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Abstract. 

Combined experimental and computational mechanistic studies of the reactions of unsymmetrical, 
para-substituted N-aryl imidazolium salts, L2-R1,R2, at [MCl2Cp*]2 (M = Rh, Ir) in the presence of 
NaOAc are reported. These proceed via intermediate N-heterocyclic carbene complexes that then 
allow an internal competition between two differently substituted aryl rings towards C-H activation 
to be monitored. At 348 K in dichloroethane C-H activation of the aryl with the more electron-
withdrawing substituents is generally favored. DFT calculations show similar barriers for proton 
transfer and dissociative HOAc/Cl- ligand substitution, with proton transfer favoring electron-
donating substituents, and ligand substitution favoring electron-withdrawing substituents. 
Microkinetic simulations reproduce the experimental preference implying that the ligand 
substitution step dominates selectivity. For several substrates, notably L2-F,OMe and L2-F,H, 
running the C-H activation reactions at 298 K in the presence of added [Et4N]Cl reverses the 
selectivity. The greater availability of chloride in solution makes an alternative dissociative 
interchange ligand substitution mechanism accessible, leaving proton transfer as selectivity 
determining and so favoring electron-donating substituents. Our results highlight the potential 
importance of the ligand substitution step in the interpretation of substituent effects and 
demonstrate how a simple additive, [Et4N]Cl, can have a dramatic effect on selectivity by changing 
the mechanism of ligand substitution.  
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Introduction.   

The use of carboxylate salts to facilitate stoichiometric and catalytic C-H functionalisation is now well 
established.1-4 Within such studies competition between two differently substituted substrates is 
routinely employed to probe electronic effects and infer details about the C-H bond activation 
process. However, the results need to be interpreted with care, particularly for multi-step C-H 
functionalisations where the C-H bond activation may not affect the overall rate of reaction.  Early 
studies of palladium catalysed C-H functionalisation by both Maseras and Echavarren5-6 and by 
Fagnou provided examples that were favored by electron-withdrawing groups.7 Fagnou and Gorelsky 
later showed that both electron-withdrawing and electron-donating substituents can promote the C-
H activation of substituted (hetero)arenes relative to benzene.8 Similarly, studies of Cp*Rh-catalyzed 
C−H functionalization have often shown conflicting selectivity in terms of electronic effects with 
many reactions favoring electron-donating groups,9-18 while others favor electron-withdrawing 
groups.19-21  For example, the Cp*Rh-catalysed C-H functionalisation of azobenzenes with differently 
substituted phenyls22 with diazotized Meldrum’s Acid mostly favored activation of the phenyl with 
the more electron-withdrawing substituent. In contrast reactions of the same substrates with 
electron-deficient alkenes favored activation of the electron-donating phenyl.10 

Despite the outstanding success of carboxylate-assisted C-H functionalisation reactions, there are 
still relatively few studies where substrate electronic effects specifically on the C-H bond activation 
process itself have been reported. Early studies by Ryabov concentrated on Pd and showed that 
cyclometallation reactions were faster with electron-donating substituents23 but later showed that 
in some cases electron-withdrawing groups gave thermodynamically more stable products.24 Similar 
conclusions were later found for catalytic C-H functionalisation of acetanilides.25  Studies of 
substrate electronic effects on C-H activation at Cp*M (M = Ir, Rh)26-30 have been reported. We 
recently reported detailed studies of electronic and steric effects on acetate-assisted 
cyclometallation reactions of 1-phenylpyrazoles at Cp*M (M = Ir, Rh) 31 and (arene)Ru32 through 
intermolecular competition reactions  (see Scheme 1). This work established three key findings: (i) 
Substrates with electron-donating substituents were preferred kinetically, while those with electron-
withdrawing groups were favored thermodynamically. The reaction conditions therefore need to be 
considered when interpreting experimental observations. (ii)‘C-H bond activation’ in these systems 
actually comprises several steps, including initial substrate binding (A to B) and loss of an anionic 
ligand (B to C), then the actual C-H bond cleavage (proton transfer, C to D). (iii) The HOAc/Cl- 
substitution (D to E) can be kinetically important.  
 
Throughout this paper we will use the terms ‘C-H activation’ and ‘cyclometallation’ to describe the 
overall process of forming the final cyclometallated products as their Cl adducts (i.e. E, Scheme 1). C-
H bond cleavage involves a proton transfer and the latter term will be used to describe the specific 
step where the C-H bond is broken. In the systems under study this step occurs via an intramolecular 
proton transfer through an ambiphilic metal-ligand assisted/concerted metalation deprotonation 
(AMLA/CMD) mechanism.33 We will use this term, although BIES (base-assisted internal electrophilic 
substitution)34 and more recently eCMD (electrophilic-CMD)35 have also been used to describe very 
similar processes.   
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Scheme 1. (i) Key outcomes of previous work. (ii) Processes involved in the overall C-H 
activation/cyclometallation process. aAnion dissociation may precede the ligand addition step  

Since the intermolecular competition reactions in Scheme 1 have several steps contributing to the 
overall barrier to cyclometallation (A to E), it would be advantageous to consider an intramolecular 
competition reaction between two C-H bonds attached to the same directing group. In principle this 
would allow the proton transfer step (C to D) to be studied directly: if this step were irreversible 
then the proton transfer step would also determine the product ratios. However, this requires the 
HOAc/Cl- ligand substitution step (D to E) to play no role in the overall rate of the reaction and this 
has usually been assumed to be the case. 

