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Abstract 

Meta- and para-substituted 1-phenylpyrazoles (R-phpyz-H) react with [RuCl2(p-cymene)]2 in the 

presence of NaOAc to form cyclometallated complexes [M(R-phpyz)Cl(p-cymene)] (where R = 

NMe2, OMe, Me, H, F, CF3 and NO2). Experimental and DFT studies indicate that product formation 

can be reversible or irreversible depending on the substituents and the reaction conditions. 

Competition experiments show that the kinetic selectivity favors electron-donating substituents and 

correlate well with the Hammett parameter giving a negative slope (ρ = -2.4) that is consistent with a 

cationic transition state. However, surprisingly, the thermodynamic selectivity is completely opposite, 

with substrates with electron-withdrawing groups being favored. These trends are reproduced with 

DFT calculations that locate rate-limiting transition state dominated by Ru–O bond dissociation and 

minimal C–H bond elongation. Detailed computational analysis of these transition states shows that 

C−H activation proceeds by an AMLA/CMD mechanism through a synergic combination of a C–

H→Ru agostic interaction and C–H…O H-bonding. NBO calculations also highlight a syndetic 

bonding term, and the relative weights of these three components vary in a complementary fashion 

depending on the nature of the substituent. With meta-substituted ligands H/D exchange experiments 

signal kinetically accessible ortho-C–H activation when R = NMe2, OMe and Me. This is also 

modelled computationally and the calculations also highlight the kinetic relevance of the HOAc/Cl 

exchange that occurs post C–H bond cleavage, in particular with the bulkier NMe2 and Me 

substituents. Our study highlights that the experimental substituent effects are dependent on the 

reaction conditions and so using such studies to assign the mechanism of C−H activation in either 

stoichiometric or catalytic reactions may be misleading. 
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Introduction. 

 

The use of Ru catalysts in combination with carboxylate salts has become a popular basis for the 

catalytic functionalisation of aromatic C–H bonds.1,2,3,4  Such systems generally involve an initial C–H 

activation step, usually5 mediated by a directing group to form an ortho-cyclometallated intermediate 

that can react on with a coupling partner to produce a variety of heterocyclic or C–H functionalised 

products.  The mechanisms of the C–H activation processes within these catalytic systems are 

routinely probed using both experimental and computational methods, often most powerfully when 

both approaches are used in combination.6 Experimentally, the reversibility of the C–H activation step 

is addressed via H/D exchange reactions (both with and without the coupling partner being present) 

and kH/kD kinetic isotope effect (KIE) experiments can shed light on the kinetic relevance of the C–H 

activation process within the overall catalytic cycle.   

 

Computational methods perhaps provide the most direct way to interrogate the intimate nature of the 

carboxylate-assisted C–H bond activation process. Over the years a large number of studies7 have 

characterised a base-assisted C–H cleavage at a variety of metals, whereby interaction of the C–H 

bond with an electron deficient metal centre renders the C–H bond susceptible to cleavage by a 

chelating carboxylate base.3-4, 8 Fagnou called this process ‘Concerted Metallation Deprotonation’ 

(CMD)9 and we also introduced the term ‘Ambiphilic Metal-Ligand Assistance’ (AMLA)7a to 

emphasize the dual role of metal centre and chelating base in effecting C–H bond cleavage. We have 

argued that when the base is bound to the metal centre AMLA and CMD are essentially the same 

process and in the following we will use these two terms in conjunction (see Figure 1). Previously, 

Ess and Goddard had coined the term ‘Internal Electrophilic Substitution’ to describe related 

processes at Ir(acac)2(OR) fragments (R = Me, C(O)Me; acac = acetylacetonate).10 This places more 

emphasis on the contribution of the electrophilic metal centre and has subsequently been extended to 

‘Base-assisted Internal Electrophilic Substitution’ (BIES), which acknowledges the important role 

played by the base.  
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Figure 1. Proposed transition states for C–H activation using internal and external carboxylate-

assisted bases.    
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Two experimental kinetic studies on carboxylate-assisted C–H activation at Ru have been reported by 

Dixneuf and Jutand and co-workers. Using pre-formed [Ru(OAc)2(p-cymene)] they proposed that the 

cyclometallations of 2-phenylpyridine,11  2-phenylpyrazole and 2-phenyl-2-oxazoline12 in acetonitrile 

involved an autocatalytic process, whereby the acetic acid released in the reaction facilitates acetate 

dissociation in the bis-acetate precursor. On the basis of a rate-enhancement observed upon adding 

acetate, the C–H bond cleavage event was proposed to involve an SE3 process involving an external 

acetate base (Figure 1). Similar external deprotonation processes have also been found to be favoured 

computationally at Ru,4a,13 although in general computational studies have tended to focus on the 

intramolecular pathway. An alternative interpretation of the SE3 reaction is that the external base acts 

to deprotonate an agostic C–H bond, and we have termed such reactions external-CMD.7b These two 

views of external deprotonation have parallels in the discussion of internal deprotonation processes as 

proceeding via agostic (AMLA/CMD) or Wheland (SEAr) intermediates.14  

 

Against this complex mechanistic backdrop, aromatic substrate substituent effects have been widely 

used as an experimental means to elucidate the nature of the carboxylate-assisted C–H cleavage step.  

