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 30 

The cyclometallation reactions of dinuclear μ-acetato complexes of the type [Pd(AcO)(μ-AcO)L]2 (L 31 
= 4-RC6H4CH2NH2, R = H, Cl, F, CF3), a process found to occur readily even in the solid state, have 32 
been studied from a kinetico-mechanistic perspective. Data indicate that the dinuclear acetato bridged 33 
derivatives are excellent starting materials to activate carbon–hydrogen bonds in a facile way. In all 34 
cases the established concerted ambiphilic proton abstraction by a coordinated acetato ligand has been 35 
proved. The metallation has also been found to occur in a cooperative manner, with the metallation of 36 
the first palladium unit of the dimeric complex being rate determining; no intermediate mono-37 
metallated compounds are observed in any of the processes. The kinetically favoured bis-38 
cyclopalladated compound obtained after complete C–H bond activation does not correspond to the 39 
final isolated XRD-characterized complexes. This species, bearing the classical open-book dimeric 40 
form, has a much more complex structure than the final isolated compound, with different types of 41 
acetato ligands. 42 

 43 
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Introduction 47 

 48 

Palladium has proven to be a very versatile metal centre for C–H bond activation. Both oxidative 49 
additions to Pd0 complexes1–6 and formal electrophilic substitution reactions7,8 on PdII are 50 
thoroughly studied processes relevant to a number of high value-added industrial applications.9,10 In 51 
recent times, even the actuation of oxidative addition processes on PdII complexes has been proven to 52 
be extremely relevant,11–13 and an increasing amount of carefully designed PdIV complexes has been 53 
characterised.14–23 Most of the C–H bond activation reactions, nevertheless, occur via the formal 54 
electrophilic substitution process with the liberation of a proton.24–26 Furthermore, the majority of 55 
these reactions are related to intramolecular cyclometallation reactions, which are entropy favoured 56 
due to the existence of directing groups that anchor the organic molecule onto the PdII centre.7,8,27 57 

In the latter processes, the starting material of the C–H bond activation reaction is an {PdII-E-CH} 58 
unit, where E represents the donor from the directing group.27,28 In this respect, we have been deeply 59 
involved in the study of these C–H bond activation reactions via cyclopalladation for a number of 60 
years. The studies carried out involve both the characterisation of cyclopalladated derivatives29–34 61 
and the kinetico-mechanistic study of the reactions at variable temperature and pressure.35–41 The 62 
vast majority of the results collected are related to κN-Schiff-base directing groups included in an 63 
organic ligand. For all these reactions the PdII metal source is formally palladium acetate, although its 64 
nature in solution is far from being clear under the reaction conditions used.42–44 In all these 65 
reactions an important rate enhancement has been observed on increasing the acidity of the solvent 66 
used, typically from toluene to acetic acid, and the actuation of an ambiphilic mechanism has been 67 
proposed.45 In the mechanism, a coordinated acetato ligand serves as a proton depository for the 68 
reaction,46 which is accelerated when the ligand is already protonated, due to its better leaving 69 
characteristics.41,47 More recently these studies have been extended to the cyclometallation reaction 70 
of a variety of aminoacids48,49 in view of its relevance to the selective catalytic formation of 71 
lactames.50 In these reactions, the kineticomechanistic study on the cyclometallation reaction, which 72 
is a key-stone for the completion of the process, indicates a distinct behaviour from the equivalent 73 
reaction carried out on Schiff base derivatives.51,52 74 

Reports about the relevance of the nature of palladium acetate in cyclometallation reactions, the key 75 
influence of the solvent, and the need for fairly weakly coordinated directing groups to  facilitate C–H 76 
bond activation have recently appeared.53,54 Furthermore, for the synthesis of unnatural chiral 77 
aminoacids by a C(sp3) olefination process catalyzed by Pd(II) acetate, the addition of trifluoroacetic 78 
acid is required to generate a coordination vacant site for the reaction to proceed.55 Despite the fact 79 
that cyclopalladation of tertiary amines is a long known reaction,56 and a kinetico-mechanistic study 80 
has even been published,57 cyclometallation of primary amines has received much less attention, even 81 
though a general method for their ortho-palladation has been described.58 Besides this, the elegant 82 
isolation of a variety of dinuclear [Pd(AcO)(μ-AcO)L]2 complexes (L being a primary amine), 83 
potential starting materials for the cyclometallated compounds,59–63 is especially relevant.  84 

With this background in mind, we present in this work a kinetico-mechanistic study of the 85 
cyclometallation reaction of a variety of precoordinated primary amines using the dinuclear 86 
[Pd(AcO)(μ-AcO)L]2 complexes ((1R)2, Scheme 1) as starting materials at varying temperatures and 87 
pressures, and using toluene and acetic acid as solvents. The data are compared with those from the 88 
classical one-pot preparative (palladium acetate plus amine) processes. In general, the reactions take 89 
place under relatively mild conditions, even in the solid state. While the one-pot processes are not 90 
accelerated when acetic acid is used as the solvent, the reaction on the precoordinated dimeric (1R)2 91 
complexes undergoes a noticeable acceleration in acetic acid solution. The differences are especially 92 
evident on the thermal and pressure activation parameters determined. The competition between amine 93 
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protonation, acid assisted ambiphilic C–H bond activation, and formation of solvato species seems to 94 
be a determinant of the feasibility of the full process. 95 

