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ABSTRACT: Palladium C–H bond activation in azobenzenes with R1 and R2 at para-positions of the phenyl rings (R1=NMe2, R2=H 

(L1); R1=NMe2, R2=Cl (L2); R1=NMe2, R2=I (L3); R1=NMe2, R2=NO2 (L4); R1=H, R2=H (L5)) and their monopalladated derivatives, 

using cis-[PdCl2(DMF)2], has been studied in detail by in situ 1H NMR spectroscopy in N,N-dimethylformamide-d7 (DMF-d7) at room 

temperature; the same processes have been monitored in parallel via time-resolved UV-Vis spectroscopy in DMF at different tem-

peratures and pressures. The final goal was to achieve, from a kinetico-mechanistic perspective, a complete insight on previously 

reported reactivity results. The results suggest the operation of an electrophilic concerted metallation and deprotonation mechanism 

for both the mono- and dipalladation reactions, occurring from the coordination compound and the monopalladated intermediates, 

respectively. The process involves deprotonation of the C–H bond assisted by the presence of a coordinated DMF molecule, that acts 

as a base. For the first time, NMR monitoring provides a direct evidence of all the intermediate stages, that is: i) coordination of the 

azo ligand to PdII center, ii) formation of the monopalladated species, iii) coordination of the monopalladated species to another PdII 

unit, which finally result in the iv) formation of the dipalladated product. All of these species have been identified as intermediates in 

the dipalladation of azobenzenes, evidenced also by UV-Vis spectroscopy time-resolved monitoring. The data also confirms that the 

cyclopalladation of asymmetrically substituted azobenzenes occurs by two concurrent reaction paths. In order to identify the species 

observed by NMR and by UV-Vis spectroscopies, the final products, intermediates and the PdII precursor have been prepared and 

characterized by X-ray diffraction, IR and NMR spectroscopies. DFT calculations have also been used in order to explain the isom-

erism observed for the isolated complexes, as well to assign their NMR and IR spectra.  

Cyclopalladation continuously attracts considerable interest, not only as the most direct route for the synthesis of palladacycles,1 

but also as a generally important reaction in organic synthetic chemistry.2 Palladacycles are identified as crucial intermediates in 

many organic reactions promoted by palladium precursors, that result in functionalized hydrocarbons.1,2 Therefore, a detailed under-

standing of cyclopalladation pathways of different organic substrates is essential. Cyclopalladation is recognized as a two-step reac-

tion involving the coordination of palladium center by a directing group, which leads to selective intramolecular activation of the C–

H bond, resulting in the formation of the Pd–C bond with simultaneous proton release and ring closure.1c,3 This mechanism is sup-

ported by our kinetico-mechanistic studies on a variety of compounds,4 and specifically by our previous studies of the mono- and 

dicyclopalladation of azobenzene and its 4,4’-functionalized derivatives using trans-[PdCl2(MeCN)2] as the precursor.4b  

The kinetics of the latter processes had been studied by UV-Vis time-resolved spectroscopy in N,N-dimethylformamide (DMF) at 

room temperature, as this is the solvent for numerous PdII-catalyzed reactions.2f,5 Rationalization of the experimental kinetic data by 

DFT calculations had provided a convincing mechanistic picture of the electrophilic attack at the phenyl ring within the Pd-azoben-

zene complex.4a,b  

To provide a complete understanding of that work, here we present a kinetico-mechanistic study of the cyclopalladation of azo-

benzenes and their monopalladated compounds (Chart 1) both by NMR and UV-Vis spectroscopies. The time-resolved 1H NMR 

study has allowed, for the first time, a full and detailed insight into the nature and reactivity of the intermediates formed during these 

reactions. The PdII precursor, cis-[PdCl2(DMF)2], and most of the detected intermediates have been isolated and characterized both 

structurally and spectroscopically. These results provided direct evidence that dipalladation of azobenzenes proceeds via two parallel 



 

pathways when asymmetrically substituted azobenzenes are used, and that each of them consists of four consecutive steps. Further-

more, the UV-Vis spectroscopy at different temperatures and pressures has allowed for the first time the obtention of detailed kinetico-

mechanistic information by determining activation parameters, both thermal (ΔH‡, ΔS‡) and pressure (ΔV‡).  

 

 

 

 

Chart 1. Molecular structure of the azobenzene and its coordination, mono- and dicyclopalladated derivatives, used in this 

study. Only α-isomers of An, Mn and MAn are shown. 

 

Compounds. The PdII precursor, coordination, mono- and dipalladated complexes of the azobenzenes studied (Chart 1) have been 

isolated and structurally characterized by X-ray diffraction and IR spectroscopy in the solid-state, and by NMR spectroscopy in 

solution.  

PdII precursor. cis-[PdCl2(DMF)2] was obtained in high yield by aging PdCl2 in a vapor of N,N–dimethylformamide (DMF),6 and 

also by evaporation and cooling of a DMF solution of PdCl2. Its molecular structure, resolved by powder X-ray diffraction (PXRD), 

indicates a cis-configuration at the PdII center and the coordination of the oxygen donors from the two DMF ligands (Figure 1). The 

IR spectrum of the isolated product provided additional support for the cis configuration, as two bands are observed for both Pd–Cl 

and Pd–O stretching vibrations (Figure S2).  

 

Figure 1. Powder X-ray diffraction of the calculated molecular structure of cis-[PdCl2(DMF)2] and its final Rietveld refinement. 