For Ru many catalytic systems have been assessed in this way, often by a competition reaction 

between two substrates, one with an electron-withdrawing substituent and one with an electron-

releasing substituent. Several examples have been reported where electron-releasing substituents 

enhance the reaction efficiency,4b, 15 and such observations have been taken as evidence for a BIES 

mechanism over AMLA/CMD.15f  In other, apparently related systems, electron withdrawing 

substituents have been shown to enhance reactivity,16,17 while in some cases no significant substituent 

effect is seen.18,15e This apparent dichotomy in selectivity is not new and nor is it restricted to Ru. As 

long ago as 2008, Fagnou and Gorelsky showed that the rates of direct arylation reactions at Pd could 

be enhanced (relative to benzene) for substrates fitted with either electron-rich or electron-

withdrawing substituents.19 They were subsequently able to rationalise these observations in terms of 

an activation strain model that showed electron-poor substrates exhibited less distortion in the 

transition state, whereas electron-rich substrates benefitted from better interaction with the metal 

centre.20 We subsequently demonstrated different selectivities in the reactions of 1-(aryl)-

methanimine substrates at [MCl2Cp*]2 dimers depending on whether the reaction was under 

thermodynamic (M = Rh) or kinetic (M = Ir) control.21 Very recently we have also shown how the 

same C–H activation reaction at a given metal centre can exhibit opposing substituent effects 

depending on the reaction conditions.22  Thus the acetate-assisted cyclometallations of para- and 

meta-substituted 1-phenylpyrazoles at [MCl2Cp*]2 dimers (M = Rh, Ir) each exhibit a negative 

Hammett plot that reflects rate enhancement with electron-releasing substituents. However, the same 

reactions can favour products with electron withdrawing substituents upon heating to achieve 

equilibrium. A single reaction can therefore show opposing substituent effects depending on whether 

the process is under kinetic or thermodynamic control. This has important implications for the 
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interpretation of the mechanisms of C–H activation, both as a stoichiometric process and within a 

catalytic cycle.  

 

In this paper we extend our previous study on the reactivity of [MCl2Cp*]2 dimers (M = Rh, Ir) to the 

isoelectronic [RuCl2(p-cymene)]2 system. Through a combination of experimental and DFT studies 

we demonstrate apparently contradictory substituent effects in the cyclometallation reactions of 1-

phenylpyrazoles. The interpretation of these observations is readily understood in terms of kinetic and 

thermodynamic control of reactivity and DFT calculations are employed to support these conclusions 

and provide insight into the details of the C–H activation step that proceeds by an AMLA/CMD 

process.      

 

Results and Discussion 

Reactions of the para-substituted 1-phenylpyrazole ligands (L1-R) with [RuCl2(p-cymene)]2, in 

MeOH or a mixture of DCM and MeOH in the presence of NaOAc gave the meta-substituted 

compounds 1-R (Scheme 1A). The corresponding meta-substituted ligands L2-R have two possible 

sites for cyclometallation giving rise to ortho- or para-substituted products (2-R and 3-R respectively 

Scheme 1B). All the compounds were fully characterized by 1H and 13C NMR spectroscopy and in 

several cases by X-ray crystallography (See ESI). Complex 1-H has been reported previously.23  

 

Scheme 1. Preparation of (A) meta-substituted cyclometallated complexes 1-R, (B) ortho- and/or 
para-cyclometallated complexes 2-R and 3-R. Reactions were carried out at room temperature as 
standard. Ratios in parentheses were obtained after heating at 50 °C in MeOH/DCM (1:4). 

The 1H NMR spectra of 1-R show that the A2B2 system from the para-substituted phenyl in the free 

ligand disappears due to cyclometallation. In addition the four aromatic protons of the p-cymene 

become inequivalent as do the two methyl groups of the isopropyl consistent with the Ru atom 

becoming chiral.  