 96 

 97 

  98 
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Results 99 

 100 

Preparation of compounds 101 

The mononuclear 0R compounds ([Pd(AcO)2L2]), as well as the dinuclear μ-acetato complexes (1R)2 102 
([Pd(AcO)(μ-AcO)L]2) shown in Scheme 1 (R = H, Cl and F), have been prepared according to the 103 
literature.59 The new 0CF3 and (1CF3)2 compounds (R = CF3) have also been prepared by the same 104 
procedure to assess the distinct electronic effects of the trifluoromethyl group. The cyclopalladated 105 
(2R)2 derivatives have been prepared and characterised in all cases as for the already described (2H)2 106 
compounds.59 Compounds 0R are yellow solids, stable at room temperature for months; in contrast 107 
the dinuclear (1R)2 derivatives readily afford the abovementioned cyclopalladated (2R)2 derivatives. 108 
In this respect the 1H NMR spectra of the crude of reaction of 0R and palladium acetate shows, on 109 
addition of a few drops of d5-pyridine, the presence of mononuclear cyclopalladated compounds, 3R 110 
(Scheme 1), in 20%, 6%, 8% and 4% (for R = H, Cl, F and CF3 respectively). These appear via bridge 111 
splitting of the dinuclear cyclopalladated derivatives (2R)2 according to the fully described highly 112 
regiospecific process,60,64–67 which is a very useful spectroscopic handle for the general detection of 113 
cyclopalladated derivatives. The cis arrangement of the metallated carbon and the pyridine ligand in 114 
the mononuclear compound 3R formed produces an important high-field shift in the proton NMR 115 
spectra of the metallated ring proton signals.64,67,68 116 

Formation of cyclometallated derivatives during the synthesis of (1R)2 is a very remarkable result, 117 
especially considering the mild reaction conditions used (dichloromethane, room temperature, 16 118 
h.).59 Furthermore, the 1H NMR spectrum of the crude reaction mixture shows the presence of two 119 
minor distinct cyclometallated impurities (both producing compounds 3R in the presence of pyridine; 120 
see above). One of these minor cyclometallated compounds corresponds to the well characterized 121 
dinuclear dimer (2R)2 indicated in Scheme 1, while the other one (named {(2R2)} from here on), 122 
which is also a bis-metallated dinuclear derivative, has never been reported before. On treating these 123 
mixtures in acetic acid or toluene for several hours at 70–80 °C, depending on the amine, the 124 
formation of the well characterised cyclopalladated derivatives (2R)2 is observed, thus indicating that 125 
the initial (1R)2 dimers evolve initially to intermediate bis-metallated  (2R2)} compounds, and that 126 
these further evolve to the final (2R)2 characterised compounds. The complete process has distinct 127 
time-scales depending on the R substituent of the amine ligands (see the following sections for 128 
comprehensive details). 1H NMR spectra of both compounds show important highfield shifts, which 129 
suggest that they present the usual openbook structure of acetato bridged cyclopalladated derivatives. 130 
The fact that the dinuclear cyclometallated dimer (2R)2 shows a single acetato group signal in the 1H 131 
NMR spectrum agrees with the maintenance of the transoid structure already present in the dinuclear 132 
starting material (1R)2. This is a clear support for the study of the activation of C–H bonds on 133 
compounds (1R)2, the framework of the compounds having no associated structural changes on 134 
cyclometallation. In this respect, XRD analysis of the structure of [Pd(AcO)(μ-AcO)-(p-135 
NO2C6H4CH2NH2)2] shows a distance of 2.429 Å between the dangling oxygen of the acetato 136 
ligand and the ortho hydrogen atom of the coordinated amine, which is a very suitable parameter for 137 
the compounds to undergo ortho C–H bond activation. 59 The XRD studies carried out on single 138 
crystals of (2F)2 and (2CF3)2, obtained by slow evaporation of deuterated chloroform solutions, fully 139 
agree with the spectroscopic data collected; Fig. 1a and 1b show the molecular drawing of these 140 
molecules. 141 

The unambiguous full characterization of the {(2R2)} intermediate species has proved to be not an 142 
easy task. The kinetic analysis of the reactions (see below) indicates that the relative concentration of 143 
these species has a maximum value of 30–40%, with (1R)2 and (2R)2 being in the same percentage 144 
range in the reaction mixtures (see Fig. 3b as an example). The isolation of the species by column 145 
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chromatography or crystallization of the crude reaction mixture proved to be impossible, as expected 146 
from a dynamic reaction mixture. 147 

Nevertheless, proton NMR experiments have allowed the proposal of a plausible tentative structure for 148 
these intermediate species. All their aromatic proton signals appear shifted to rather high fields (below 149 
7.0 ppm), an unusual region for aromatic proton resonances, and at similar values than for the 150 
comprehensively characterized cyclopalladated derivatives, (2R)2. This high field shift of the aromatic 151 
signals of (2R)2 has been related to the magnetic influence of the aromatic ring of the other moiety of 152 
the dinuclear molecule in an open book arrangement. As a whole, the spectral 1H NMR data obtained 153 
confirm the open book structure of the intermediate derivatives {(2R2)} . In this respect, it is also to be 154 
noted that three acetato signals are observed in the proton NMR spectra of intermediate {(2R2)} 155 
compounds, two of them showing NOE exchange cross peaks, which lead us to propose a tentative 156 
structure for {(2R2)}. This structure (Scheme 2) contains two cyclopalladated palladium–amine 157 
fragments bonded by a bridging acetato ligand; the coordination positions are completed by a 158 
monodentate acetato and an acetic acid in fast exchange. 159 

Although acetic acid is not a usual ligand, its existence in this type of complexes has been proposed in 160 
a number of occasions, and has also been supported by DFT calculations. 35,41,47,51,52 The tentative 161 
structure indicated in Scheme 2 explains also the fact that addition of pyridine to solution mixtures of 162 
(2R)2 and {(2R2)} produces exclusively the mononuclear cyclopalladated derivatives 3R. The fact 163 
that the same (2R)2 and {(2R2)} mixtures were obtained when compounds (1R)2 were heated in solid 164 
(see below) supports the validity of the above reasoning. 165 