Despite existing reports on the isolation and characterization of the trans-isomer,7 all our attempts to obtain trans-[PdCl2(DMF)2] 

from DMF solutions were unsuccessful. Cooling down of the concentrated DMF solution of cis-[PdCl2(DMF)2] to -25°C resulted in 

quantitative precipitation only of the cis-isomer as confirmed by PXRD and IR spectra (Figures S1 and S2). DFT calculations support 

this finding, although only by a 1 kcal/mol free energy difference in favor of the cis-[PdCl2(DMF)2] isomer.4b 

Coordination (acetonitrile derivatives trans-Anα-I, Anα-II, Anα-III) and monopalladated (DMF derivatives Mnα-I, Mnα-II) 

compounds. The coordination and monopalladated complexes were prepared in MeCN and DMF solution, respectively, by the pro-

cedure already developed for A2α-I and M2α-I.8 

The reactions of L1 and L3 with PdCl2 in a 1:1 molar ratio afforded the respective acetonitrile derivatives of trans-A1α-I and 

trans-A3α-I complexes, as confirmed by X-ray single-crystal diffraction analysis (Figures 3, S5 and S6) and NMR spectroscopy. 

Despite the fact that two isomers, α and β, can be formed in the reactions of PdCl2 with the unsymmetrically substituted azobenzenes,9 

all the coordination compounds obtained show the palladium center bound to the Nα of azobenzene. Chart 1 shows the cis-Anα-I 

complexes with DMF, as they are the primary product of the reaction with cis-[PdCl2(DMF)2], and also the productive isomers in 

cyclopalladation;4a for this reason from now on in this work they weiil be reffered simply as Anα-I. 



 

For A1α, A2α and A3α structures only monomeric species have been isolated, but for A4α a mixture of monomeric and dimeric 

coordination compounds A4α-I and A4α-II was obtained. Reaction of L5 with PdCl2 yielded exclusively the already known10 bis-

complex A5-III, regardless of the L5 to Pd molar ratio used. The product was structurally identified by comparison of its powder 

diffraction (PXRD) pattern with that simulated from its known single crystal structure (Figure S3).10 

Stirring in DMF solution the coordination complexes indicated above produces the monopalladated monomeric M1α-I and M3α-

I, or dimeric M4α-II compounds. The analogous reaction with A5-III resulted in a mixture of free azobenzene ligand, monopalla-

dated and dipalladated species. Neat M5-II, was only obtained by the reaction of L5 with Na2[PdCl4] in methanol, as already de-

scribed.11 The 1H NMR spectral data, along with the elemental analysis (see Experimental), support the formulation of the isolated 

monopalladated products as monomeric [PdCl(Ln−H)(DMF)] (M1α-I and M3α-I) and dimeric [Pd(µ-Cl)(Ln−H)]2 (M4α-II and M5-

II) species. The molecular structure of the new monomeric M1α-I product, resolved by X-ray single-crystal diffraction, confirmed 

the formation of the isomer with the palladium center bonded to the Nα donor and to the phenyl ring bearing the electron-donating 

NMe2 group (Figures 2, S7 and Table S1). The formation of the dimeric monopalladated azobenzene M5-II was confirmed by its 

powder diffraction (PXRD) pattern, which is in good agreement with that simulated from the already known single crystal structure12 

(Figure S4). 1H NMR spectra of the dimeric M4α-II and M5-II compounds indicate that these convert into the monomeric M4α-I 

and M5-I species in DMF solution, with the shift pattern of their signals being equivalent to those of the M1α-I – M3α-I compounds.  

Dipalladated azobenzenes (Dn-I). D1-I – D5-I were prepared in DMF by the reaction of M1α-I, M2α-I, M3α-I, M4α-II and 

M5-II with cis-[PdCl2(DMF)2], which is a new procedure diverse from previous preparations that started directly from the azoderiv-

atives L1 - L5.4b 

 

Figure 2. Molecular structures of trans-A1α-, M1α-I and D1-I. 

The products were structurally identified by comparison with the PXRD, IR and NMR spectra of the already known compounds. 

Additionally, single crystals were obtained and analyzed for D1-I (Figures 2, S8 and Table S1); bond distances and angles around 

the palladium coordination sphere are similar to those found and calculated for other dipalladated azobenzenes.4b,13  

DFT calculations on the speciation of the compounds studied. The different forms of the isolated coordination and monopalla-

dated complexes prompted us to examine whether this isomerism can be attributed to diverse isomer stabilities. The equilibrium 

constants between Anα-I, Anα-II and Anα-III (in MeCN, from which they were isolated), as well as between Mnα-I and Mnα-II 

(in DMF, the solvent used in their preparation), were evaluated from the quantum-chemical free energies of the corresponding mo-

lecular species. The calculated equilibrium compositions involved only Anα-I and Anα-III species, with negligible concentrations 

of Anα-II complexes. A1α-I and A5-III were predicted as major forms in agreement with experimental findings. The calculations 

indicated A2α-III and A3α-III as dominant isomeric species, in contrast to the fact that only A2α-I and A3α-I have been isolated. 

Similarly, A4α-III was predicted as dominant, in opposition to the experimentally obtained mixture of A4α-I and A4α-II. All mono-

palladated monomeric species, Mnα-I, were predicted as dominant, contrary to the experimentally observed M4α-II. The disagree-

ments can be assigned to the unaccounted solvent interactions or crystal packing effects (different solubilities). But it is also possible 

that the presently available computational methods are not sufficiently precise to predict fine differences in the isomer stabilities. 

Agreement with the experimental findings can be established by shifting of the computational results within 1 kcal/mol, which is 

commonly considered as a computational error margin. 