There is one report of substituent effects on an intramolecular cyclometallation in the literature, the 
reaction of phosphinines L1 with [IrCl2Cp*]2 investigated by Müller et al. (Scheme 2a).36 After 1 hour 
para-1A was favored over ortho-1A with 1B still less favored. Over several days the ratios changed in 
favor of 1B with ortho-1A disappearing altogether. The authors concluded that 1A is the kinetic 
product (due to a faster reaction with the electron-donating OMe substituent) whilst 1B was the 
thermodynamic product, which the authors ascribed to steric effects. However, our recent work31 
suggests cyclometallation is thermodynamically favored by the more electron-withdrawing groups 
which would also be consistent with 1B being favored over 1A based on the Hammett parameters 
(σp(OMe) = -0.27 cf. σp(H) = 0). 
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Scheme 2. Substituents effects on intramolecular competition cyclometallation reactions; (a) 
literature precedent22, 36 and (b) the systems studied here.  

In order to gain further insight into the selectivity of the proton transfer step we decided to study 
intramolecular competition reactions using a range of differently substituted N,N’-diphenyl 
imidazolium salts (Scheme 2b). The proposed reaction scheme involves the initial formation of 
simple NHC complexes, C, by reaction with [MCl2Cp*]2 dimers (M = Rh, Ir) via C-H activation with 
acetate or by transmetallation. This is followed by a directed acetate-assisted C-H activation of one 
of the two phenyl rings to give the cyclometallated products E. In the course of our studies we 
discovered a marked effect of added chloride on the observed selectivities. This additive effect was 
rationalised through a DFT study and microkinetic modelling, a combination that is increasingly 
employed to unravel the details of organometallic mechanistic data.37  

Results and Discussion 

The majority of published procedures for the synthesis of diaryl imidazolium salts involve 
symmetrical salts, whilst methods to prepare unsymmetrical salts are relatively sparse. We chose 
the reaction of phenyl imidazoles with diaryliodonium salts, see Scheme 3.38 The diaryl imidazolium 
salts L2-R1,R2 were prepared in good yields. The salts L2-OMe,H, L2-Me,H and L2-F,H are known38 
whilst L2-Me,OMe, L2-Me,CF3, L2-F,Me, L2-F,OMe, L2-F,CF3, and L2-Cl,F are new compounds.  
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Scheme 3: Preparation of diarylimidazolium salts L2-R1,R2 and NMR labelling scheme. 

The reaction of L2-OMe,H with [IrCl2Cp*]2 and NaOAc in DCM or DCM/MeOH mixture at room 
temperature showed no formation of Ir–NHC species after 20 hours, just unreacted L2-OMe,H and a 
broad signal for Cp* at about δ 1.7.39 Changing the solvent to DCE and heating to 348 K for 1 hour 
led to two new species in about 1:2 ratio. Column chromatography provided a fraction heavily 
biased to the major product (10:1). The 1H NMR spectrum of the major product showed an AA’BB’ 
pattern with doublets at δ 7.04 and 7.87 with the former showing an NOE with the OMe signal, 
showing that the OMe ring had not been cyclometallated, hence the unsubstituted ring had been 
cyclometallated. A doublet of doublets at δ 7.74 showed an NOE with Cp* so was assigned to H6a 
(see Scheme 4). This NOE (and from H2a in the other isomer) is helpful in identifying the proton ortho 
to the cyclometallated carbon. Hence, the major product was cyclometallated on the unsubstituted 
phenyl ring i.e. 2a-OMe,H* (the asterisk will be used to refer to the cyclometallated ring) whilst the 
minor product was 2a-OMe*,H which had cyclometallated on the OMe-substituted ring.  
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Scheme 4: Cyclometallation of L2-R1,R2 with [MCl2Cp*]2 M = Ir, Rh showing NMR labelling. 

The lack of observation of a simple non-cyclometallated NHC adduct is consistent with CH activation 
of the imidazolium salt to form a simple NHC-bound complex being rate determining, as found 
previously,40 with subsequent cyclometallation being fast in comparison. However, since the 
postulated NHC intermediate is the same for both isomers the product ratio still reflects the 
electronic selectivity of the cyclometallation step(s). Hence, imidazolium salts L2-R1,R2 were reacted 
with the appropriate metal dimer [MCl2Cp*]2 (M = Ir, Rh) in the presence of NaOAc in DCE at 348 K 
(Scheme 4). Reactions with Ir, gave high conversions (>90%) after 1 hour, whilst for Rh conversions 
of about 60% were reached within 2-4 hours. The reactions with electron-withdrawing pairs (L2-Cl,F 
and L2-F,CF3) were found to take place at room temperature, likely due to the increased acidity of 
the imidazolium proton H4 with electron-withdrawing substituents.41 Nine Cp*Ir complexes and four 
Cp*Rh ones were characterised by 1H NMR spectroscopy and in some cases X-ray crystallography. 
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The reactions were repeated and the isomer ratios were measured before workup by 1H NMR 
spectroscopy and/or where applicable 19F NMR spectroscopy (see Table 1 and discussion below). In 
addition, four complexes 2a/b-OMe*,OMe and 2a/b-F*,F derived from symmetrical 
diphenylimidazolium salts were made by the same method. 