 166 

Solid-state cyclometallation 167 

Reactions in the solid state, i.e. in the absence of solvent, result in reduced environmental pollution 168 
and can be relevant for industrial applications. In sharp contrast with the huge amount of information 169 
about cyclometallation reactions in solution, very few examples of solid state cyclometallation have 170 
been described. Some examples involve the treatment of solid samples of 1-alkyl-2,4′-bipyridinium 171 
palladium or platinum complexes at 130–190 °C, affording the corresponding cyclometallated 172 
derivatives via HCl elimination;69,70 of [PtCl2(Ph2CvNH)(RR′SO)] at 150–200 °C to produce 173 
benzophenone imine cycloplatination;71 of methylplatinum- or methyliridium(III)-tertiary phosphine 174 
complexes at 175–200 °C to produce methane elimination and internal metallation.72,73 Similarly, 175 
vacuum thermolysis (250 °C) of cis-[PtCl2(PCHO)2] (PCHO = ortho-176 
diphenylphosphinobenzaldehyde) affords the corresponding metal–acyl derivative by activation of the 177 
carbon–hydrogen bond of the aldehyde fragment.74 In contrast, the cyclopalladation of benzylamines 178 
in solid state via acetic acid elimination takes place at lower temperatures (80 °C), when the dinuclear 179 
acetato bridged compounds are used as starting materials.59 180 

In this respect the dinuclear acetato-bridged compounds described in this work, (1R)2, evolve in the 181 
solid state, even at room temperature, to the above-mentioned mixture {(2R2)} of and (1R)2 of 182 
cyclopalladated compounds. Thus, the 1H NMR spectrum of a solid sample of (1F)2, containing 183 
initially an 8% of cyclometallated derivatives (see previous section), shows an increase to a 25% of 184 
these compounds after one month at room temperature (evaluated as 3R). This is a very remarkable 185 
result that indicates that the activation of a strong carbon–hydrogen bond can occur even in the solid 186 
state at room temperature, once the right choice of the starting material is selected. The dinuclear 187 
acetato bridged derivatives (1R)2 seem thus to be excellent starting materials for the synthesis of 188 
cyclopalladated compounds, which prompted us to study the cyclometallation reaction in the solid 189 
state. For this purpose solid samples of (1R)2 ground for one minute, introduced in NMR tubes, and 190 
heated at 70 °C during different times, had their 1H NMR spectrum monitored immediately after 191 
solution and addition of d5-pyridine. The results obtained, shown in Table 1, are a clear indication of 192 
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important differences between the (1R)2 starting materials, even despite possible dependences on the 193 
degree of sample moulting. 194 

The results described in Table 1 show only a definite correlation between the observed rate of 195 
cyclopalladation and the para-Hammet constants for (1R)2. It is clear that, for the processes studied, 196 
the effect of the R substituent is not related to an electrophilic substitution on the amine phenyl ring; a 197 
correlation with σm should be found under these circumstances, as observed recently in other 198 
systems.75 The correlation with para-Hammet constant indicates that the key-factor for the reactivity 199 
sequence observed lies in the exit process of the protonated acetato ligand after abstraction of the 200 
proton from the metalating C–H bond. The better donor the amine ligand is (lower σp Hammet 201 
parameter), the easier the exit of the leaving acetic acid from the metallated compound. A similar 202 
effect has also been observed in the metallation of α-aminoesters, where the donor ability of the amine 203 
group enables an easy metalation of the dangling phenyl groups, and agrees with the “false” 204 
electrophilic substitution nature of these cyclopalladation processes.51,52 205 

 206 

Kinetico-mechanistic study in solution 207 

With all the facts indicated in the previous sections in mind, we decided to undergo a kinetico-208 
mechanistic study of the cyclometallation reaction of a variety of the dinuclear acetate bridge 209 
coordination compounds (1R)2 in solution. Given the previous experience of our group in the 210 
cyclometallation processes monitored on this type of complexes,41 the study of the (1R)2 → (2R)2 211 
reaction has been carried out at varying temperatures and pressures, and in toluene and acetic acid as 212 
solvents. Time resolved UV-Vis spectra indicated the presence of more than a single step in the full 213 
process. In the more innocent medium toluene, the spectral monitoring features a fast set of small 214 
intensity changes followed by a much slower step; the latter showing the characteristic very large 215 
increase in absorbance associated with the C–H bond activation reaction (Fig. 2a). These two steps are 216 
followed by much slower changes that could not be time-resolved reproducibly under these conditions. 217 
Table 2 shows the relevant temperature and pressure trends of the data collected for the mentioned two 218 
timeresolved processes for (1R)2 compounds; for compounds (1F)2 and (1CF3)2 only the relevant C–219 
H bond activation reaction has been monitored (see below). Fig. 2b presents some examples of the 220 
temperature and pressure dependence of the reactions observed. 221 

In order to ascertain the nature of the steps monitored via UV-Vis, a parallel monitoring of the 1H and 222 
19F (where relevant) NMR spectra of a sample of compounds (1H)2, (1F)2 and (1CF3)2 in toluene at 223 
70 °C was conducted (Fig. 3a). In all cases, the rate constant derived from the exponential decrease of 224 
the signals, corresponding to the coordination compounds (1R)2, is in excellent agreement with that 225 
extrapolated for the slow process (the one having the spectral characteristics of an C–H bond 226 
activation) quantified by UV-Vis spectroscopy. 227 

Nevertheless, the NMR signals corresponding to the cyclometallated amine show a two-step trend, the 228 
first corresponding to the measured cyclometallation reaction indicated above (Fig. 3b), while the 229 
second has to be related to the very slow step that has not been quantified via UV-Vis spectroscopy. 230 
Although only the complex produced after this much slower process corresponds to the isolated final 231 
cyclopalladated species (2R)2, the product of the first step corresponds to the full metallation of the 232 
two amine ligands in (1R)2. This is supported by the reaction with pyridine of the reaction mixture 233 
obtained just after the completion of this step (formation of compounds 3R, see before and Scheme 1) 234 
where no evidences of non-cyclometallated coordination compounds are detected.51,52 Obviously, 235 
the first reaction step measured by NMR spectroscopy corresponds to the formation of the initial 236 
{(2R2)} cyclometallated compound (thus involving the proper C–H bond activation). A reorganization 237 
process of the isolated final (2R)2 complex is responsible for the second, slower, reaction observed by 238 
NMR and not quantified by UV-Vis. It seems clear that the cyclometallation process occurs neatly as 239 
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the quantified first slow step determined by UV-Vis spectral monitoring indicated in Table 2. As for 240 
the faster reaction occurring for all the complexes, and measured by UV-Vis for (1H)2 and (1Cl)2 241 
(Table 2), it has to be related either to an isomerization reaction on the starting coordination complexes 242 
(highly improbable given the fact that it would occur after the long standing thermodynamic 243 
equilibration preparative procedures), or to a fast process following the quantified cyclopalladation 244 
reaction. 245 