Kinetico-mechanistic studies. Our previous UV-Vis time-resolved monitoring of the reactions at 25 °C and atmospheric pressure 

had indicated that the dipalladation of the azobenzenes used in this study is a multistep process. The full reactivity involves the 

formation of the intermediates Anα-I and MAnα-I (see Chart 1) in fast pre-equilibria, prior to the rate-determining steps generating 

mono- and dipalladated species Mnα-I and Dn-I, respectively, (Scheme 1 and equations (1) and (2)).4b 

UV-Vis time-resolved monitoring. Since the full set of activation parameters, ΔH‡, ΔS‡ and ΔV‡, provide determinant information 

on the cyclopalladation mechanism,4e,15 the reactions of L1-L4 and M1α-I – M4α-I, with cis-[PdCl2(DMF)2] in DMF were monitored 

by UV-Vis time-resolved spectroscopy at varying temperatures and pressures. 

 

 

 

Scheme 1. Full dipalladation process of the azobenzenes studied.4b {Pd} represents cis-[PdCl2(DMF)2]. 

 



 

𝑘𝑜𝑏𝑠(1) =  
𝑘2𝐾1[Pd]

1+𝐾1[Pd]
   (1) 

𝑘𝑜𝑏𝑠(2) =  
𝑘4𝐾3[Pd]

1+𝐾3[Pd]
   (2) 

All reactions were carried out under pseudo-first order conditions, with a large molar excess of cis-[PdCl2(DMF)2]. Monitoring of 

the reactions of L1-L4 with cis-[PdCl2(DMF)2] indicated the presence of a two-step sequence in the full palladation process, as 

observed before.4b  

 

Figure 3. Dependence of the pseudo-first-order rate constants for the first, kobs(1), (a) and second, kobs(2), (b) cyclopalladation of L2 on [Pd] 

in DMF at different temperatures; [L2] = 25 μM.  

The observed pseudo-first order constants kobs(1) and kobs(2) were calculated from the time-resolved spectral changes using a consec-

utive A → B → C model. The dependence of kobs(1) and kobs(2) on the cis-[PdCl2(DMF)2] concentration (in excess, Figure 3), lead us 

to consider as valid the reaction mechanism and the rate law depicted by Scheme 1 and equations (1) and (2) for the systems studied. 

The lack of curvature in the plots of Figure 3 indicate that K1 and K3 have sufficiently low values to avoid a saturation behaviour.15 

The values of the k2K1 and k4K3 products for the reactions of the L1-L4 ligands, determined from the slopes of the kobs(1) and kobs(2) 

versus [Pd] data at variable temperature and pressure (Table S2, Figures 3 and S9), agree with former experiments at room tempera-

ture.4b 



 

 

Figure 4. UV-Vis time-resolved spectral changes for the reaction cis-[PdCl2(DMF)2] + M2α-I → D2-I, in DMF. [M2α] = 25 μM, [Pd] = 

1.0 mM, T = 25 C. The inset shows the kinetic traces at 540 and 664 nm, along with their fitting to an A → B process. 

As shown in Figure 4, the time-resolved spectral changes recorded during the reaction of cis-[PdCl2(DMF)2] with M1α-I – M4α-

I can be fitted to the simple A → B model. The pseudo-first-order rate constants kobs derived show a linear dependence on the palla-

dium concentration (Figure S10), and produce a set of second order rate constants, k4K3, (Table S2), that are expected to be equivalent 

to that obtained for the second part of the mechanism in Scheme 1, i.e., the second cyclopalladation of Ln.4b 

The fitting of the variation of k2K1 and k4K3 for the reactions of Ln, or k4K3 for those of Mnα-I, at different temperatures, using the 

standard Eyring plots (Figures 5a and S11), produce the values of the thermal activation parameters (ΔH‡ and ΔS‡) indicated in Table 

1. 

The pressure activation parameters (ΔV‡), determined by the variation of the second order rate constants for the reaction of Ln 

(calculated as kobs/[Pd], see Experimental) at different pressures, using the standard ln(k) versus P equation (Figures 5b and S12), are 

also summarized in Table 1. The pressure variation of the values of k4K3 for the reaction to Dn-I from the Mnα-I intermediates 

instead of the Ln, was also conducted at varying pressures. As seen in Figures 5b and S12 and Table 1, the values determined are in 

very close agreement with those obtained for the second step observed on the reaction of the precursor with of Ln. Consequently, 

ΔV2
‡ was considered independent of the origin of the monometallated intermediate within the error involved in its determination  

Table 1. Summary of the kinetic (298 K) and thermal and pressure activation parameters determined for the cyclopalladation 

reaction of azobenzenes L1-L4 and their monopalladated derivatives M1α-I - M4α-I in DMF solution.  

Compound 298k2K1 

M-1 s-1 

ΔH1
ǂ 

kJ mol-1 
ΔS1ǂ 

JK-1 mol-1 

ΔV1ǂ 

cm3 mol-1 

298k4K3 

M-1 s-1 
ΔH2ǂ 

kJ mol-1 

ΔS2ǂ 

J K-1 mol-1 

ΔV2ǂ 

cm3 mol-1 

L1 0.44 64 ± 2 37 ± 6 12 ± 1 0.060 60 ± 3 67 ± 8 15 ± 2 

M1α-I – – – – 0.071 59 ± 1 71 ± 2 11 ± 2 

L2 
a0.39  62 ± 2 47 ± 6 11 ± 2 

a0.040 70 ± 1 36 ± 3 8± 1 

M2α-I – – – – 0.046 63 ± 2 60 ± 6 9± 1 

L3 0.40 57 ± 2 62 ± 7 11 ± 2 0.055 64 ± 1 52 ± 3 12 ± 2 

M3α-I     0.067 62 ± 1 59 ± 3 11 ± 1 

L4 0.25 63 ± 1 47 ± 3 8.3 ± 0.1 0.030 66 ± 3 50 ± 8 8 ± 1 

M4α-I – – – – 0.038 64 ± 1 62 ± 4 7 ± 1 

aThe different values from reference4b are due to a purification of the commercial L2 ligand done in this work.