Monitoring the reactions by 1H NMR spectroscopy often showed the presence of [RuCl(OAc)(p-

cymene)]24 (<20%) after relatively short periods of time. This gradually reduced as the reaction 
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progressed though sometimes even at long reaction times some remained. In addition, unlike reactions 

with [MCl2Cp*]2 (M = Ir, Rh) which gave just one cyclometallated product, reactions with [RuCl2(p-

cymene)]2 often gave a second product believed to be an acetate coordinated species 1-R(OAc) which 

disappeared over time. This was confirmed with L1-H  by using two equivalents of acetate per Ru that 

gave rise to two products in a 1:1 ratio after 15 minutes. After 24 hours the ratio had changed to 1:6.9 

favouring the chloride product 1-H. Addition of LiCl to the NMR sample converted the remaining 1-

H(OAc) to 1-H. Hence when monitoring reactions LiCl was routinely added to the NMR sample to 

reduce the number of species present.  

As found for [MCl2Cp*]2 (M = Ir, Rh)22 reactions with electron-donating substituents were faster. The 

reaction with L1-NMe2 reached 85% conversion in 3 hours, L1-F reached 93% conversion in 21 

hours whilst L1-NO2 required heating at 40 °C for 96 hours to give a conversion of 75%. The 

reactions with meta-substituted ligands L2-R gave only the para isomer 3-R except when R = OMe 

or F for which a mixture of isomers was formed with the ortho isomer 2-R being slightly favoured. As 

found previously for the corresponding Cp*Rh complexes, the ortho:para ratio changed over time. 

This suggests that these reactions are reversible (see deuteration below). For both L2-R (R = OMe, F) 

the ortho isomer becomes more favoured over time; for R = F heating at 50 °C led to a 48:1 ratio in 

favour of the ortho isomer. Fairlamb et al. showed that cyclometallation of fluorinated 

dimethylbenzylamines with PdCl2 gave exclusively the para-isomer, whereas use of Pd(OAc)2 led to 

formation of a mixture of ortho- and para-isomers. They attributed this difference to a change in 

mechanism of C–H activation from SEAr with PdCl2 to AMLA/CMD with Pd(OAc)2. Fairlamb et al. 

recently suggested that formation of the ortho isomer in the cyclometallations of fluorinated 

dimethylbenzylamines at Pd was evidence for a CMD/AMLA mechanism.25  

Several of the cyclometallated products (1-R, R = OMe, F, CF3 and NO2; 2-F) were suitable for X-ray 

diffraction and the structures all show the expected piano stool geometry with the p-cymene ring 

bonded asymmetrically to the metal center with two long RuC bonds [2.24 – 2.29 Å ] (trans to the 

cyclometallated bond, RuC(9)) and four short ones [2.15 – 2.23 Å] (see Figure S1 for structures and 

Table S1 for selected bond lengths and angles). For the meta-substituted complexes, 1-R, the 

RuC(9) bond length is statistically the same in all the complexes [2.055(6) - 2.069(3) Å] whilst in 

ortho complex 2-F it is slightly longer [2.082(3) Å].  
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As mentioned above changes in ortho:para ratios suggest that at least some of the reactions are 

reversible. This was probed by deuteration experiments, see Scheme 2. For ligands L1-R sites A and 

B are equivalent whereas for L2-R site A corresponds to formation of the ortho isomer and site B 

formation of the para isomer.  

 

Scheme 2. Room temperature H/D exchange for selected ligands (for more details see ESI Table S2).  

For L1-NMe2 H/D exchange did occur, albeit very slowly, at room temperature. However, with L1-

OMe no deuterium incorporation was detected after 10 days at room temperature. Similar 

experiments were carried out with some meta-substituted ligands L2-R. H/D exchange with L2-NMe2 

was much faster than with L1-NMe2 with >50% exchange within 2 hours. Surprisingly exchange 

occurs in both sites even though no formation of the ortho isomer was observed in the preparative 

reaction. For L2-OMe and L2-Me H/D exchange is slower than with L2-NMe2 but again occurs in 

both positions even though 2-Me is not observed as a product in the preparative reaction. The H/D 

exchange reactions show that ortho-C–H activation is accessible even in cases where no ortho 

cyclometallated product is formed.  

To investigate the relative rates of cyclometallation with the differently substituted ligands 

competition reactions were carried out (Scheme 3) and the results of individual experiments are 

shown in the ESI Tables S3 and S4.  

 

Scheme 3. Competition experiments to establish selectivity (for results of individual experiments see 

ESI Tables S3 and S4) 

The initial ratios at room temperature were measured after 15 minutes (reactions with very electron 

withdrawing groups required longer to reach measurable conversion) and these values were taken as 

indicative of kinetic selectivity.  The relative rates of reaction with the various substituents are shown 

in Tables S3 and S4 and the Hammett plot is shown in Figure 2. As can be seen, a good straight line 
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(correlation = 0.96) with a negative slope (-2.4) was obtained when using σm and σp. The negative 

slope arises from faster reactions with electron donating substituents and is characteristic of a cationic 

intermediate with some build-up of positive charge in the transition state. A plot using σm
+ and σp

+ 

(see Fig. S2) showed a significantly worse straight line with a correlation of 0.87 providing evidence 

against an SEAr mechanism. The slope of -2.4 is very similar to those found in related reactions with 

[MCl 2Cp*]2 (M = Ir, Rh) (-2.7 and -2.3 for Ir and Rh respectively) which were ascribed to an 

AMLA/CMD mechanism.22 

 

 

Figure 2 Hammett plot of log (kR/kH) for formation of meta and para-substituted complexes of Ru 

against σm and σp. 