Three Ir complexes 2a-F*,OMe, 2a-F*,H, 2a-CF3*,H and 2a-OMe*,OMe gave crystals suitable for X-
ray diffraction and the structures of two are shown below in Figure 1 (the third is in the Supporting 
Information, Fig. S1). For all three complexes 2a-F*,OMe, 2a-F*,H and 2a-OMe*,OMe, the Ir—C(1) 
carbene distance [2.009(4), 2.011(8) and 2.022(6) Å respectively] is within the reported range [1.98-
2.06 Å] for Ir half-sandwich NHC complexes42-43 and is very similar to the Ir—C(11) cyclometallated 
carbon distance [2.056(4), 2.032(11) and 2.064(6), Å respectively]. As found for phenylpyrazole 
complexes31 there is no correlation between electronic characteristics of the substituents and the 
bond lengths. The bite angles of 77-78° for all three complexes are consistent with other Ir half-
sandwich NHC complexes.42-43  The structures are all well reproduced by DFT calculations (see the 
sets of computed Cartesian coordinates provided in the Supporting Information). 

Transmetallation reactions were undertaken in an attempt to isolate the NHC-bound intermediates 
and thus study the subsequent cyclometallation step directly. Ag44 and Cu45 NHC complexes were 
prepared by literature methods. In both cases reaction with [IrCl2Cp*]2 in DCM in the absence of 
NaOAc gave mixtures of products which included the cyclometallated complexes showing that this 
can occur even in the absence of acetate at room temperature. This is again consistent with 
activation of the imidazolium CH being rate limiting in the reactions in Scheme 4 discussed above. 
However, this precluded direct observation of the cyclometallation reactions. Repeating the 
reactions in the presence of acetate gave the isomeric cyclometallated products as the major species 
and, in the case of Cu the reactions showed only minor other products; hence this is a viable 
synthetic route to the cyclometallated complexes (see Scheme S1). 

To test whether the cyclometallation can be reversible, H/D exchange experiments were carried out 
in CD3OD with PivOD (See Scheme S2 and Table S2 for details) using the symmetrical chloride-bound 
product complexes 2a/b-OMe*,OMe and 2a/b-F*,F prepared from imidazolium salts L2-OMe,OMe 
and L2-F,F. None of the complexes showed D-incorporation at room temperature, however, heating 

  

2a-F*,OMe 2a-F*,H 

Figure 1: X-ray structures of 2a-F*,OMe and 2a-F*,H showing 50% displacement ellipsoids. 
Hydrogen atoms have been omitted for clarity. For crystal data and structure refinement see 
Table S1 
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2a/b-OMe*,OMe at 343 K for an hour resulted in high D-incorporation (>80%) for both metals 
indicating that the cyclometallations are reversible, at least under these conditions. Ir complex 2a-
F*,F showed no H/D exchange within 2 hours at 70 °C, whilst Rh complex 2b-F*,F showed about 20% 
D incorporation in the same time. Thus C–H activation of a phenyl with the more electron-
withdrawing substituent (F) is less reversible than one with an OMe-substituent; presumably the 
more electron-withdrawing group gives a more thermodynamically stable complex as found for 
phenylpyridines and phenylpyrazoles (see also DFT discussion below).31  

As the reactions in Scheme 4 are run with an excess of acetate, the cyclometallated products 
themselves could potentially be formed as acetate complexes. To investigate acetate-chloride 
exchange we made some of these acetate complexes and investigated their reaction with chloride 
(Scheme 5). Complexes 2a-F*,F and 2b-F*,F were each reacted with AgOAc in the dark at room 
temperature and after work up 2a-F*,F(OAc) and 2b-F*,F(OAc) were isolated and characterised by  
1H, 13C and 19F NMR spectroscopy. Many of the signals overlap with the chloride but some are 
sufficiently different to be easy to distinguish. 
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Scheme 5. Preparation of acetate complexes from 2a-F*,F and 2b-F*,F and reaction with [Et4N]Cl. 

The exchange of acetate by chloride was then investigated by reaction of 2a-F*,F(OAc) or 2b-
F*,F(OAc) with [Et4N]Cl in CDCl3 or CD2Cl2 (see Table S3). The data show that substitution at Rh is 
substantial after 5 minutes at room temperature, and is much faster than with Ir. On addition of a 
small amount of CD3OD (0.1 mL) over 95% conversions of 2a/b-F*,F(OAc) to the chloride complexes 
2a/b-F*,F were observed within 30 minutes showing that anion exchange is much faster in the 
presence of CD3OD.  