Finally, it is interesting to note that in all cases the thermal and pressure activation data measured for 246 
the metalation reaction of (1R)2 compounds are the same as those determined for the one-pot reaction 247 
of palladium acetate plus amine ligand under stoichiometric conditions (see data in Table 2 and Fig. 248 
S1†), despite the sluggishness of the latter reactions. It is thus clear that the rate determining process is 249 
the same for both starting materials. That is, the full preparative reaction leading to the cyclometallated 250 
complex can be associated with the sequence exemplified in eqn (1) for (1H)2, where {(2R2)} 251 
corresponds to a different form of the bis-cylometallated final compound (2H)2 isolated (see previous 252 
sections). 253 

At 70 °C, toluene solution 254 

 255 

Isolated (1H)2   5.0 𝑥 10  𝑆      6.0 𝑥 10  𝑆       256 

 257 

  (1) 258 

 259 

 260 

For the same (1R)2 cyclometallation reaction carried out using acetic acid as the solvent, UV-Vis 261 
monitoring also indicated the operation of a multistep process. The sequence can be readily separated 262 
into two distinct blocks; in Fig. 4 these are shown as an example for (1Cl)2. After a fast first step 263 
occurring in the 2 h time scale at room temperature, a set of two slower steps takes place in the same 264 
time scale at 65 °C. Only the first two steps of the full three-step sequence gave reproducible and 265 
reliable results on repeated monitoring; the slowest step being associated with the polymerisation 266 
reactions observed for these types of compounds in acetic acid medium.39 As can be seen in Fig. 4a, 267 
the first step of the sequence has the expected fairly large spectral changes associated with the C–H 268 
bond activation leading to cyclometallated compounds. This fact was, as for the toluene solution runs, 269 
confirmed via 1H NMR time-resolved monitoring in d4-acetic acid solution of the reaction mixture, 270 
followed by reaction with pyridine of the relevant reaction mixtures (see previous sections). Table 3 271 
collects the relevant kinetic and thermal and pressure activation parameters data obtained in the usual 272 
way; again for complexes (1F)2 and (1CF3)2 only the above mentioned metallation step has been 273 
quantified. 274 

Accordingly in this solution medium the cyclometallation process occurs readily as a fast (relative to 275 
the equivalent reactions in toluene solution) observed step on the coordination compounds of type 276 
(1R)2 dissolved in acetic acid. The existence of a faster consecutive step than that detected in toluene 277 
solutions cannot be discarded; the increased reactivity observed in this solvent (ca. 50–90 fold 278 
extrapolated from Table 2 data) should make the detection of a reaction not involving large spectral 279 
changes difficult. Similarly to the reactions carried out in toluene solution, the 1H NMR spectrum of 280 
an acetic acid solution of a true sample of the stable compound (2H)2 does not agree with that 281 
obtained after the first fast step characterised by the 5.1 × 10−4 s−1 rate constant at 27 °C; only the 282 
complex produced after the process characterised by the 5.0 × 10−6 s−1 rate constant (slow process, 283 
Table 3) corresponds to the isolated final cyclopalladated species (2H)2. That is the full preparative 284 

NMR and UV‐Vis UV‐Vis 
{(2H)2}

NMR  

1.4 x 10 ‐4 S ‐1 
{(2H)2}  Isolated (2H)2
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reaction producing complex (2H)2 in acetic acid solution corresponds to the sequence indicated in eqn 285 
(2), fully equivalent to that occurring in toluene solution at a different time-scale.  286 

At 27 °C, acetic acid solution 287 

 288 

 289 

 290 

 291 

 292 

 293 

It is interesting to note that the metallation reaction kinetic and thermal and pressure activation data 294 
measured for the reaction of (1R)2 compounds are very different from those determined for the 295 
reactions occurring for the one-pot reaction of palladium acetate plus amine (R = H, Cl) ligand under 296 
stoichiometric conditions (see data in Table 3). Even the processes with the R = F and R = CF3 amines 297 
is not observed under the kinetic monitoring reaction conditions. Clearly the palladation reactions of 298 
compounds (1R)2 do not parallel those in the onepot preparative procedures. 299 

 300 

 301 

 302 

 303 

  304 

Isolated (1H)2 

5.1 x 10 ‐4 S ‐1 

NMR and UV‐Vis
{(2H)2} 

5.0 x 10 ‐6 S ‐1 

NMR and UV‐Vis
(2H)2 

UV‐Vis
(2H)2  Decomposition 
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Discussion 305 

 306 

As a starting point, and in view of the kinetic results collected, as well as the non-detection in the 307 
characterisation procedures of any intermediate species having a single cyclometallated amine (i.e. 308 
(1R;2R), Scheme 3), important mechanistic implications have to be considered. From a kinetic 309 
perspective, although the operation of statistical kinetics76,77 would produce a one-step reaction, as 310 
that observed, with kobs = 2 × kcyclometallation, the independent behaviour of the two palladium 311 
centres in complexes of type (1R)2 is somehow unexpected. Even so, if such an independence of the 312 
two metal centres exists, the complexes of type (1R;2R) indicated in Scheme 3 should be detected in 313 
the reaction medium during cyclopalladation. This is clearly not the case, as indicated in the 314 
preparative section and exemplified in Fig. 3 for R = H, where only bis-coordination and bis-315 

metallated dimeric compounds, (1R)2, {(2R)2}and (2R)2, are evident. The kinetic data, thus, demand 316 

the existence of a slow + fast reaction sequence producing compounds of type (1R;2R) as an 317 
undetectable intermediate due to its small build up. Under these conditions the fast reaction observed 318 
by UV-Vis monitoring of the metalation of compounds (1R)2 in toluene solution (see Table 2) might 319 

be tentatively attributed to such a (1R;2R) →  {(2R)2}relatively fast process. The behaviour in acetic 320 

acid solution can be anticipated to be parallel, nevertheless, the faster nature of the reactions observed 321 

should make the kinetic detection of the fast (1R;2R) → {(2R)2} process even more difficult as 322 

indicated. Similar cooperative behaviours have already been observed by us in other organometallic 323 
reactions.78,79 The fact that the cyclometallation reaction is also observed to occur readily in the solid 324 
state (see Table 1) seems to agree with this highly synergetic effect. The thermal and pressure 325 
activation parameters that have been tentatively measured for these initial reactions for R = H and Cl 326 
(see Table 2) fall within the range expected for this type of cyclopalladation processes.41 327 