The interpretation of the values of the activation parameters summarized in Table 1, is not straightforward in several ways. To start 

with, the values cannot be assigned to a simple kinetic step, as the determined rate constants are composites of an equilibrium constant 

for the formation of intermediates Anα-I or MAnα-I and the first-order rate constant for the subsequent C–H bond activation (Scheme 

1 and equations 1 and 2). Therefore, the thermal and the pressure activation parameters correspond to this product, and include the 

values of ΔHo, ΔSo, and ΔVo for the formation equilibrium constants (K1 and K3). Even more, only the values corresponding to the 

palladation from Mnα-I correspond to a proper single reaction pathway. For all the other processes studied, the reactivity corresponds 

to that of a mixture of the α and the putative β isomer of An-I and Mn-I complexes (see the next section and Scheme 2). This is 

evident from the values of ΔH2
‡ and ΔS2

‡ collected in Table 1 for the dipalladation of the Ln derivatives, that correspond to the 

average of the reaction occurring on the α and β isomers of Mn-I. 

Interestingly, comparison of the data observed for the second palladation processes indicates that the values expected for the reac-

tions occurring on the α unit of the Mnβ-I compounds should have larger activation enthalpies and less negative activation entropies, 

in order to attain the average data obtained as the second palladation of Ln. It seems clear that the metalation of the β-monometalated 

complexes, MAnβ-I, by the palladium attached to Nα, has an earlier transition state with lower ordering but with higher enthalpy 



 

demands that has to be related to the presence of the donor –NMe2 on the meta position of the activating C–H bond. This conclusion 

is further supported by the Wiberg bond orders of the Pd–C and C–H bonds in the transition states of MAn-I → Dn-I transformations 

(Table S13 and Figure S34 in SI_2). The Pd–C bond orders in MAnβ-I → Dn-I transition states are lower than in the MAnα-I → 

Dn-I counterparts, and the opposite relation holds for the C–H bond orders (see also the last paragraph in this section). 

Even with these difficulties in their final interpretation, plus the fact that the DMF-assisted process involves the exit of a positively 

charged {HDMF}+ unit, the values of the activation parameters depicted in Table 1 are within the range of those determined for other 

base-assisted C–H bond activations. 3a-3c,4d The negative values of ΔS‡ and ΔV‡ for both palladation steps agree with the presence of 

a highly ordered transition state in the rate determining step, which is supported by computational studies of the cyclopalladation 

mechanism.3a,-3c,4a,b,d In this respect, the values determined for ΔS‡ lay even lower than the lower-end of the available data for reactions 

having AcO- or AcOH as coordinating base-assisting ligands.3a This observation is in line with the fact that the less coordinating 

(AcO- < AcOH < DMF) assisting base produces a lower degree of ordering on going to the transition state, that is occurs at a later 

position of the reaction coordinate. 

 

Figure 5. a) Eyring plots for the reaction sequence L4 + cis-[PdCl2(DMF)2] → M4α–I + cis-[PdCl2(DMF)2] → D4-I (k2K1 and k4K3), and 

the reaction M4α–I + cis-[PdCl2(DMF)2] → D4-I (k4K3). b) ln k versus P plot for the reaction sequence L1 + cis-[PdCl2(DMF)2] → M1α–I 

+ cis-[PdCl2(DMF)2] → D1-I (k2K1 and k4K3, red triangle) and the reaction M1α–I + cis-[PdCl2(DMF)2] → D1-I (k4K3, blue circles). 

While all these findings fit well into the concerted metallation and deprotonation (CMD) mechanism proposed earlier,3b,c,4d some 

recent results2c,16a indicate that this mechanism in fact comprises two subclasses distinguished by the site selectivity preferences. 

Those with nucleophilic affinity, towards more acidic C-H bonds, are termed standard CMD,16 while those with electrophilic char-

acter are denoted as electrophilic CMD (eCMD). A clear identifying characteristics of this diversity is the Wiberg bond orders of the 

Pd–C and C–H bonds directly involved in the C–H activation.2c,16a A sum of these two Wiberg bond orders in the transition state 

geometry was established as a representative quantity. A critical value of 0.8 distinguishes the transition states of the standard CMD 

mechanism (with sum <0.8), from those in the eCMD class (sum >0.8). In the present study, from the calculated transition state 

geometries4b for all the ligands, for both cyclopalladation steps, and α,β-paths, the sum of the two Wiberg indices are well above 0.8 

(0.90-0.93, for all but MA5-I → D5 which has slightly outlying value of 0.85, Table S13 and Figure 34 in SI-2), thus indicating an 

eCMD mechanism. The electrophilic nature of the present mechanism, as proven by the preference for C–H bonds at the more elec-

tron-rich aromatic rings, also agrees with the meta-properties of the eCMD mechanism. 

NMR time-resolved monitoring. Since the coordination intermediates cannot be detected by UV-Vis spectroscopy, time-resolved 
1H NMR monitoring of the reactions of Ln and Mnα-I with cis-[PdCl2(DMF)2] was conducted (Figures S13-S24). The procedure 

enabled the obtention of the concentration profiles of the species indicated in Scheme 2 (Figures S25-S33) and provided a detailed 

insight into the reaction dynamics. 

Scheme 2. Kinetic model for the dipalladation of the azobenzenes used with cis-[PdCl2(DMF)2] precursor (labeled as {Pd}). 

 



 

The kinetic model in Scheme 2 assumes two parallel cyclopalladation reaction pathways. These occur on the two possible isomers 

of the initial coordination compounds, that is Anα-I and Anβ-I. In both pathways, and for both mono- and di-cyclopalladation steps, 

the formation of each coordination complex is assumed to be a reversible process, while the subsequent proton transfer is considered 

as rate determining and irreversible, due to the removal of the aromatic proton. The 1H NMR spectra of the reaction mixture at 

different times are consistent with the presence of the species indicated in Scheme 2. The signals of the Anα-I species were easily 

identified from the known spectra of the isolated α-adducts, and those of Anβ-I were recognized by their similarity with the α-

counterparts (Figures S13-S16). 