Overall, for both Ir and Rh the chloride complexes 2a/b-F*,F are thermodynamically preferred over 
acetate complexes 2a/b-F*,F(OAc) suggesting that if the latter are formed first they should be 
converted to the chloride complexes. This was also confirmed by DFT calculations (see below and 
Figs. S10-27 for Ir and Figs. S40-47 for Rh). However, depending on the metal and substituent, this 
may be slow in DCE at room temperature. Hence it was decided to test the direct C–H activation 
reactions with added [Et4N]Cl, anticipating that this might favor formation of the final chloride 
complexes. The chloride may also increase the acidity of the imidazolium salts (proton H4) allowing 
easier deprotonation and hence reaction at a lower temperature.41 
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Scheme 6. Cyclometallation of L2-R1,R2 with [MCl2Cp*]2 M = Ir, Rh upon reaction at 298 K with added 
[Et4N]Cl 

A selection of ligands, L2-Me,H, L2-F,H, L2-F,OMe, and L2-Cl,F, were reacted with [MCl2Cp*]2 (M = Ir, 
Rh) and NaOAc in the presence of added [Et4N]Cl (Cl:OAc ratio of 6:8) at room temperature (Scheme 
6). The ratios were measured at about 20% conversion and are noticeably different from the 
reactions carried out without [Et4N]Cl at 348 K (Table 1). The reactions were then heated to 323 K for 
1 hour and then to 348 K overnight with added PivOH in an attempt to reach thermodynamic 
equilibrium. The results for the isomer ratios (R1/R2) formed under different conditions are 
summarised in Table 1.  

Table 1. Ratios (R1/R2) of cyclometallated isomers formed under different reaction conditions 

   A B C 
Ir R1 R2 NaOAc  

 
NaOAc + 
[Et4N]Cl 

NaOAc + [Et4N]Cl + 
PivOH   

   348 °C Room temp 348 °C 
1 F OMe 4.10 0.91 6.00 
2 F H 3.10 0.31 6.60 
3 Me H 0.59 0.91 0.77 
4 Cl F 2.10 1.90 2.10 
5 CF3 F 3.2  

 

6 OMe H 0.77  
 

7 CF3 Me 15.0  
 

8 F Me 5.30  
 

9 Me OMe 0.83  
 

      
Rh R1 R2 A B C 

10 F OMe 7.0a 1.30 7.00 
11 F H 5.50 0.56 5.90 
12 Me H 0.59 0.83 0.59 
13 Cl F 1.90 1.90 2.00 
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The data in Column A show ratios when the reactions are performed at 348 K (Scheme 4), Column B 
shows the outcomes of the same reactions but run in the presence of [Et4N]Cl at room temperature 
(Scheme 6), whilst Column C reports the ratios after heating to 348 K in the presence of PivOH. For 
both metals it is clear that the ratios in Columns A and C are relatively similar, however, those in 
Column B are quite different. For Entries 1, 2 and 11 the selectivity has completely changed and the 
opposite isomer is favored in the presence of added chloride at room temperature, while it is only 
where both substituents are very electron-withdrawing (entries 4 and 13) that the ratio is not 
significantly affected.  

The ratios of cyclometallation at a substituted ring compared to the unsubstituted phenyl (%R/%H) 
have been calculated from the isomer ratios (see Table S4-S5) and the data displayed as Hammett 
plots.  The plots corresponding to Column C are shown in Fig, 2 (those for Column A are very similar 
and are shown in Fig. S2). As can be seen the data for Ir and Rh both have a reasonable correlation, 
with positive slopes (ρ = 2.9 and 2.8 respectively) indicating a preference for cyclometallation at the 
phenyl with an electron-withdrawing group, apparently consistent with thermodynamic selectivity.31 
In contrast, for Ir and Rh the data corresponding to the cyclometallation in the presence of [Et4N]Cl 
at room temperature (Column B) show essentially no correlation with Hammett parameter (Fig. S3). 

 

 

Figure 2: Hammett plot log(%R/H) against σm of isomer ratios for cyclometallation of L2-R1,R2 
with NaOAc in the presence of [Et4N]Cl and PivOH at 348 K, Ir (top) and Rh (bottom),. 
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It is clear from the discussion above that for both Ir and Rh the reactions at 348 K favor electron-
withdrawing groups, and this would normally be associated with a reaction operating under 
thermodynamic selectivity. However, the cyclometallations in the presence of [Et4N]Cl at room 
temperature do not give simple linear free energy relationship for either Ir or Rh. Therefore, added 
chloride is clearly affecting the outcome of these cyclometallation reactions and this is addressed 
below. 

Computational Results 

DFT calculations46,47 were performed to account for the selectivities observed experimentally and 
the impact of added [Et4N]Cl on these. We focus here on the reactions of L2-F,H, as this is one of the 
substrates that shows a clear change in selectivity in the presence of [Et4N]Cl. All other 
substrate/metal combinations in Table 1 were also computed and full details are provided in the 
Supporting Information as reaction profiles (Figures S4-S33 for Ir and S34-S52 for Rh) or sets of 
computed Cartesian coordinates. The results for Ir are discussed first and then compared with the 
equivalent reactions at Rh.  