As mentioned above some of the ortho:para ratios changed over time and the deuteration experiments 

suggested that at least some reactions are reversible at room temperature. To probe the 

thermodynamic selectivity the competition experiments were heated, if necessary with pivalic acid, to 

promote reversibility.26  The results are plotted as log(KR/KH) (KR/KH = equilibrium ratio with respect 

to H) versus the Hammett parameter (Figure 3) and show a reasonable straight line27 but now with a 

positive slope demonstrated that ligands with more positive Hammett values (i.e. with electron 

withdrawing substituents) are the more thermodynamically stable products. This is entirely opposite 

to the kinetic selectivity for which electron donating groups are favored. This reversal of selectivity 

shows that a single mechanism can favour either electron donating groups or electron withdrawing 

groups based on the reaction conditions.  
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Figure 3: Hammett plot of log(KR/KH) for formation of meta and para-substituted complexes of Ru 
against σm

 and σp.  

 

Computational Studies  

Kinetic and Thermodynamic Selectivities. DFT calculations were employed to define the 

mechanisms associated with these cyclometallation reactions. The calculations were based on our 

previously published protocol21 with optimised geometries and thermodynamic corrections computed 

with the BP86 functional, with further corrections for basis set, dispersion and solvation effects. The 

choice of solvent in the calculations had a significant effect on the computed energetics. 

Experimentally the competition reactions were carried out in 4:1 mixtures of DCM:methanol. 

Continuum solvation corrections were therefore assessed for both pure methanol (ε = 32.6) and pure 

DCM (ε = 8.93). The computed results in methanol tend to give lower barriers that were more 

compatible with the reversibility seen in some of the cyclometallation processes. In addition, in 

previous work with [RuCl2(p-cymene)]2 we have found that that even a few equivalents of MeOH in 

DCM is enough to promote loss of chloride, possibly due to specific solvation effects.28 We therefore 

present the results computed in methanol and provide the equivalent data computed in 

dichloromethane in the ESI. Importantly, the trends in reactivity discussed below are independent of 

solvent choice. 

The initial reaction of the [RuCl2(p-cymene)]2 dimer (A) with NaOAc can form either [RuCl(OAc)(p-

cymene)] (B)  or [Ru(OAc)2(p-cymene)] (C) and, as noted above, we found chloride species B to 

persist during the preparative cyclometallation reactions. In the absence of added ligand, reaction of 

[RuCl(OAc)(p-cymene)] with excess NaOAc in MeOH slowly forms [Ru(OAc)2(p-cymene)], C, over 

time, suggesting the latter is thermodynamically more stable.29 However, given this slow rate of 

Cl/OAc exchange we have assumed [RuCl(OAc)(p-cymene)] to be the dominant species present prior 
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to reaction was the added ligands. Therefore in the following all free energies are quoted relative to 

the combined energies of B with any necessary ligands set to 0.0 kcal/mol.30  

Computed free energy profiles for the reactions of ligands L2-NMe2 and L2-NO2 with B to generate 

the para-substituted products 3-NMe2 and 3-NO2 are shown in Figure 4. Addition of L2-NMe2 to B 

can give either Do (at -3.0 kcal/mol, as shown) or Dp (at -1.9 kcal/mol) in which the para-NMe2 

substituent is rotated away from the metal centre. As interconversion between these two species is 

likely to be accessible31 we have taken Do to be the most stable precursor and this species is used in 

the calculation of the energy span.32 Rearrangement to Dp and acetate dissociation generates Ep at -0.8 

kcal/mol from which C–H activation proceeds in two steps, the first being the κ2-κ1 displacement of 

acetate to form an agostic intermediate, Int(E-F) p, at +7.0 kcal/mol. The C–H bond in Int(E-F) p is 

thus polarized, allowing for its facile deprotonation by the pendant arm of the κ1-OAc ligand to give 

an initial cyclometallated species, Fp, at +2.5 kcal/mol. Dissociative substitution of HOAc by Cl- 

proceeds via 16e F1p at +9.9 kcal/mol to give Gp (equivalent to 3-NMe2 in the experimental study) at 

-5.4 kcal/mol. The reaction therefore proceeds with an overall barrier of 14.7 kcal/mol in which 

TS(E-F)1p is rate-limiting. The reverse reaction entails a barrier of 17.1 kcal/mol.33 Note that we have 

not attempted to compute transition states for the dissociation of HOAc from Fp, or for Cl- addition to 

F1p to form Gp and we return to this point in the Discussion section. 