Confirmation of the formation of both - and -isomers was obtained from the reaction of L5 with cis-[PdCl2(DMF)2], where a 

single set of signals for A5-I was observed, given the equivalence of Nα and Nβ in L5 (Figures S17-S19). The signals of the Mnβ-I 

complexes were assigned based on similarities of their dynamics and NMR shifts with Mnα-I species, and those of MAnα, were 

ascertained from the simpler reactions initiated from Mnα-I (Figures S21-24). The concentrations of MAnβ were found, in all cases, 

too low to be detected or quantified reliably from the NMR spectra. 

As indicated in the Experimental section, the NMR time-resolved speciation data was fed into the Dynafit software,17 with the 

kinetic model corresponding to Scheme 2. Even though M4α-I and M5-I were effectively isolated as M4α-II and M5-II, the for-

mation of the final Dn-I complexes always proceeded via Mnα-I. Also, although azobenzenes are potentially able to bind to two Pd 

centers, these species were never detected despite the 10-fold excess of Pd precursor used in the experiments. In this respect, the 

computational results do not provide any reason for such an absence,4b hence their presence as transient species cannot be ruled out. 

However, if present in any significant amounts, the species should manifest themselves in the reaction kinetics, a fact that has not 

been observed. 

 

Figure 6. Experimental data and fitted concentration profiles for all the species present in the reaction L2 + cis-[PdCl2(DMF)2] → A2α-I + 

A2β-I → M2α-I + M2β-I + cis-[PdCl2(DMF)2] → MA2α-I + MA2β-I → D2-I. Concentrations are given as percentages of the initial L2 

concentration. No reliable experimental data could be obtained for MA2β-I. 

Table 2. Dynafit fitted rate constants for the cyclopalladation of ligand L2 and its monopalladated derivative M2α-I. 

Rate constants 
Compounds 

L2 M2α-I 

k1α (M-1s-1) 

k-1α (s-1) 

0.43  

0.00076 
− 

k1β (M-1s-1) 

k-1β (s-1) 

0.19 

0.00048 
− 

k2α (s-1) 0.0019 − 

k2β (s-1) 0.00064 − 

k3α (M-1s-1) 

k-3α (s-1) 

* 

* 

0.56 

0.0075  

k3β (M-1s-1) 

k-3β (s-1) 

* 

* 
− 

k4α (s-1) 0.00053 0.00054 

k4β (s-1) 0.00048 − 

*Due to significant uncertainty, these rate constants are omitted. 

Kinetic modelling of NMR experiments was attempted for all reactions, but only the L2/M2α-I system produced reliable concen-

tration profile fits for all the species in the reaction. Interestingly, this system is the one showing the largest differences between the 

data derived from the metalation of the Ln and Mnα-I compounds, see Table 1, indicating that it is in this reaction where the existence 

of a β-path is more significant. For the rest of the systems, NMR signal overlapping and poor signal-to-noise ratio did not allow the 

obtention of quantitative kinetic traces. Figures 7 and 8, and Table 2 collect the NMR speciation profiles, fitted kinetic traces and the 



 

derived second order rate constants for the reaction of full cyclopalladation of L2, and that of its monometalated M2α-I intermediate, 

with the cis-[PdCl2(DMF)2]. 

 

Figure 7. Experimental data and fitted concentration curves for the species present in the reaction M2α-I + cis-[PdCl2(DMF)2] → MA2α-I 

→ D2-I. Concentrations are given as percentages of the initial M2α-I concentration. 

For the reactions from L1-L4 the concentration profiles indicated always higher concentrations of all α-species, compared with 

their β-isomers (Figures S25-S28), as expected from the preparative results indicated before. The observed difference can be inter-

preted as a higher stability (or a faster formation) of the α-isomers; in the case of the Anα-I and Anβ-I complexes this fact is consistent 

with the relation between the equilibrium constants (K1α=k1α/k-1α) > (K1β=k1β/k-1β). Similarly, from the data collected in Table 2 we 

can conclude that the M2α-I species are formed faster than the M2β-I isomers, as expected for the cyclopalladation occurring pref-

erentially on the ring bearing the electron-donating -NMe2 group (see previous compounds section).18 

Remarkably, the reaction of intermediate M5-I to produce D5-I was only completed after one month, under NMR concentration 

conditions, which effectively indicates that mono- and dipalladation processes can be considered as two fully separate processes for 

this system (Figures S17-S18). For the rest of the systems, the dicyclopalladated products are formed immediately once the mono-

palladated intermediates are present in the reaction medium (Figures S13-S16). The reaction profiles indicated that the formation 

rates of mono- or dipalladated species increase in the order L5 (M5) < L4 (M4) < L2 (M2) < L3 (M3) < L1 (M1), which is consistent 

with the donor strengths of 4,4’-substituents on azobenzenes 

A comparison of the results obtained from UV-Vis and NMR time-resolved experiments on the L2 and M2α-I systems reveals that 

for the second metalation step of L2 system, the values obtained for the second order rate constants are in extraordinary agreement 

(0.039 M-1 s-1 versus 0.040 M-1 s-1), which reinforces the idea that the β path is expected to be of minor importance due to a very low 

K3 value. For the first metalation step, only the order of magnitude is in agreement (0.39 M-1 s-1 versus 1.0 M-1 s-1), a much more 

realistic result taking into account the large methodological differences used. 