We first modelled the reaction of L2-F,H at Ir conducted at 348 K in the presence of NaOAc (data in 
Column A, Table 1). The computed reaction profile is shown in Figure 3 and starts from the NHC 
precursor CH,F, the free energy of which is set to 0.0 kcal/mol. The competing proton transfers in CH,F 
proceed in a single step through 6-membered AMLA/CMD-type transition states TS(C-D)R to form 
cyclometallated intermediates DR as HOAc adducts. Both transition states are extremely early in 
terms of C-H bond elongation (C−H ≈ 1.14 Å), and instead this process is dominated by the 
dissociation of the Ir−O bond31-32 which is at an advanced stage (IrO ≈ 3.13 Å, see Figure 3 for 
TS(C-D)F). Proton transfer is therefore disfavored by electron-withdrawing substituents as this 
increases the Ir−O bond strength and so results in TS(C-D)F being slightly higher than TS(C-D)H (∆∆G‡ 
= 0.7 kcal/mol). In this model we assume that the onward reaction of DR to form ER proceeds as a 
dissociative HOAc/Cl- ligand substitution via 16e intermediates I(D-E)R; these show non-planar 
structures, likely due to the proximity of the N-aryl substituent to the Cp* ring (see Figure 3 for I(D-
E)F).  Transition states for either the addition of HOAc to I(D-E)R (i.e. the microscopic reverse of HOAc 
loss from DR) or Cl- addition to form ER could not be located as the approach of either ligand to I(D-
E)R was barrierless on the electronic energy surface. We therefore considered ligand addition to be a 
diffusion-controlled process with a rate constant of 1 x 1010 M-1s-1 that, at 348 K, equates to a barrier 
of 4.55 kcal/mol above I(D-E)R.48 These will be termed ‘diffusion-controlled barriers’ (DCBs) to 
emphasize their different origin to other, fully optimized, transition states in the reaction profiles. 
The energies of these DCBs also represent a lower limit to these ligand substitution barriers. Within 
this caveat, both C-H activation processes proceed from CH,F with modest overall barriers and are 
exergonic by ca. 21 kcal/mol.   
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Figure 3. Computed free energy profiles (BP86 functional with electronic energies corrected for 
dispersion (BJD3) solvent (DCE) and basis sets effects;46 kcal/mol, T = 348 K) for the competing 
cyclometallation reactions of CF,H. Geometries of TS(C-D)F (with Cp* and non-participating aryl H 
atoms omitted for clarity) and I(D-E)F are also shown, with key distances in Å  aDCB = diffusion-
controlled barrier – see text for details.  

Based on the DFT-computed product energies an EF/EH ratio of 7.3 is predicted at full 
thermodynamic equilibrium and this does qualitatively reproduce the preference for 
cyclometallation of the F-substituted ring seen experimentally. However, Figure 3 indicates 
computed return barriers from ER of ca. 31 kcal/mol, implying a slow approach to equilibrium, even 
at 348 K. Product ratios at shorter timescales were therefore also assessed. This was challenging as 
the highest points on the profiles, TS(C-D)R and DCB1R/DCB2R are all close in energy. Therefore, once 
DR is formed there will be competition between the reverse proton transfer and the onward 
substitution reaction to form ER.  Moreover, the preference for proton transfer in the unsubstituted 
ring via TS(C-D)H swaps to favor the F-substituted ring in DCB1F/DCB2F. To account for these factors 
the computed DFT barriers were converted into rate constants and used as a basis for microkinetic 
simulations using Copasi.49-50 These showed that conversion of C to EF and EH is extremely rapid (< 1 
second) and that the preference for cyclometallation of the F-substituted ring is established very 
rapidly, with an EF/EH ratio of 1.94 predicted at 1 second. This ratio did not change over 3600 
seconds, the timescale of a typical experiment.51 This outcome is in good agreement with the 
observed outcome (EF/EH = 3.10).  

DFT calculations with the other L2-R1,R2 substrates provided similar reaction profiles (see Figures 
CS7-24). In all cases the competition at DR between reverse proton transfer and onwards dissociative 
ligand substitution is maintained with TS(C-D)R and DCB1R/DCB2R always within 1.2 kcal/mol. For 
four of the substrates (L2-F,OMe, L2-Me,H, L2-F,Me and L2-CF3,Me) the swap in preference between 
TS(C-D)R (that favors the more electron-donating substituent based on σm Hammett parameters) 
and DCB1R/DCB2R (favoring the more electron-withdrawing substituent) is again seen.52 The 
experimentally observed ratios, those predicted via the simulations at 1 second and the equilibrium 
ratios from the DFT-computed product energies are compared in Table 2. With the exception of 
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Entry 9 (L2-Me,OMe), the isomer favored by the simulations at 1 second and the final equilibrium 
ratio agree with those observed experimentally. For all except Entries 6 and 9 the experimental and 
computed ratios favor cyclometallation at the phenyl with the more electron-withdrawing 
substituent. For Entry 6 (L2-OMe,H) cyclometallation at the unsubstituted phenyl is favored 
experimentally over the OMe-substituted one and this is matched in the simulation and by the DFT-
computed product energies.  No changes in any of the simulated ratios were seen over the 1-3600 
second timescale which is also seen experimentally. Thus, in this case the preference for reaction at 
the more electron-deficient aryl ring (that is normally associated with a thermodynamic preference) 
also emerges from the simulated ratios at both 1 and 3600 seconds. More generally, the chemical 
model employed, which shows a reversible proton transfer in competition with a subsequent 
dissociative ligand substitution (which under these conditions is irreversible), accounts well for the 
observed selectivities at 348 K in the absence of added chloride. 