In this respect, comparison between one-pot and the (1R)2 →  {(2R)2} cyclometallation reactions in 328 

toluene indicates that the rate determining process is the same within error (see Table 2). The process 329 
thus follows the already well-established ambiphilic concerted metallation deprotonation mechanism, 330 
where a coordinated acetato ligand serves as the proton depository for the activated C–H bond once its 331 
agostic coordination to the PdII centre has occurred (Scheme 4, left). The thermal and pressure 332 
activation data agree with such a highly ordered compressed transition state.45,52 From the data 333 
collected in Table 3 it is also clear that the acceleration observed for cyclopalladation reactions of 334 
some imine ligands in acetic acid35,41 also applies in the present process involving compounds of 335 
type (1R)2. While the pressure activation parameters indicated in Table 3 clearly show a trend to less 336 
negative values than those indicated in Table 2, the values determined for ΔH‡ and ΔS‡ do not show 337 
any definite trend with respect to the data in toluene solution, except being in a relatively smaller 338 
margin. This effect has already been reported in similar reactions, where the use of acetic acid as 339 
solvents seemed to buffer the differences between substrates in innocent solvents. 80 The definite 340 
acceleration expected from the ambiphilic nature of the operating mechanism (i.e. the partial presence 341 
of acetic acid ligands in the coordination sphere of the PdII centre)35,41,45 facilitates its exit after the 342 
abstraction of the proton from the activating C–H bond, thus accelerating the new Pd–C bond 343 
formation (Scheme 4, right).35,41,47 In this respect, the trend of the values of k collected in Table 3 344 
for the reactions in acetic acid as the solvent is fully paralleled by that seen in the solid-state (Table 1), 345 
thus indicating the similarity of the reaction medium, once a molecule of acetic acid is produced per 346 
C–H activated bond in the solid. Similar hydrogen bonded retention of leaving acetic acid molecules 347 
has already been reported in other solid state reactivity.81 348 

Despite this fact, for the reactions carried out by one-pot procedures in acetic acid as the solvent the 349 
behaviour is not clear and/or evident (see Table 3). While the reactions of (1H)2 and (1Cl)2, despite 350 
taking place, show smaller reaction rates with respect to toluene solution, for the (1F)2 and (1CF3)2 351 
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the process is not even reproducible. A plausible explanation is that the presence of the amine in its 352 
protonated form (i.e. RBzNH3 +) in such a medium should prevent its precoordination, as observed in 353 
similar recently studied systems on aminoacid cylopalladation.51,52 The difference is remarkable in 354 
comparison with the reactions occurring on Schiff base derivatives where the acceleration in acidic 355 
medium is observed even in the one-pot processes;35,38,41,47 probably the basicity of the directing 356 
N-donor group is responsible for these changes. 357 

In this respect the kinetic study of the one-pot cyclometallation reactions of the secondary, BzNMeH, 358 
and tertiary, BzNMe2, amines was carried out for comparison purposes. In toluene solution the C–H 359 
bond activation reaction occurs readily with kinetic and activation parameters within the range 360 
obtained for the primary BzNH2 parent amine.82 The greater the donor capability of the amine 361 
nitrogen, the faster the C–H bond activation reaction proceeds, as expected for the facilitated exit of 362 
the more weakly bound acetato proton abstractor (Scheme 4; left). This effect, also detected in the 363 
solid state reactivity indicated in Table 1 by a parallel trend between reaction times and σp Hammet 364 
constants, has been reported recently for the metalation of aminoacid derivatives.52 Surprisingly, 365 
though, in acetic acid solution metallation of the more basic tertiary amine is not observed,83–85 and 366 
the C–H bond activation for the secondary BzNMeH is only slightly accelerated from the parent 367 
BzNH2 (see Table 2).86 This is clearly indicative of the importance of the nitrogen basicity in the one-368 
pot process where amine coordination must take place for C–H bond activation, and this process is 369 
hampered by possible protonation equilibria. 370 

 371 

  372 
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Conclusions 373 

 374 

The cyclopalladation processes of the primary amine compounds shown in Scheme 1 have been 375 
studied from a kineticomechanistic perspective, via UV-Vis and NMR spectroscopies. In all cases the 376 
actuation of the established concerted ambiphilic proton abstraction by a coordinated acetato ligand 377 
has been proved. Even the acceleration of the reaction in acetic acid solution has been observed as a 378 
distinct proof of the mechanism. In all cases the donor character of the amine nitrogen represents the 379 
key factor for the process, as does the exit of the abstracting acetato ligand, in good agreement with 380 
the data collected in solid-state. In this respect the easy metalation of secondary and tertiary amines is 381 
thus explained. 382 

The metallation of the dimeric starting complexes has been shown to occur in a cooperative manner, 383 
with the metalation of the first palladium unit being rate determining; no intermediate mono-384 
metallated compounds are observed in any of the processes. The kinetically favoured compound 385 
obtained after complete C–H bond activation does not correspond to the final isolated complexes, and 386 
an intermediate bis-cyclopalladated complex is found for all the reactions. This species, bearing the 387 
classic open-book dimeric form, has a much more complex structure than the final isolated compound, 388 
with different types of acetato ligands. 389 