Even so, the difference for the latter can be associated very easily with the very high value of k1α/k-1α obtained from the NMR 

measurements. This value (ca. 700-800 M-1) should lead to the presence of an, unobserved, saturation behavior in the plots in Figures 

3 and S7-S8. The difference can be associated to a very low, underestimated, value obtained for k-1α due to limitations of the NMR 

technique at very short times and low concentration of the A2α-I species (see Figure 6). 

We have conducted a kinetico-mechanistic study of cyclopalladation reactions involving activation of azobenzene C–H bonds by 

cis-[PdCl2(DMF)2] in DMF, both on the free ligands and on their already monopalladated derivatives. All reactions were monitored 

by time-resolved NMR and UV-Vis spectroscopies at different Pd-precursor concentrations, temperatures and pressures. The con-

centration profiles obtained by NMR monitoring enabled a direct insight into the reactivity and nature of the observed and putative 

intermediates, most of which have also been isolated and structurally characterized. 

NMR results confirmed that the dipalladation of asymmetrically substituted azobenzenes is a multistep process involving two 

concurrent reaction paths. These involve an inverse sequential order for the C–H bond activation at the two possible cyclopalladation 

sites of the azo-derivative. A kinetic model, with a minimum number of fitting parameters, has been found capable to explain the 

concentration-time profiles of the reaction species. Very satisfactory results were obtained for some of the systems studied, providing 

a precise view of the reaction dynamics in solution. From the kinetic parameters obtained, one of the reaction paths is found to be 

dominant, a result also featured by the known computational study of the full process. The successful application of the kinetic model 

also supports the hypothesis that bis-palladium coordination compounds do not participate in azobenzene C–H bond activation at an 

appreciable extent.  

Although less specific on the nature of the both reacting species and intermediates, UV-Vis monitoring has been successfully 

applied for the interpretation of the global kinetic model. Furthermore, the complete agreement of the data necessitates consideration 

of the two parallel paths resolved by NMR spectroscopy, despite one being dominant. The values of the thermal and pressure activa-

tion parameters provided additional support for the base assisted mechanism operating in these cyclopalladation reactions. These 



 

values are consistent with a highly ordered and compressed transition state in which the basic DMF ligand participates in the proton 

abstraction producing an anionic species that quickly exchanges one of the two remaining chloride ligands by a new DMF ligand 

from the solvent. In view of the recently established distinction between the CMD mechanisms, the process evidently belongs to the 

eCMD class, as clearly indicated by the Pd-C and C-H Wiberg bond orders in the C-H activation transition states. 

The results obtained represent an important contribution with a remarkable synergy between diverse but complementary tech-

niques. This complete image of the full process will allow the better design and preparation of new cyclopalladated complexes in the 

Pd-catalyzed reactions of substrates having multiple C–H bonds available for functionalization. 

General Methods. All chemicals and solvents were of reagent grade and used without additional purifications (except the L2 ligand). NMR 

spectra of MeCN-d3, DMF-d7, and/or DMSO-d6 solutions were recorded on Bruker AV-600, AV-400 and, AV-300 spectrometers at 25 °C. IR spectra 

were recorded on an AAB Bomem MB 102 spectrophotometer using the Nujol mull method (4000-200 cm-1), and on a Perkin-Elmer Spectrum Two 

spectrometer. CHN analyses were carried out with a Perkin-Elmer Series II 2400 CHNS/O analyzer. PXRD data were obtained by using Ni-filtered 

CuKα radiation on a PANalytical Aeris X-ray diffractometer. Single crystals structures of A1α-I, A3α-I and M1α-I, D1-I, were isolated from standing 

MeCN and DMF solutions, respectively, and were measured on an Oxford Diffraction Xcalibur Nova R (microfocus Cu tube) at 20 °C. 

Kinetic Measurements. The reactions of azobenzenes and their monopalladated compounds with cis-[PdCl2(DMF)2] precursor were monitored 

by time-resolved 1H NMR spectroscopy in DMF-d7 solutions on a Bruker AV-400 spectrometer at 25 °C. Solutions for the kinetic runs were prepared 

by addition of 50 μL of a DMF-d7 solution of the precursor (6.04 ×10−2 M) to 500 μL of a solution of the ligand, or the monopalladated compound, 

(ca. 5.5 ×10−4 M in DMF- d7) in a NMR tube. After the addition of the cis-[PdCl2(DMF)2] solution, spectra were acquired at diverse time intervals, 

depending on the reaction rate. The kinetic traces of the species showing well resolved signals and good signal-to-noise ratio were fit with the Dynafit 

software.17 

The same reactions were also followed by UV-Vis time-resolved spectroscopy at variable palladium precursor concentrations, temperatures and 

pressures. The variable temperature kinetic experiments at atmospheric pressure were monitored in the full 350-780 nm range on a Cary 50 UV–Vis 

spectrophotometer equipped with a thermostatted multicell transport (±0.1 ºC) and under pseudo-first-order conditions (palladium in at least 20-fold 

molar excess). The solutions were prepared by mixing the necessary volumes of a DMF solution of ligand, or monopalladated compound, with a 

DMF solution of cis-[PdCl2(DMF)2] in a 1 cm UV-Vis cuvette, the final volume was achieved by adding DMF. For the reactions carried out at 

varying pressure, the same sample preparation procedure was followed. The previously described pillbox cell and pressurizing system were used, 

and the final treatment of data was the same as described before.4d For these measurements, and given the excellent linearity observed for the kobs 

versus [Pd] plots (see Figures 3 and S6-S7), the values of the second order rate constants were derived from a single kobs/[Pd] ratio at a given palladium 

precursor concentration (as done for some other very well-behaved systems).19 The calculation of the observed rate constants from the absorbance 

versus time monitoring of reactions was carried out using the SPECFIT software.20 All post-run fittings were carried out using standard software. In 

general, the errors for the rate constants derived were within the 5 % margin. 