Table 2. Experimental and Microkinetic Simulated (DFT/Copasi) Ratios (R1/R2) for Ir 

[IrCl2Cp*]2/NaOAc 348 K (no added chloride) 298 K (added [Et4N]Cl) 
Entry R1 R2 Experiment Simulateda,c Experiment Simulatedb 
    1 second Equilibrium  1 sc 
1 F OMe 4.10 4.54 12.6 0.91 0.50 
2 F H 3.10 1.94  7.33 0.31 0.31 
3 Me H 0.59 0.88 0.69 0.91 1.27 
4 Cl F 2.10 2.13 2.85 1.90 1.45 
5 CF3 F 3.20 4.84 6.29  2.17 
6 OMe H 0.77 0.37 0.42  0.78 
7 CF3 Me 15.00 11.15 79.2  0.54 
8 F Me 5.30 2.10 11.6  0.26 
9 Me OMe 0.83 2.08 1.03  1.63 

aA fixed chloride concentration of 1 x 10-6 mol/litre is assumed in the simulations reflecting the 
expected low solubility of NaCl in DCE.  b The concentration of chloride in the simulations was 52 x 
10-3 mol/litre reflecting the full solubility of [Et4N]Cl.  c Ratios are unchanged between 1 and 3600 
seconds simulation time. 

Experimentally, running the reaction at 298 K with added [Et4N]Cl leads to a swap in selectivity with 
L2-F,OMe and L2-F,H (Column B, Table 1 and Entries 1 and 2 in Table 2), while L2-Me,H and L2-Cl,F 
(Entries 3 and 4) show no change in the favored isomer and only minor variations in the ratios. Using 
the reaction profile in Figure 3, temperature effects were assessed by re-running the simulations at 
298 K53 and the data at 1 second of simulation time showed only minor changes in ratios to those 
computed at 348 K. Similarly increasing [Cl-] to 52 mmol/l (the maximum concentration assuming a 
100% solubility of [Et4N]Cl) showed only minimal further changes (see Table S7 and S8).  

Given these outcomes a different chemical model was required to capture the effects of added 
[Et4N]Cl at 298 K and this was achieved by introducing an [Et4N⋅Cl] ion-pair into the calculations. The 
resultant computed profile for L2-F,H is shown in Figure 4, where the combined energies of this ion-
pair and CH,F are set to 0.0 kcal/mol. For each point along the profile the possibility of Cl- transfer 
from the [Et4N⋅Cl] ion-pair to form an outer-sphere ion-pair with the cationic Ir species was assessed. 
For CH,F this was endergonic by 1.5 kcal/mol and similar ion-pairing also raised the energies of the 
proton transfer transition states.54  The proton transfer steps are therefore the same as in Figure 3, 
with slightly different free energies due to the change in temperature (298 K cf. 348 K). In contrast, 
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Cl- transfer to DR
55 is favorable and forms an outer-sphere ion-pair, D.Cl1R, featuring short Cl-H−C 

contacts to the non-cyclometallated aryl ring and the Me group of the HOAc ligand. Rearrangement 
then leads to D.Cl2R in which Cl- is further stabilised by a direct H-bond to HOAc.  HOAc/Cl- 
substitution can now occur through a dissociative interchange process that resembles an Eigen-
Wilkins mechanism in which D.Cl2R plays the role of the initial ion-pair encounter complex (see 
TS(D.Cl2-E.HOAc)F, Figure 4). This leads to outer-sphere HOAc adducts, ER.HOAc, which yield the 
final Cl adducts ER upon HOAc dissociation.  

 

 

 

Figure 4. Computed free energy profiles (BP86 functional with electronic energies corrected for 
dispersion (BJD3) solvent (DCE) and basis sets effects;46 kcal/mol, T = 298 K) for the competing 
cyclometallation reactions of CF,H in the presence of an [Et4N ⋅Cl] ion pair. TS(D.Cl2-E.HOAc)F is shown 
with key distances in Å (Cp* and aryl H atoms omitted for clarity). 