 390 

 391 

 392 

 393 

 394 

  395 
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Experimental 396 

 397 

General 398 

Microanalyses were performed at the Serveis Cientifico-Tècnics (Universitat de Barcelona). 399 
Electrospray mass spectra were performed at the Servei d’Espectrometria de Masses (Universitat de 400 
Barcelona) using a LC/MSD-TOF spectrometer using H2O–CH3CN 1 : 1 to introduce the sample. 401 
Routine spectra were recorded at the Unitat de RMN d’Alt Camp de la Universitat de Barcelona using 402 
a Mercury-400 spectrometer and referenced to SiMe4; two dimension NOE and HSQC NMR spectra 403 
were recorded at the same Unitat de RMN d’Alt Camp de la Universitat de Barcelona using a Bruker-404 
500 spectrometer. δ values are given in ppm and J values in Hz. Abbreviations used: s = singlet; d = 405 
doublet; t = triplet; m = multiplet; br = broad. For the in situ time resolved monitored NMR spectra in 406 
d8-toluene or d4-acetic acid a 600 MHz Bruker instrument was used at the ICIQ (Institut Català 407 
d’Investigació Química). 408 

 409 

Compounds 410 

Commercial chemicals were used throughout the processes without further purification. Compounds 411 
(1H)2, (1Cl)2 and (1F)2 were prepared according to literature methods;59 the corresponding 412 
cyclometallated derivatives (2H)2, (2Cl)2 and (2F)2 have also already been described.87 413 
Characterization data agree with the published values. Chart 1 presents the numbering used for the 1H 414 
NMR characterisation data of all the compounds prepared. 415 

(2H)2. 1H-NMR (400 MHz, CDCl3, δ/ppm): 2.09 (s, 3H, 7); 2.95 (br, 1H, 1); 3.17 (dt, 1H, J = 15 Hz, 416 
J = 6 Hz, 2); 3.55 (br, 1H, 1); 3.88 (dt, 1H, J = 15 Hz, J = 6 Hz, 2); 6.75 (d, 1H, J = 7.5 Hz, 3); 6.87 (d, 417 
1H, J = 2.4 Hz, 6); 6.90–6.97 (m, 2H, 4–5). IR (KBr): ν¯sym (OCO): 1563 cm−1, ν¯asym (OCO): 418 
1420 cm−1. 419 

(2Cl)2: 1H-NMR (400 MHz, CDCl3, δ/ppm): 2.09 (s, 3H, 7); 2.95 (br, 1H, 1); 3.25 (dtd, 1H, J = 15 420 
Hz, J = 6.5 Hz, J = 2 Hz, 2); 3.65 (br, 1H, 1); 3.90 (dtd, 1H, J = 15 Hz, J = 5.5 Hz, J = 2 Hz, 2); 6.69 421 
(d, 1H, J = 8 Hz, 3); 6.80 (d, 1H, J = 2.4 Hz, 6); 6.96 (dd, 1H, J = 8 Hz, J = 2.4 Hz, 4). IR (KBr): 422 
ν¯sym (OCO): 1553 cm−1, ν¯asym (OCO): 1412 cm−1. 423 

(2F)2: 1H-NMR (400 MHz, CDCl3, δ/ppm): 2.09 (s, 3H, 7); 2.95 (br, 1H, 1); 3.25 (m, 1H, 2); 3.52 424 
(br, 1H, 1); 3.90 (m, 1H, 2); 6.69 (dd, 1H, J = 8 Hz, J = 2.4, 6); 6.80 (m, 2H, 3, 4). IR (KBr): ν¯sym 425 
(OCO): 1561 cm−1, ν¯asym (OCO): 1419 cm−1. The new R = CF3 amine derivatives (Scheme 1) 426 
were prepared by the following procedures: 427 

0CF3: 692 mg (4 mmol) of amine p-CF3C6H4CH2NH2 were added to a suspension of palladium 428 
acetate (448 mg, 2 mmol) in 20 mL of acetone. The mixture was stirred at room temperature for 2 h, 429 
and the pale yellow solid obtained was filtered, washed with ether and air dried to afford the complex 430 
[Pd-(AcO)2(p-CF3C6H4CH2NH2)2] in 70% yield (800 mg). 1H-NMR (400 MHz, CDCl3, δ/ppm): 431 
1.85 (s, 3H, 8); 3.78 (t, 2H J = 8 Hz, 1); 4.41 (br, 2H, 2); 7.52 (d, 2H, J = 8.1 Hz, 3); 7.63 (d, 2H, J = 432 
8.1 Hz, 4). Elemental analysis for C20H22F6N2O4Pd: C: 41.7% (calc. 41.79); H: 3.9% (calc. 3.80); 433 
N: 5.0% (calc. 4.91). IR (KBr): ν¯sym (OCO): 1566 cm−1, ν¯asym (OCO): 1327 cm−1. 434 

(1CF3)2: 194 mg (0.86 mmol) of palladium acetate were added to a suspension of [Pd(AcO)2(p-435 
CF3C6H4CH2NH2)2], 0CF3, (496 mg, 0.86 mmol) in 25 mL of dichloromethane. The mixture was 436 
stirred at room temperature for 24 h and filtered. The solvent was removed under vacuum, and the 437 
solid obtained was recrystallized in ether to afford (1CF3)2 in 80% yield (550 mg). 1H-NMR (400 438 
MHz, CDCl3, δ/ppm): 1.87 (s, 3H, 7); 1.89 (s, 3H, 8); 3.63 (m, 1H, 2); 3.78 (m, 1H, 2); 4.21 (br, 1H, 439 
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1); 5.55 (br, 1H, 1); 7.68 (s, 4H, 3, 4). Elemental analysis for C24H28F6N2O8Pd2: C: 35.9% (calc. 440 
36.06); H: 3.5% (calc. 3.53); N: 3.7% (calc. 3.50). IR (KBr): ν¯sym (OCO mono- and bidendate): 441 
1580 cm−1, ν¯asym (OCO bidentate): 1422 cm−1, ν¯asym (OCO monodentate): 1326 cm−1. 442 