 

Figure 4. Computed free energy profiles (kcal/mol) for the reactions of L2-NMe2 (blue) and L2-NO2 

(black) at [RuCl2(p-cymene)]2. Free energies are quoted relative to [Ru(Cl)(OAc) (p-cymene)] (B) and 
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the free ligand set to 0.0 kcal/mol. aThe more stable Do rotamers are shown; Dp is located at -1.9 

kcal/mol for L2-NMe2 and at +0.6 kcal/mol for L2-NO2. 

With 2-NO2 a similar reaction profile is computed with the exception that no agostic intermediate is 

located. C–H activation therefore proceeds in one step from Ep via TS(E-F)p at +20.4 kcal/mol. This 

represents a significantly higher overall barrier and reflects several accumulative effects: (i) less 

favourable ligand binding to form Do/Dp; (ii) harder acetate loss to form Ep, and (iii) a more difficult 

C–H activation step. Conversely, HOAc/Cl- substitution is much more favourable and gives Gp (i.e. 3-

NO2) at -10.3 kcal/mol. Formation of 3-NO2 is therefore computed to be favoured thermodynamically 

over 3-NMe2, but the latter is favoured kinetically. This nicely captures the experimental observations 

that indicate the particular outcome will depend on the reaction conditions.  

 

 

Figure 5. Plots of computed values of ∆G‡ and ∆G (kcal/mol) against σm and σp Hammett 

constants for the reactions of L1-R and L2-R to form 1-R and 3-R. 
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Extending the above study to the remaining L2-R ligands and the set of para-substituted L1-R 

ligands (that give meta-substituted products 1-R) allowed us to define overall free energy barriers, 

∆G‡, and overall free energy changes for product formation, ∆G, in each case. Plots of ∆G‡ and ∆G 

against the appropriate Hammett parameters are shown in Figure 5 and in both cases reasonable 

correlations with R2 > 0.91 are found. Most importantly these extended data sets reiterate the opposing 

trends seen experimentally, with products featuring electron-withdrawing substituents being favoured 

thermodynamically, while those with more electron-donating substituents are kinetically favoured. 

Overall this means that substrates featuring the most electron-donating substituents will be most likely 

to exhibit reversible C–H activation. Experimentally H/D exchange is seen with L2-NMe2, L2-OMe, 

L2-Me and L1-NMe2 and computationally these do exhibit the lowest activation barriers for the 

reverse proto-demetallation (17.1 kcal/mol, 21.3 kcal/mol, 22.8 kcal/mol and 21.2 kcal/mol, 

respectively). 

An external deprotonation mechanism was also assessed for all ligands, and transition states for this 

process in methanol were found to lie between 3 and 7 kcal/mol above those for intramolecular C–H 

activation. In dichloromethane, in contrast, external deprotonation becomes competitive, in particular 

for ligands bearing electron-withdrawing groups. However, whereas plots of ∆G‡ and ∆G against 

Hammett parameter provided excellent correlations when based on the intramolecular transition states 

computed in dichloromethane (R2 = 0.91 and 0.95 respectively), a similar plot based on the external 

deprotonation gives a poor correlation (R2 = 0.63, see ESI). This may be taken as evidence that 

external deprotonation is not occurring in these systems. However, we suggest that the presence of 

20% methanol in the mixed DCM/methanol solvent system used experimentally is sufficient to reduce 

the barriers to intramolecular C–H activation such that the computed results in methanol provide a 

more appropriate fit to the experimental results. Indeed, computed barriers for intramolecular C–H 

activation are 6-9 kcal/mol lower in methanol and most of this difference can be ascribed to the easier 

dissociation of Cl- to form precursor Ep.       

Ortho C–H Activation. Pathways for ortho-C–H activation in L2-NMe2, L2-OMe, L2-Me and L2-F 

were computed to account for the ortho-H/D exchange and the time-dependent ortho:para ratios 

observed with L2-OMe and L2-F. Truncated computed profiles highlighting the key stationary points 

governing the overall energetics of these processes are presented in Figure 6, along with the 

equivalent plots for the competing para-C–H activations. In all cases the thermodynamic preference 

seen experimentally is reproduced by the calculations, with ortho-substituted products favoured with 

L2-OMe and L2-F and the para-substituted products with L2-NMe2 and L2-Me. An important 

additional factor in accounting for the selectivities is the high energy of F1o computed with L2-NMe2 

and L2-Me. This reflects a steric clash between these larger ortho substituents and the p-cymene ring. 
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As a result the HOAc dissociation step becomes kinetically relevant and has the effect of increasing 

the overall barrier to ortho-C–H activation. The formation of the para-substituted products, 3-Me and 