Figure 4 shows the proton transfer transition states, TS(C-D)R, are now the highest points on the 
computed profiles and this, along with the exergonic nature of the subsequent steps, makes proton 
transfer irreversible. This step will therefore determine any kinetic selectivity. As TS(C-D)H is 0.7 
kcal/mol more stable than TS(C-D)F the formation of EH becomes favored, as observed 
experimentally. Similar reaction profiles were computed for L2-F,OMe, L2-Me,H and L2-Cl,F (see 
Figures S29-31). The simulated product ratios based on these profiles and predicted by the 
microkinetic modelling after 1 second simulation time are shown in Table 2 and now provide much 
better agreement with the experimental data compared to those derived from the model assuming 
a purely dissociative ligand substitution. In particular, the changes in selectivity seen experimentally 
with L2-F,OMe (Entry 1) and L2-F,H (Entry 2) are reproduced. A swap in selectivity is also predicted 
for L2-Me,H (Entry 3) and, while this is not observed, the experimental data do show an increased 
ratio (0.59 to 0.91). In contrast, no change in selectivity is seen experimentally with Entry 4 (L2-Cl,F) 
and this is reproduced by the simulations.  These predicted ratios are unchanged after 3600 seconds 
of simulation time, consistent with a lack of reversibility at room temperature experimentally and 
reflecting the relatively high computed return barriers of 27 – 29 kcal/mol that would be inaccessible 
at 298 K.56  
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The calculations indicate that adding [Et4N]Cl affects the selectivity by providing access to a low 
energy dissociative interchange ligand substitution mechanism (Figure 4). This renders proton 
transfer an irreversible, selectivity determining process that favors the more electron-donating 
substituent. In contrast, for the reactions carried out at 348 K without added [Et4N]Cl the observed 
ratios are consistent with a purely dissociative ligand substitution mechanism (Figure 3). In the latter 
scenario the product selectivity is sensitive to both the proton transfer and the ligand substitution 
steps. When these show a swap in preference the more electron-withdrawing substituent becomes 
favored after 1 second. This is seen for Entries 1-3 in Table 2, while for L2-Cl,F no swap in preference 
between the proton transfer and ligand substitution is seen and hence no change in selectivity 
results.  For the remaining substrates a change in selectivity is predicted for L2-CF3,Me and L2-F,Me 
(Entries 7 and 8) while no swap is expected for Entries 5, 6 and 9 (L2-CF3,F, L2-OMe,H, L2-
Me,OMe).57  

The equivalent reactions at Rh at 348 K and at 298 K with added [Et4N]Cl were also modelled for L2-
F,H, L2-H,Me, L2-F,OMe and L2-Cl,F based on mechanisms featuring a dissociative ligand 
substitution and a dissociative interchange ligand substitution, respectively. The computed profiles 
are broadly similar to those of their Ir congeners (see Figures S37-44).58 At 348 K in the absence of 
added [Et4N]Cl the 16e intermediates I(D-E)R are always the highest point on the profile, even before 
the DCBs are taken into account, and a swap in substituent preference between TS(C-D)1R and 
DCB1R/DCB2R is computed for L2-F,H, L2-H,Me and L2-F,OMe.  For this model the computed return 
barriers from ER are in excess 30 kcal/mol and microkinetic modelling indicates that full conversion 
of C to ER occurs within 1 minute.  Computed profiles for the reaction at 298 K in the presence of 
added [Et4N]Cl again provide access to a lower energy dissociative interchange ligand substitution 
process, although here the differences between TS(C-D)R (proton transfer) and TS(D.Cl2-E.HOAc)R 
(ligand substitution) are much less than for Ir. This model gives return barriers from ER of ca. 21 
kcal/mol. One additional difference between the profiles for Rh and Ir is the greater exergonicity of 
the overall cyclometallation process for Ir, reflecting the well-known tendency to stronger M-aryl 
bonding with the 3rd row metal.59 This is consistent with the higher conversions seen with Ir. This 
effect is also seen in the initial proton transfer step, C to D, which is computed to be 3-4 kcal/mol 
more favorable for Ir. This has the consequence of increasing the overall energy span for the 
dissociative pathway for Rh and results in the reactions at Rh being somewhat slower in the 
simulations (10s of seconds) than those at Ir (< 1 second).   

The simulated ratios based on these computed profiles are compared with the experimental data in 
Table 3. For L2-F,H (Entry 2) the swap in selectivity between the reactions at 348 K and at 298 K with 
added [Et4N]Cl is reproduced by the simulations when the latter reaction is sampled at 1 second. 
However, the predicted ratio in this case is time-dependent, reflecting the low computed return 
barrier. Table 3 therefore shows that the predicted ratios increase between 1 and 3600 seconds as 
the thermodynamic preference for the more electron-withdrawing substituent begins to take over. 
For L2-F,OMe (Entry 1) the experimental ratio is significantly reduced upon running the reaction at 
298 K in the presence of [Et4N]Cl (7.0 to 1.3) while that for L2-Me,H (Entry 3) increases (0.59 to 0.83). 
These trends are mirrored in the simulated ratios, but after 1 second simulation time they are 
exaggerated to the extent that a swap in selectivity is predicted in both cases.  As the simulation 
time increases the ratios tend towards the equilibrium ratios based on the DFT-computed energies 
of ER. This highlights the difficulty of modelling a system of this type that is not operating under 
simple ‘kinetic’ or ‘thermodynamic’ control but is in fact a blend of the two.  In contrast, the 
preferred isomer for Entry 4 (L2-Cl,F) does not change with the reaction conditions and this is 
reproduced by the simulations, no matter the timescale adopted in the simulations.   
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Table 3. Experimental and Microkinetic Simulated (DFT/Copasi) Ratios (R1/R2) for Rh 