(2CF3)2: A mixture of 173 mg (1 mmol) of p-trifluoromethylbenzylamine and 224 mg (1 mmol) of 443 
palladium acetate was stirred for 5 h at 85 °C in 10 mL of toluene. The yellow solid obtained was 444 
filtered, washed with ether and air dried to afford complex (2CF3)2 in 70% yield (240 mg). 1H-NMR 445 
(400 MHz, CDCl3, δ/ppm): 2.11 (s, 3H, 7); 2.87 (br, 1H, 1); 3.22 (br, 1H, 2); 3.57 (br, 1H, 1); 3.95 446 
(br, 1H, 2); 6.87 (d, 1H, J = 8.1 Hz, 3); 7.13 (s, 1H, 6); 7.19 (d, 1H, J = 8.1 Hz, 4).  447 

Intermediate {(2R)2} bis-cyclometallated dinuclear complexes were characterised from the 1H NMR 448 

spectra of crude reaction mixtures of metallating (1R)2 complexes. 13C-{1H} and a HSQC 449 
characterisation has also been conducted for {(2Cl)2} as an example. 450 

{(2H)2}: 1H-NMR (400 MHz, CDCl3, δ/ppm): 1.88 (s, 3H, 7); 1.92 (s, 3H, 7); 2.10 (s, 3H, 7); 2.95 451 

(br, 2H, 1); 3.40 (m, 2H, 2); 4.30 (m, 2H, 2); 6.60 (br, 2H, 1); 6.62 (d, 2H, J = 7.5 Hz, aromatic); 6.82 452 
(t, 2H, J = 7.5 Hz, aromatic); 6.85 (m, 4H, aromatic). 453 

{(2Cl)2}: 1H-NMR (400 MHz, CDCl3, δ/ppm): 1.97 (s, 3H, 7); 2.05 (s, 3H, 7); 2.10 (s, 3H, 7); 2.95 454 

(br, 2H, 1); 3.40 (m, 2H, 2); 4.30 (m, 2H, 2); 6.55 (d, 2H, J = 2.0 Hz, 6); 6.60 (br, 2H, 1); 6.87 (d, 2H, 455 
J = 7.5 Hz, 3); 6.95 (dd, 2H, J = 7.5 Hz, J = 2.0 Hz, 4). 13C-{1H}-NMR (101 MHz, CDCl3, δ/ppm): 456 
20.3 (CH3COO), 23.4 (CH3COO), 23.8 (CH3COO), 47.6 (CH2N), 122.0 (C3), 124.7(C4), 130.1 457 
(C6), 134.8 (C-quaternary), 150.7 (C-quaternary). 458 

{(2F)2}:: 1H-NMR (400 MHz, CDCl3, δ/ppm): 1.87 (s, 3H, 7); 1.92 (s, 3H, 7); 2.12 (s, 3H, 7); 2.95 459 

(br, 2H, 1); 3.40 (m, 2H, 2); 4.30 (m, 2H, 2); 6.30 (dd, 2H, J = 8.9 Hz, J = 2.6 Hz, 6); 6.55 (br, 2H, 1); 460 
6.70 (m, 2H, 4); 6.90 (dd, 2H, J = 8.9 Hz, J = 5.6 Hz, 3). 461 

{(2CF3)}: 1H-NMR (400 MHz, CDCl3, δ/ppm): 1.95 (s, 3H, 7); 2.05 (s, 3H, 7); 2.10 (s, 3H, 7); 2.95 462 

(br, 2H, 1); 3.40 (m, 2H, 2); 4.40 (m, 2H, 2); 6.60 (br, 2H, 1); 6.85 (s, 2H, 6); 7.10 (d, 2H, J = 7.5 Hz, 463 
aromatic); 7.20 ( partially overlapped with residual peak solvent, aromatic). 464 

All the d5-pyridine derivatives, 3R, were prepared by the addition of few drops of d5-pyridine to 465 
dinuclear bis-cyclopalladated compounds. 466 

(3H): 1H-NMR (400 MHz, CDCl3, δ/ppm): 1.93 (s, 3H, 7); 2.95 (br, 1H, 1); 4.25 (m, 1H, J = 15 Hz, J 467 
= 6 Hz, 2); 4.95 (br, 1H, 1); 6.25 (d, 1H, J = 7.5 Hz, 6); 6.75 (m, 1H, J = 7.5 Hz, 5); 6.96 (m, 2H, 4, 3). 468 

(3Cl): 1H-NMR (400 MHz, CDCl3, δ/ppm): 1.93 (s, 3H, 7); 4.14 (t, 2H, J = 7.5, 2), 5.10 (br, 2H, 1); 469 
6.20 (d, 1H, J = 2.6, 6); 6.65 (d, 1H, J = 7.5 Hz, 3); 6.95 (dd, 1H, J = 7.5 Hz, J = 2.5, 4). (3F): 1H-470 
NMR (400 MHz, CDCl3, δ/ppm): 1.93 (s, 3H, 7); 4.14 (t, 2H, J = 7.5, 2), 5.00 (br, 2H, 1); 5.90 (dd, 471 
1H, J = 9.2 Hz, J = 2.6, 6); 6.65 (td, 1H, J = 9.2 Hz, J = 2.6, 4); 6.95 (dd, 1H, J = 9.2 Hz, J = 6.3, 3). 472 

(3CF3): 1H-NMR (400 MHz, CDCl3, δ/ppm): 1.95 (s, 3H, 7); 4.14 (t, 1H, J = 7.5, 2); 5.20 (br, 2H, 1); 473 
6.47 (s, 1H, 6); 6.99 (d, 1H, J = 7.9 Hz, 4); 7.15 (d, 1H, J = 7.9 Hz, 3). IR (KBr): ν¯sym (OCO): 1552 474 
cm−1, ν¯asym (OCO): 1422 cm−1. 475 