3-NMe2, is therefore favoured kinetically as well as thermodynamically, as seen experimentally. With 

the sterically less demanding L2-F and L2-OMe ligands C–H activation is rate-limiting for both the 

ortho- and para-pathways: for L2-OMe TS(E-F)o is favoured by 0.7 kcal/mol, consistent with the 

small experimental preference for the formation of 2-OMe over 3-OMe at short timescales. With L2-

F TS(E-F)p is 0.2 kcal/mol more stable than TS(E-F)o, and appears to be inconsistent with the 

preferential formation of 2-F at short reaction times.  However, the ortho- and para-C–H activation 

pathways are clearly kinetically competitive. The situation may also be further complicated by the 

energetic proximity of intermediates F1 to the C–H activation transition states TS(E-F) and we return 

to this point in the Discussion section below. 

 

 

Figure 6. Computed free energy profiles (kcal/mol) for the cyclometallation reactions of L2-R at 

[Ru(OAc)Cl(p-cymene)]; ortho-C–H activation shown in red and para-C–H activation in blue. 

 

The reaction profiles in Figure 6 indicate that ortho-H/D exchange in the ligand could occur either via 

(i) ortho-C–H bond cleavage via TS(E-F)o to form Fo, followed by H/D exchange with solvent at Fo 

to form a bound AcOD ligand and subsequent deutero-demetallation, or (ii) formation of Go (i.e. 2-R) 

and free AcOH, H/D exchange with solvent to form AcOD, which then reverses the overall 

cyclometallation process. This analysis makes an important distinction between the C–H bond 

activation event (to form Fo) and the overall cyclometallation process (to form Go/2-R). Indeed ortho-

C–H bond cleavage is surprisingly accessible even in the presence of bulky ortho-NMe2 and -Me 

substituents. The fact that no ortho-cyclometallated products are seen with these ligands is more in 

line with the general expectation that ortho:para selectivities are dominated by steric effects. In our 

computed profiles this steric selectivity only becomes apparent after the C–H bond cleavage event, 

presumably as any steric impact only becomes sufficient to play a role once the Ru–aryl bond is in 
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place.  Indeed the very same steric effect may be responsible for facilitating the κ2-κ1-dissociation of 

the acetate ligand that is a major component of the C–H activation process via TS(E-F)o and thus 

making ortho-C–H bond cleavage more accessible (see the transition state analysis below). For L2-F 

and L2-OMe electronic factors are more prevalent and an ortho-F effect has been invoked to account 

for the thermodynamic preference for C–H activation ortho to F34 and also appears to be relevant for 

other electronegative substituents such as OMe.       

Analysis of Rate-Limiting Transition States. The rate-limiting transition states for the C–H 

activation of L2-NMe2 and L2-NO2 were considered in more detail using a combination of Quantum 

Theory of Atoms in Molecules (QTAIM),35 Non-Covalent Interaction (NCI) plots36 and Natural Bond 

Orbital (NBO) analyses.37 The results are shown in Figure 7, which also includes the parent L-H  

ligand for comparison. L-H undergoes a one-step C–H activation similar to that characterised for L2-

NO2.   

 

Figure 7. Analysis of rate-limiting transition states for the C–H activation of L2-NMe2, L-H  and L2-

NO2. (a) Computed geometries with selected distances in Å (plain text) and computed NBO atomic 

charges at the activating C–H bond (in italics); (b) QTAIM molecular graphs: contours are plotted in 
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the Ru–Cortho–Hortho plane; BCPs and RCPs are shown as green and pink spheres respectively, with 

selected BCP electron densities, ρ(r), in eÅ-3; (c) NCI plots: isosurfaces generated for s = 0.3 au and 

−0.07 < ρ < 0.07 au; (d) Key donor-acceptor interactions from NBO 2nd order perturbation analyses.  

For all three ligands the major feature of the rate-limiting transition state is associated with the κ2-κ1-

displacement of the OAc ligand, with the Ru–O bond elongating from ca. 2.15 Å in the precursor 

intermediates Ep to over 2.8 Å in the transition states. As this occurs the phenyl ring of the ligand 

approaches the metal centre, although the Ru…Cortho contacts are still long at ca. 2.6 Å. All three 

transition states are ‘early’ in that they have minimal C–H bond elongation (1.10 – 1.13 A), with a 

trend towards shorter Ru…Hortho and Hortho…O distances discernible from L2-NMe2 through L2-H  to 

L2-NO2. Despite this some polarization of the ortho-C–H bonds is seen, in particular through 

increased negative charge on Cortho.38  These general features are reflected in the QTAIM molecular 

graphs in Figure 7(b). These show Ru…Cortho and Hortho…O bond paths, but these represent weak 

interactions at this point, as evidenced by low bond critical point (BCP) electron densities, ρ(r). The 

Cortho–Hortho bonds are only slightly perturbed in these transition states, with ρ(r) values marginally 

lower than the adjacent spectator Cmeta–Hmeta bonds. The bond paths around the Ru…Cortho–Hortho-…O–

C–O moiety encircle a ring critical point (RCP) and graphically illustrate the 6-membered nature of 

these AMLA-6 transition states.39 The Ru…Cortho bond paths also show increased curvatures near Cortho 

along the series; this feature usually reflects electron deficiency and so correlates with the trend from 

the electron-donating p-NMe2 substituent to the electron withdrawing p-NO2 group.  

