
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Procedure for one-pot intermolecular competition experiment of p-xylene and 1,4-

bis(trifluoromethyl)benzene with ligand L2 

Pd(OAc)2 (2.8 mg, 12.5 µmol, 5 mol%), a stock solution of ligand L2 (0.0846 M in DCE) (150 

µL, 12.5 µmol, 5 mol%), tert-butyl peroxybenzoate (47 µL, 0.25 mmol, 1 equiv), ethyl acrylate 

(27 µL, 0.25 mmol, 1 equiv), p-xylene (9) (0.15 mL, 1.25 mmol, 5 equiv), 1,4-

bis(trifluoromethyl)benzene (10) (0.19 mL, 1.25 mmol, 5 equiv) and AcOH (1.10 mL, 0.2 M) 

were added into a pressure tube. The pressure tube was sealed with a screw cap and the 

reaction was placed in a 100 °C pre-heated oil bath and stirred for 3 h. The resulting mixture 

was diluted with EtOAc, filtered through a plug of Celite and concentrated under reduced 

pressure. The 1H NMR yield was determined by adding CH2Br2 (17.5 µL, 0.25 mmol, 1 equiv) 

as an internal standard. The reaction provided the olefinated product in 84% 1H NMR yield 

(11:12 = 84%:traces). 

 

Procedure for one-pot intermolecular competition experiment of p-xylene and 1,4-

bis(trifluoromethyl)benzene without ligand 

Pd(OAc)2 (2.8 mg, 12.5 µmol, 5 mol%), tert-butyl peroxybenzoate (47 µL, 0.25 mmol, 1 equiv), 

ethyl acrylate (27 µL, 0.25 mmol, 1 equiv), p-xylene (9) (0.15 mL, 1.25 mmol, 5 equiv), 1,4-

bis(trifluoromethyl)benzene (10) (0.19 mL, 1.25 mmol, 5 equiv) and AcOH (1.25 mL, 0.2 M) 

were added into a pressure tube. The pressure tube was sealed with a screw cap and the 

reaction was placed in a 100 °C pre-heated oil bath and stirred for 3 h. The resulting mixture 

was diluted with EtOAc, filtered through a plug of Celite and concentrated under reduced 

pressure. The 1H NMR yield was determined by adding CH2Br2 (17.5 µL, 0.25 mmol, 1 equiv) 

as an internal standard. The reaction provided the olefinated product in 22% 1H NMR yield 

(11:12 = 22%:traces). 

 

KIE for Pd-catalyzed C–H olefination of ethyl benzoate with ligand L2 

Pd(OAc)2 (2.8 mg, 12.5 µmol, 5 mol%), a stock solution of ligand L2 (0.0846 M in AcOH) (150 

µL, 12.5 µmol, 5 mol%), tert-butyl peroxybenzoate (47 µL, 0.25 mmol, 1 equiv), ethyl acrylate 

(27 µL, 0.25 mmol, 1 equiv), ethylbenzoate (0.36 mL, 2.5 mmol, 10 equiv) or ethyl benzoate-

d5 (0.39 g, 2.5 mmol, 10 equiv) and AcOH (1.1 mL, 0.2 M) were added into a pressure tube. 

The pressure tube was sealed with a crimp cap with septa and the reaction was placed in a 

100 °C pre-heated oil bath. The reaction was followed during the time (0.5, 1, 1.5, 2 and 2.5 h) 

by sampling 100 µL. PhCl (20 µL) was added in each sample as an internal standard for 

quantitative GC analysis. The reaction mixture was diluted with EtOAc (0.5 mL). The organic 

layer was quenched with saturated aqueous NaHCO3 solution (0.5 mL). The organic layer was 

filtered through a plug of anh. MgSO4 and analyzed by GC.  

 

Ethyl benzoate-d5 

Ethyl benzoate-d5 was prepared following the procedure described in the 

literature.15 Ethyl iodide (3.2 mL, 39.3 mmol, 5 equiv) was added to the 

mixture of benzoic acid-d6 (1 g, 7.86 mmol, 1 equiv) and Cs2CO3 (3.84 g, 

11.79 mmol, 1.5 equiv) in MeCN (65 mL). The reaction was refluxed for 90 min. The solids 

were filtered out and the filtrate was concentrated under reduced pressure. The obtained 

residue was dissolved in CH2Cl2 and extracted with saturated aqueous NaHCO3 solution. The 
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aqueous layer was extracted with CH2Cl2 (2 times). The combined organic layers were dried 

over anh. MgSO4, filtered and evaporated under reduced pressure. Purification by column 

chromatography on silica gel using EtOAc:petroleum ether (1:9 v/v) as an eluent provided the 

title compound as a clear oil (0.97 g, 79% yield). 1H NMR spectra data of the isolated material 

matched with the spectra data reported in the literature for this compound.15 1H NMR (400 

MHz, CDCl3) δ = 4.38 (q, J = 7.1 Hz, 1H), 1.40 (t, J = 7.1 Hz, 1H). 

 

Table 6.41 Data used to determine KIE for C–H olefination of ethyl benzoate with ligand L2. 