 476 

X-Ray structure determination 477 

Yellow prism-like specimens of C18H20F2N2O4Pd (ca. 0.088 × 0.117 × 0.258 mm) and of 478 
C20H20F6N2O4Pd2 were used for the XRD analysis. Intensity data were measured on a D8 Venture 479 
system equipped with a multilayer monochromator and a Mo microfocus (λ = 0.71073 Å). Frames 480 
were integrated with the Bruker SAINT software package using a narrow-frame algorithm. Data were 481 



15 
 

corrected for absorption effects using the multi-scan method (SADABS), and the structure was solved 482 
and refined using the Bruker SHELXTL Software Package. Table 4 collects the relevant XRD 483 
parameters for the structures. 484 

 485 

Kinetics 486 

The kinetic profiles for the reactions were followed by UV-Vis spectroscopy in the 700–300 nm range 487 
on HP8452A or Cary50 instruments equipped with thermostated multicell transports. Observed rate 488 
constants were derived from absorbance versus time traces at the wavelengths where a maximum 489 
increase and/or decrease of absorbance were observed. For the reactions carried out at varying 490 
pressure the previously described pillbox cell and pressurising system36,88–90 were used and final 491 
treatment of data was the same as described before. The calculation of the observed rate constants 492 
from the absorbance versus time monitoring of reactions, studied under second or first order 493 
concentration conditions, was carried out using the SPECFIT software.91 The monitored reaction 494 
solutions were made up directly by dissolving compounds (1R)2 in the desired solvent or by mixing 495 
the correct amounts of palladium acetate and the desired amine in a 0.8–1.2 stoichiometric ratio; the 496 
general kinetic technique is that previously described.47,92,93 The sluggishness of some of the 497 
reactions studied has obliged us to measure an increased number of repeats (3–5) in order to obtain a 498 
more reliable average of the value that has been used. Tables S1 and S2† collect all the obtained kobs 499 
values for the systems studied as a function of the starting complex, process studied, and temperature. 500 
All post-run fittings were carried out by the standard available commercial programs. 501 

 502 

 503 
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Legends to figures  664 

 665 

Figure 1. Molecular drawing of the new: (a) (2F)2 compound; selected bond distances (Å) and angles 666 
(°): Pd(1)–C(1) = 1.951(3), Pd(1)–N(1) = 2.034(3), Pd(1)–O(1) = 2.148(2), Pd(1)–O(2) = 2.0459(19), 667 
N(1)–C(7) = 1.484(5), C(1)–Pd(1)–N(1) = 81.80(12), C(1)–Pd(1)–O(2) = 92.75(10), N(1)–Pd(1)–O(1) 668 
= 92.73(11), O(2)–Pd(1)–O(1) = 92.45(9). (b) (2CF3)2 compound; selected bond distances (Å) and 669 
angles (°): Pd(1)–C(3) = 1.957(6), Pd(1)–N(1) = 2.053(5), Pd(1)–O(4) = 2.162(4), Pd(1)–O(2) = 670 
2.053(4), N(1)–C(7) = 1.473(8), C(3)–Pd(1)–N(1) = 82.8(2), C(3)–Pd(1)–O(2) = 92.3(2), N(1)–Pd(1)–671 
O(4) = 93.74(18), O(2)–Pd(1)–O(1) = 91.10(16). 672 

 673 

Figure 2. (a) Time monitoring of the changes observed in the UV-Vis spectrum of a 4 × 10−4 M 674 
toluene solution of (1Cl)2 at 80 °C (inset corresponds to the changes at 310 nm). (b) Eyring and ln k 675 
versus P plots for the two processes observed on spontaneous reaction of a 4 × 10−4 M toluene 676 
solution of (1H)2. 677 

 678 

Figure 3. (a) Changes with time of the NMR proton spectrum for the spontaneous reaction of (1H)2 to 679 
produce (2H)2 in toluene solution at 70 °C. Signals in the 7.29–7.39 ppm zone correspond to 680 
coordinated BzNH2, while those shifted to higher fields correspond to cyclometallated compounds. (b) 681 
Changes with time of the intensity of the signals corresponding to the coordinated (o, 7.33 ppm) or 682 
cyclometallated (Δ, 6.63 ppm) BzNH2 amine in the spontaneous (1H)2 to (2H)2 reaction in toluene at 683 
70 °C. 684 

 685 

Figure 4. (a) Time monitoring of the changes observed in the UV-Vis spectrum of a 4 × 10−4 M 686 
acetic acid solution of (1Cl)2 at 35 °C (inset corresponds to the changes at 310 nm). (b) Slow step 687 
block for the same process at 65 °C (inset corresponds to the changes at 395 nm). 688 

 689 

 690 

  691 
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Table 1 Yield of C–H bond activated compounds (evaluated as 3R) obtained from (1R)2 at 70 °C in 692 
solid state, para and meta Hammet parameters are also included for the R substituents on the 693 
metalating amines 694 

 695 

 696 

  697 
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Table 2 Kinetic and thermal and pressure activation parameters for the two quantified processes 698 
observed on spontaneous reaction of compound of type (1R)2 in toluene solution. The values 699 
determined directly from a mixture of palladium acetate and the corresponding amines are also 700 
included for comparison purposes 701 

 702 

 703 

  704 
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Table 3 Kinetic and thermal and pressure activation parameters for the two quantified processes 705 
observed on spontaneous reaction of compound of type (1R)2 in acetic acid solution. The values 706 
determined directly from a mixture of palladium acetate and the corresponding amines are also 707 
included for comparison purposes 708 

 709 

 710 

  711 
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Table 4 Crystal data and structure refinement for complexes (2F)2 and (2CF3)2 712 

 713 

 714 

 715 

  716 
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Scheme 1 717 

 718 

 719 

 720 

 721 

 722 

  723 



28 
 

Figure 1 724 

 725 

 726 

 727 

 728 

 729 

 730 

 731 

  732 



29 
 

Scheme 2 733 

 734 

 735 

 736 

 737 

 738 

 739 

 740 

  741 



30 
 

Figure 2 742 

 743 

 744 

 745 

 746 

 747 

 748 

  749 



31 
 

Figure 3 750 

 751 

 752 

 753 

 754 

 755 

  756 



32 
 

Figure 4 757 
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