More insight into these interactions can be seen in the NCI plots in Figure 7(c). NCI plots highlight 

regions of weak interactions and are colour coded, with stronger stabilising interactions in blue, 

weaker stabilising interactions in green and stronger destabilising areas in red. The main features are 

highlighted in Figure 7(c) for L-H . Firstly, the presence of a light blue disk along the Hortho…O bond 

path indicates the presence of hydrogen bonding. Secondly, the Ru…Cortho–Hortho interaction is shown 

in the much broader (stabilising) turquoise feature, which is interrupted by a red region that aligns 

with the centre of the Cortho–Hortho bond. This indicates an area of destabilising charge depletion and 

this stabilising-destabilising-stabilising pattern highlights that both the Cortho and Hortho centres are 

interacting with the Ru to give an η2
C–H→Ru agostic bond. Similar patterns have been noted in Rh σ-

alkane complexes40 and Rh and Ag σ-amineborane41 complexes. Thus these NCI plots can enhance 

the bonding information emerging from the more localised BCP and RCP data of the QTAIM study.42  

The NCI plot for L2-NO2 is very similar to that for L-H , but for L2-NMe2 both the agostic and H-

bonding features are less well defined. The reasons for this can be seen in the donor-acceptor 

interactions provided by the NBO 2nd order perturbation analysis (see Figure 7(d)). For the parent L-H  

system the largest interaction (24.5 kcal/mol) involves σC–H→Ru σ-donation. Ru→σ∗C–H back-

bonding is fairly limited, however, significant donation from the O lone pairs into the σ∗C–H orbital is 
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computed (7.3 kcal/mol).  An additional significant interaction is also seen in donation from a πC=C 

orbital on the phenyl ring to Ru (15.6 kcal/mol). This contribution has been termed ‘syndetic bonding’ 

by Nielson and Schwerdtfeger in their studies on agostic bonding43 and the cyclometallation of 

dimethylbenzylamine at Pd(OAc)2.44 The weightings of the agostic, H-bonding and syndetic 

contributions vary with the para substituent: for L2-NMe2 the syndetic term is enhanced (19.1 

kcal/mol) while σC–H→Ru donation and OLP→σ∗C–H donation are diminished (13.6 kcal/mol and 3.0 

kcal/mol respectively); with L2-NO2 the opposite is seen, with σC–H→Ru and OLP→σ∗C–H donation 

increasing to 25.4 kcal/mol and 9.8 kcal/mol respectively, while the syndetic term falls to 8.2 

kcal/mol. 

Discussion. 

The key outcome of this study is to highlight how the use of ligand substituent effects to interpret the 

detailed mechanism of a C–H activation process may depend crucially on the reaction conditions 

employed. This reinforces the outcomes of our previous study on related [MCl2Cp*]2 systems (M = 

Rh, Ir).22  For the current 1-phenylpyrazole systems stoichiometric cyclometallation at Ru is enhanced 

by electron-donating substituents when under kinetic control, or favoured by electron-withdrawing 

substituents when under thermodynamic control. When considering catalytic systems, the role of the 

C–H activation within the overall cycle must also be considered: is the C–H activation overall rate-

limiting, or is it a pre-equilibrium step prior to a later rate-limiting functionalisation process? If the 

former, a substituent effect would reflect kinetic control, but for the latter the C–H activation would 

be reversible and so any substituent effect might reflect thermodynamic control.  In the latter scenario 

the effects of substituents on the steps later in the catalytic cycle also need to be considered.    