Entry Time (h) 
[product] (mM) 

Ethyl benzoate Ethyl benzoate-d5 

1 0.5 13.30 4.51 

2 1 21.19 6.62 

3 1.5 28.26 8.09 

4 2 30.26 9.40 

5 2.5 38.21 10.58 

 

 

Figure 6.21 Plot of time (h) versus [product] (mM) to determine KIE for C–H olefination of 

ethyl benzoate with ligand L2. 

 

KIE for Pd-catalyzed C–H olefination of ethyl benzoate without ligand  

Pd(OAc)2 (2.8 mg, 12.5 µmol, 5 mol%), tert-butyl peroxybenzoate (47 µL, 0.25 mmol, 1 equiv), 

ethyl acrylate (27 µL, 0.25 mmol, 1 equiv), ethyl benzoate (0.36 mL, 2.5 mmol, 10 equiv) or 

ethyl benzoate-d5 (0.39 g, 2.5 mmol, 10 equiv) and AcOH (1.25 mL, 0.2 M) were added into a 

pressure tube. The pressure tube was sealed with a crimp cap with septa and the reaction 

was placed in a 100 °C pre-heated oil bath. The reaction was followed during the time (1, 1.5, 

2, 2.5 and 3 h) by sampling 50 µL. PhCl (10 µL) was added in each sample as an internal 

standard for quantitative GC analysis. The reaction mixture was diluted with EtOAc (0.5 mL). 

The organic layer was quenched with saturated aqueous NaHCO3 solution (0.5 mL). The 

organic layer was filtered through a plug of anh. MgSO4 and analyzed by GC.  
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Table 6.42 Data used to determine KIE for C–H olefination of ethyl benzoate without ligand. 

Entry Time (h) 
[product] (mM) 

Ethyl benzoate Ethyl benzoate-d5 

1 1 4.45 2.68 

2 1.5 8.78 3.23 

3 2 10.90 3.61 

4 2.5 16.73 4.99 

5 3 18.79 6.05 

 

 

Figure 6.22 Plot of time (h) versus [product] (mM) to determine KIE for C–H olefination of 

ethyl benzoate without ligand. 

 

Procedure for the H/D exchange experiment with ligand L2 (the reaction in an NMR 

tube) 

Pd(OAc)2 (1.1 mg, 5.0 µmol, 5 mol%), ligand L2 (1.1 mg, 5.0 µmol, 5 mol%), tert-butyl 

peroxybenzoate (19 µL, 0.1 mmol, 1 equiv), ethyl acrylate (11 µL, 0.1 mmol, 1 equiv), 

mesitylene (0.14 mL, 1.0 mmol, 10 equiv) and AcOD-d4 (0.5 mL, 0.2 M) were mixed in a vial. 

The solution was transferred into an NMR tube, sealed with a screw cap and 1H NMR 

spectrum was collected. The NMR tube was placed in a 100 °C pre-heated oil bath for 6 h. 

The reaction was cooled down to room temperature and the 1H NMR spectrum was collected. 

 

Procedure for the H/D exchange experiment without ligand (the reaction in an NMR 

tube) 

Pd(OAc)2 (2.2 mg, 10.0 µmol, 10 mol%), tert-butyl peroxybenzoate (19 µL, 0.1 mmol, 1 equiv), 

ethyl acrylate (11 µL, 0.1 mmol, 1 equiv), mesitylene (0.14 mL, 1.0 mmol, 10 equiv) and 

AcOD-d4 (0.5 mL, 0.2 M) were mixed in a vial. The solution was transferred into an NMR tube, 

sealed with a screw cap and 1H NMR spectrum was collected. The NMR tube was placed in a 

100 °C pre-heated oil bath for 16 h. The reaction was cooled down to room temperature and 

the 1H NMR spectrum was collected. 

 

Procedure for the reaction of ligand L1 and oxidant 

Ligand L1 (19.6 mg, 0.1 mmol, 1 equiv), tert-butyl peroxybenzoate (0.38 mL, 2.0 mmol, 20 

equiv), benzene (2 mL, excess) and AcOH (10 mL) were added into a pressure tube. The 

pressure tube was sealed with a screw cap and the reaction was placed in a 100 °C pre-

heated oil bath and stirred for 2 h. The reaction was cooled down to room temperature and 
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concentrated under reduced pressure. The resulting crude was basified (2 M aqueous NaOH 

solution) until pH = 14. The aqueous layer was washed with CH2Cl2 (3 x 10 mL). The aqueous 

layer was acidified (6 M aqueous HCl solution) until pH = 1 and extracted with CH2Cl2 (3 x 15 

mL). The combined organic layers were dried over anh. MgSO4, filtered, concentrated under 

reduced pressure and analyzed by 1H NMR. 

 

Procedure for the reaction of complex 4 and oxidant 

Complex 4 (15.5 mg, 0.03 mmol, 1 equiv) and tert-butyl peroxybenzoate (22 µL, 0.12 mmol, 4 

equiv) were added into a pressure tube. The pressure tube was sealed with a screw cap and 

the reaction was placed in a 100 °C pre-heated oil bath and stirred for 2 h. The reaction was 

cooled down to room temperature, diluted with CH2Cl2, filtered through a plug of Celite, 

concentrated under reduced pressure and analyzed by 1H NMR. 
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