Synthesis of Compounds. The coordination complexes (trans-A1α-I, trans-A2α-I, trans-A3α-I and A5-III) and monopalladated derivatives 

(M1α-I, M2α-I, M3α-I, M4α-II) were prepared in MeCN and DMF solution, respectively, by using the procedures recently developed for trans-

A2α-I and M2α-I.8 Reaction of L4 with PdCl2 in MeCN afforded the mixture of A4α-I and A4α-II structures. Monopalladated complex M5-II was 

prepared in methanol according to the previously reported procedure.8b  

cis-[PdCl2(DMF)2] was prepared by exposing solid PdCl2 (60 mg, 0.34 mmol) to DMF vapor at room temperature for 72 h. Yield: quantitative. 

Found: C 21.90, H 4.66, N 8.88; Calcd. for C6H14Cl2N2O2Pd: C 22.28, H 4.36, N 8.66 (method 1). 80 mg (0.45 mmol) of PdCl2 was dissolved in 10 

mL of DMF and filtered off. The resulting solution was evaporated at 50 °C for 15 minutes and cooled at-25°C for two hours. The product was 

filtered off and dried under vacuum. Yield: 36%. (method 2).  

trans-[PdCl2(C6H5N=NC6H4NMe2)MeCN]·MeCN, trans-A1α-I structure. A mixture of PdCl2 (70 mg, 0.39 mmol) and L1 (89 mg, 0.39 mmol) 
was stirred in MeCN for 30 h. The product was filtered off and dried under vacuum. Yield: 76%. Found: C 44.52, H 4.61, N 14.18; Calc. for 

C18H21Cl2N5Pd: C 44.60, H 4.37, N 14.45. 1H NMR (MeCN-d3,  / ppm, J / Hz): 9.59 d (H-2,6, 3J(HH)=9.4), 7.09 d (H-3,5, 3J(HH)=9.5), 8.58 d (H-

8,12, 3J(HH)=7.5), 7.50 t (H-9,11, 3J(HH)=7.9), 7.50 t (H-10, 3J(HH)=7.2), 3.27 s (NMe2). 

trans-[PdCl2(IC6H4N=NC6H4NMe2)MeCN], trans-A3α-I structure. A mixture of PdCl2 (70 mg, 0.39 mmol) and L3 (138 mg, 0.39 mmol) was 

stirred in MeCN for 30 h. The product was filtered off and dried under vacuum. Yield: 88%. Found: C 33.96, H 2.88, N 10.19; Calc. for 

C16H17Cl2IN4Pd: C 33.74, H 3.01, N 9.84. 1H NMR (MeCN-d3,  / ppm, J / Hz): 9.60 d (H-2,6, 3J(HH)=9.3), 7.09 d (H-3,5, 3J(HH)=9.5), 8.37 d (H-

8,12, 3J(HH)=8.5), 7.90 d (H-9,11, 3J(HH)=8.5), 3.28 s (NMe2). 

[PdCl2(C6H4N=NC6H5)2], A5-III. A mixture of PdCl2 (50 mg, 0.28 mmol) and L5 (102 mg, 0.56 mmol) was stirred in MeCN for 30 h. The product 

was filtered off, washed with diethyl ether and dried under vacuum. Yield: 48%. Found: C 52.81, H 3.97, N 10.13; Calc. for C24H20Cl2N4Pd: C 53.21, 

H 3.72, N 10.34. 1H NMR (DMF-d7,  / ppm, J / Hz): 8.43 d (H-2,6, 3J(HH)=7.5), 7.93-7.99 m (H-3,4, 5), 8.34 d (H-8,12, 3J(HH)=8.6), 7.67 t (H-

9,11, 3J(HH)=7.7), 7.78 t (H-10, 3J(HH)=7.4).  

[PdCl(C6H5N=NC6H3NMe2)(DMF)], M1α-I. Complex trans-A1α-I (100 mg, 0.21 mmol) was stirred in DMF at room temperature for ten days. 

The product was filtered off and dried under vacuum. Yield 48 %. Found: C 46.86, H 4.95, N 12.55; Calc. for C17H21ClN4OPd: C 46.48, H 4.82, N 

12.76. 1H NMR (DMSO-d6,  / ppm, J / Hz): 7.02 s, br (H-3), 6.58 d, br (H-5, 3J(HH)= 8.4), 7.62 d (H-6, 3J(HH)=7.6), 7.62 d (H-8, 12, 3J(HH)=7.6), 

7.35 t (H-10, 3J(HH)=7.1), 7.42 t (H-9, 11, 3J(HH)=7.4), 3.13 s (NMe2). 

[PdCl(C6H4IN=NC6H3NMe2)(DMF)], M3α-I. Complex trans-A3α-I (100 mg, 0.18 mmol) was stirred in DMF at room temperature for seven 

days. The product was filtered off and dried under vacuum. Yield 67 %. Found: C 35.82, H 3.94, N 10.25; Calc. for C17H20ClIN4OPd: C 36.13, H 

3.57, N 9.91. 1H NMR (DMSO-d6,  / ppm, J / Hz): 7.00 s, br (H-3), 6.59 d, br (H-5, 3J(HH)= 8.6), 7.62 d, br (H-6, 3J(HH)=8.5), 7.45 d (H-8, 12, 
3J(HH)=8.4), 7.76 d (H-9, 11, 3J(HH)=8.6), 3.14 s (NMe2). 