Defining the role of C–H activation within a catalytic cycle is usually addressed via H/D exchange 

and kH/kD KIE experiments. For the former it is important to consider H/D exchange both in the 

presence and the absence of coupling partner substrates, while a significant kH/kD KIE will indicate 

that C–H activation is rate-limiting. However, if a kH/kD KIE is not observed it does not necessarily 

mean that C–H activation is not rate-limiting. This is evident in the rate-limiting transition states 

computed in this study; these exhibit very early transition state geometries with minimal C–H bond 

elongation and hence would not be expected to show a significant kH/kD KIE.  We have previously 

demonstrated this both computationally and experimentally for the Ru-catalysed coupling of 3-

phenylpyrazole with alkynes.6g    

The transition state analyses draw on a number of electronic structure techniques to highlight the 

agostic and H-bonding interactions that are central to the AMLA concept. In particular “AMLA” 

emphasizes how these two components work together synergically to cleave C–H bonds.7a This 

picture is added to by the syndetic bonding term, and our present study highlights how these three 

components vary depending on the nature of ligand substrate. Thus the single AMLA/CMD 
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mechanism can accommodate a range of ligand substrates of differing electronic character. The 

present substituted 1-phenylpyrazole ligands all react via an AMLA/CMD process that is favoured by 

electron-releasing substituents when under conditions of kinetic control, or by electron-withdrawing 

substituents when under thermodynamic control. While this pattern is observed for the current system, 

other metal/substrate combinations have been shown to proceed by an AMLA/CMD pathway that are 

favoured both kinetically and thermodynamically with electron-withdrawing groups.9, 20a, 45  

The characterisation of C–H activation processes as following a BIES mechanism is usually founded 

on the observation that electron-donating substituents enhance reactivity, but our present and previous 

studies21,22 suggest this can also be consistent with an AMLA/CMD process. Indeed in our view BIES 

is indistinguishable from AMLA/CMD. Moreover, the use of the descriptor ‘electrophilic’ is 

potentially unhelpful as it could be associated with an SEAr process, and thus not to apply to reactions 

which are favoured by electron-withdrawing substituents.  Factors other than C–H bond cleavage may 

also contribute to the overall C–H activation barrier. In the present cyclometallation reactions, the 

interactions involving the C–H bond in the rate-limiting transition states are all relatively weak and 

the major geometric change required to access the C–H bond cleavage transition state involves Ru–O 

bond dissociation. In addition, both this process and the initial ligand binding and anion dissociation 

steps (B → D and D → E) all contribute to the energy span that corresponds to the overall activation 

barriers, ∆G‡. Given that all three of these factors are promoted by electron-releasing substituents this 

likely accounts for the good correlations seen in the kinetic Hammett plots both experimentally and 

computationally. 

Another feature of the computed pathways is the potential kinetic relevance of the formation and 

onward reaction of 16e intermediates such as F1 (see Figure 6).  In general, the details of any ligand 

loss and substitution processes have been overlooked in previous studies7b and this may be due, at 

least in part, to the difficulties in computing barriers for such processes. We have also not attempted 

to compute this here, however, assuming addition of HOAc or Cl- to F1 (to form F or G respectively) 

is diffusion-controlled with a rate k = 1 x 1010 M-1s-1 equates at room temperature to an additional 

barrier of 3.8 kcal/mol above F1. Thus intermediates such as F1 do not even represent a lower limit to 

the substitution barrier. Moreover, the free energy of F1 will have a strong entropic component that is 

known to be difficult to quantify with static gas-phase calculations.46  This discussion also assumes 

that a purely dissociative ligand substitution mechanism is valid.47  Ultimately the modelling of such 

processes will need to capture important specific solvation effects that require the development of 

efficient protocols to allow the use of more realistic chemical models and thus to provide improved 

physical insights into mechanistic processes in organometallic chemistry. 

 

Conclusions.  
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We have presented a joint experimental and computational mechanistic study on the cyclometallation 

reactions of substituted 1-phenylpyrazoles at [RuCl2(p-cymene)]2. The results show that a single C–H 

activation process may show contradictory substituent effects depending on the reaction conditions: 

under kinetic control ligands with electron-releasing substituent are favoured, whereas the opposite 

trend is seen under thermodynamic control. The reaction conditions must therefore be taken into 

account when using substituent effects to infer details about the mechanism of C–H activation. 

Moreover in catalysis the role of the C–H activation process within the catalytic cycle must also be 

considered. A detailed analysis of the rate-limiting transition states reveals an AMLA/CMD process 

with synergic contributions from agostic and H-bonding interactions. These are complemented by a 

syndetic bonding term, and the contributions of these three components are found to vary in a 

complementary fashion depending on the nature of the substituent. The major geometric change 

required to access the transition states involves the κ2-κ1 displacement of the acetate ligand with 

significant Ru–O bond elongation. These transition states therefore exhibit minimal C–H bond 

elongation and so would not be expected to show a significant kH/kD KIE. The overall energy span 

also involves ligand addition and Cl- dissociation, all of which are promoted by electron-releasing 

substituents. H/D exchange studies and computed reaction profiles reveal a surprising kinetic 

accessibility for ortho-C–H bond activation, even in cases where no ortho-cyclometalated product is 

observed. The kinetic relevance of HOAc/Cl- ligand substitution via a 16e intermediate is identified 

and the accurate modelling such processes is identified as a future challenge for computational 

chemistry.  
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