[RhCl2Cp*]2/NaOAc 348 K (no added chloride) 298 K (added [Et4N]Cl) 
Entry R1 R2 Experiment Simulateda Experiment Simulatedb 
    1 sec Equilibrium  1 sec – 3600 sec 
1 F OMe 7.0c 6.12 10.27 1.30 0.52 – 5.03 
2 F H 5.50 1.97 5.23 0.56 0.31 – 1.58 
3 Me H 0.59 0.61 0.68 0.83 1.07 – 0.66 
4 Cl F 1.90 1.66 2.66 1.90 1.38 – 1.46 

aA fixed chloride concentration of 1 x 10-6 mol/litre is assumed in the simulations reflecting the 
expected low solubility of NaCl in DCE.  b The concentration of chloride in the simulations was 52 x 
10-3 mol/litre reflecting the full solubility of [Et4N]Cl.  cEntry 1 value is reaction with added PivOH. The 
reaction with just NaOAc was not attempted. 

The results reported here are potentially of broad significance. For example, a number of recent 
studies have reported More O’Ferrall-Jencks analyses of electronic selectivity for a range of C-H 
functionalisation catalysts to distinguish those that favor electrophilic type reactivity (eCMD,35 
BIES34) from those often favoring more electron-deficient substrates (that have been dubbed 
‘conventional CMD’35). Here we show that an over-reliance on the analysis of the proton transfer 
step could lead to erroneous conclusions about the overall selectivity. In particular, if HOAc loss is 
rate-limiting, or competitive with proton transfer, then a More O’Ferrall-Jencks analysis on C-H bond 
cleavage will neglect one of the key selectivity-determining steps. It may also be the case that within 
the proton transfer step the highest energy transition state corresponds more to the κ2-κ1 
displacement of acetate rather than C-H bond cleavage, as is the case with the iridium systems here. 
Detailed mechanistic studies are therefore necessary in order to demonstrate the primacy (and 
nature) of the proton transfer step in determining selectivity. This is particularly the case for 
substrates featuring bulky substituents which tend to raise the barrier to dissociative ligand 
substitution of HOAc. In this case we propose that the presence of a second N-aryl substituent on 
the NHC ligand prevents the full relaxation of the 16e intermediate formed to a planar geometry 
(see I(D-E)F, Figure 3).31  

Conclusions. 

We have reported here the reactions of unsymmetrical, para-substituted N-aryl imidazolium salts, 
L2-R1,R2, at [MCl2Cp*]2 (M = Rh, Ir) with the aim of determining substituent effects for the 
intramolecular C-H activation of the intermediate NHC adducts. The outcomes are sensitive to the 
reaction conditions, with a swap in selectivity seen with several L2-R1,R2 species depending on 
whether the reaction is carried out at 348 K or at 298 K with added [Et4N]Cl. DFT calculations and 
microkinetic simulations have been used to probe these different outcomes. 

The results at 348 K show a general preference for cyclometallation of the more electron-deficient 
aryl substituent (higher Hammett σm parameter). This preference is usually associated with a 
thermodynamic selectivity, but microkinetic simulations based on DFT calculations indicate that 
since the proton transfer is in competition with the subsequent dissociative HOAc/Cl- ligand 
substitution this does not require full thermodynamic equilibrium to be established. While the 
overall barrier for C-H bond cleavage is dominated by the κ2-κ1-displacement of acetate and hence 
favors the more electron-rich aryl substituent, in several cases the dissociative ligand substitution 
shows the opposite trend. When this occurs, the dissociative ligand substitution tends to dominate 
the final outcome, giving a clear example where the observed substituent effect does not report 
directly on the selectivity of the C-H bond cleavage step. This situation is particularly likely for 
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substrates featuring bulky substituents due to the relatively high energy of the 16e intermediates 
I(D-E)R that renders dissociative ligand substitution competitive with proton transfer. Similar effects 
were seen previously with ortho-substituted 1-phenylpyrazoles for which dissociative HOAc/Cl- 
substitution can also be rate-limiting. 31, 32 

In several cases the reactions at 298 K with added [Et4N]Cl show a different selectivity to the 
reactions at 348 K. We propose that this reflects the greater availability of chloride in solution. DFT 
calculations and microkinetic simulations suggest that a low energy dissociative interchange ligand 
substitution mechanism becomes accessible that leaves proton transfer as selectivity determining. 
[Et4N]Cl can therefore cause a change in selectivity by impacting on the mechanism of the overall 
cyclometallation process. Thus, even a simple additive such as [Et4N]Cl cannot be viewed as non-
innocent when using substituent effects to assess the mechanisms of C-H activation.    

We have previously shown31, 32 that reaction conditions and hence whether a reaction is under 
kinetic or thermodynamic control can lead to a complete reversal of electronic selectivity even 
though the C-H activation step is identical in both cases.    The present study provides another 
example where a single set of C-H activation transition states can lead to two opposite outcomes in 
terms of overall electronic selectivity. This suggests that categorising mechanisms of C-H activation 
by a focussing on the C-H activation transition states alone should be done with some caution and 
that the other processes involved – including ‘simple’ ligand substitutions – may also need to be 
taken into account. 
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