[Pd(-Cl)(C6H4NO2N=NC6H3NMe2)]2, M4α-II. The mixture of complexes trans-A4α-I and A4α-II (100 mg) was stirred in DMF at room tem-

perature for seven days. The product was filtered off and dried under vacuum. Yield 51 %. Found: C 40.52, H 3.44, N 13.28; Calc. for 

C28H26Cl2N8O4Pd2: C 40.90, H 3.19, N 13.63. 1H NMR (DMSO-d6,  / ppm, J / Hz): 7.09 s, br (H-3), 6.69 d, br (H-5, 3J(HH)= 8.3), 7.69 d, br (H-6, 
3J(HH)=8.5), 7.90 d (H-8, 12, 3J(HH)=8.4), 8.26 d (H-9, 11, 3J(HH)=8.7), 3.20 s (NMe2). 

[{PdCl(DMF)}2(-C6H4N=NC6H3NMe2)], D1-I. A mixture of M1α-I (100 mg, 0.23 mmol) and trans-[PdCl2(MeCN)2] (118 mg, 0.46 mmol) was 

stirred in DMF for seven days at room temperature. The product was filtered off and dried under vacuum. Yield 75%. Found: C 36.44, H 4.42, N 

10.38; Calcd. for C20H27Cl2N5O2Pd2: C 36.77, H 4.17, N 10.72. 1H NMR (DMSO-d6,  / ppm, J / Hz): 7.23 s (H-3), 6.63 d (H-5, 3J(HH)= 9.6), 8.51 

d (H-6, 3J(HH)=9.6), 7.68 d (H-9, 3J(HH)=7.7), 6.88 t (H-10, 3J(HH)=7.6), 7.05 t (H-11, 3J(HH)=7.6), 8.29 d (H-12, 3J(HH)=8.2), 3.19 s (NMe2).. 



 

[{PdCl(DMF)}2(-C6H3ClN=NC6H3NMe2)], D2-I. A mixture of M2α-I (100 mg, 0.21 mmol) and trans-[PdCl2(MeCN)2] (109 mg, 0.42 mmol) 

was stirred in DMF for seven days at room temperature. The product was filtered off and dried under vacuum. Yield 83%. Found: C 34.55, H 3.36, 

N 9.95; Calcd. for C20H26Cl3N5O2Pd2: C 34.93, H 3.81, N 10.18. 1H NMR (DMSO-d6,  / ppm, J / Hz): 7.23 s (H-3), 6.64 d (H-5, 3J(HH)=9.4 Hz), 

8.49 d (H-6, 3J(HH)=9.3 Hz), 7.63 s (H-9), 7.13 d (H-11, 3J(HH)=8.7 Hz), 8.28 d (H-12, 3J(HH)=8.7 Hz), 3.20 s (NMe2). 

[{PdCl(DMF}2 (-C6H3IN=NC6H3NMe2)], D3-I. A mixture of M3α-I (100 mg, 0.18 mmol) and trans-[PdCl2(MeCN)2] (91 mg, 0.35 mmol) was 

stirred in DMF for seven days at room temperature. The product was filtered off and dried under vacuum. Yield 73%. Found: C 31.18, H 3.01, N 

9.30.; Calcd. for C20H26Cl2IN5O2Pd2: C 30.83, H 3.36, N 8.99. 1H NMR (DMSO-d6,  / ppm, J / Hz) 7.22 s (H-3), 6.65 d (H-5, 3J(HH)=9.8), 8.49 d 

(H-6, 3J(HH)=9.4), 7.99 s (H-9), 7.44 d (H-11, 3J(HH)=8.4), 8.04 d (H-12, 3J(HH)=8.3), 3.19 s (NMe2). 

[{PdCl(DMF)}2(-C6H3NO2N=NC6H3NMe2)], D4-I. A mixture of M4α-II (100 mg, 0.12 mmol) and trans-[PdCl2(MeCN)2] (123 mg, 0.48 mmol) 

was stirred in DMF for seven days at room temperature. The product was filtered off and dried under vacuum. Yield 75%. Found: C 34.77, H 3.41, 

N 11.88. Calcd. for C20H26Cl2N6O4Pd2: C 34.40, H 3.75, N 12.04. 1H NMR (DMSO-d6,  / ppm, J / Hz): 7.30 s (H-3), 6.80 d (H-5, 3J(HH)=9.1 Hz), 

8.35 d (H-6, 3J(HH)=9.0 Hz), 8.43 s (H-9), 7.94 d (H-11, 3J(HH)=9.2 Hz), 8.59 d (H-12, 3J(HH)=9.2 Hz), 3.28 s (NMe2).  

[{PdCl(DMF)}2(-C6H4N=NC6H4)], D5-I. A mixture of M5-II (80 mg, 0.12 mmol) and trans-[PdCl2(MeCN)2] (128 mg, 0.49 mmol) was stirred 

in DMF for 14 days at room temperature. The product was filtered off and dried under vacuum. Yield 73%. Found: C 35.07, H 3.26, N 9.39.; Calcd. 

for C18H22Cl2 N4O2Pd2: C 35.43, H 3.63, N 9.18. 1H NMR (DMSO-d6,  / ppm, J / Hz): 7.87 d (H-3, 9, 3J(HH)=7.2 Hz), 7.18 t (H-4, 10, 3J(HH)=7.2 

Hz), 7.14 t (H-5, 11, 3J(HH)=7.23 Hz), 8.75 d, br (H-6, 12, 3J(HH)=6.9 Hz). 
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A kinetico-mechanistic study of the C–H bond activation in azobenzenes and their monopalladated derivatives with cis-

[PdCl2(DMF)2] in DMF has been conducted by time-resolved NMR and UV-Vis spectroscopies at variable concentration, temperature 

and pressure. NMR spectra enabled detailed insight into the nature and reactivity of intermediates and confirmed that the dipalladation 

of 4,4′-functionalized azobenzenes is a multistep process involving two reaction pathways.  
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