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Abstract: We recently reported the 
facile insertion of CO2 into Ir(I)-
alkoxide and Ir(I)-amide bonds. In 
particular, [Ir(cod)(I

i
Pr)(OH)] (I

i
Pr = 

1,3-bis(isopropyl)imidazol-2-ylidene) 
reacted with CO2 in solution and in the 
solid state in a matter of minutes to give 

the novel [{Ir(cod)(I
i
Pr)}2(µ-

κ
1
O:κ

2
O,O-CO3)] complex. In the 

present study we probe this reaction 
using kinetic and theoretical studies, 
which enabled us to analyze its facile 
nature and to fully elucidate the 

reaction mechanism with excellent 
correlation between the two methods. 
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Introduction 

The application of carbon dioxide as a C1 source is not only a 

strategy towards reduction of greenhouse gases but also presents an 

opportunity for catalytic development.[1] The employment of CO2 as 

a feedstock is still a greatly underdeveloped area of investigation, 

mainly due to its thermodynamic stability and kinetic inertness,[2] 

with only a handful of commercial processes in use.[1a, 2-3] Further 

utilisation of CO2 is possible only with successful activation of this 

inert species. Coordination of CO2 to a metal is often a necessary 

event for its conversion into useful chemicals.[4] A fundamental 

understanding of CO2 coordination is of paramount interest in 

developing synthetic procedures.[2, 5]  

 The pioneering work of Vaska[6] and Herskovitz[7] on CO2 

activation using Ir, as well as more recent communications such as 

those by Morales-Morales[8] and Bergman[9] have identified iridium 

as a promising candidate in reactions involving CO2; owing to the 

numerous coordination modes that the Ir-CO2 coupling displays.[10] 

Carbon dioxide insertion into TM-X bonds (where X is an alkoxide 

or amide) has been well documented from a synthetic perspective[1b, 

4, 5d, 11] and several kinetic measurements have been performed on 

reactions involving CO2 activation.[12] Although theoretical 

examinations have been reported, direct comparisons between 

experimentally derived activation parameters and theoretical 

calculations are rare.[10, 13] In recent reports by Lee et al.,[12d, 12e] the 

rapid CO2 insertion into planar [Ni(II)(pyN2)(OH)]- (pyN2 = N’,N’-

(2,6-pyridinedicarboxamidate)) to form Ni-bicarbonate complexes 

was studied. The authors measured activation parameters by 

monitoring the reaction using UV/vis spectroscopy and calculated 

theoretical parameters using DFT methods at the BP86 and B3LYP 

levels of theory and the compiled experimental and theoretical data 

were compared in order to provide a mechanistic understanding of 

the reaction in question.[12d, 12e] Comparative studies such as these 

are vital, since the limitations of theoretical calculations can be most 

accurately assessed when compared to experimentally derived 

results.[4] 

 Work in our group has focussed on the activation of CO2, 

particularly by metal-alkoxides and metal-amides and we recently 

reported the insertion of CO2 into Ir(I)-O and Ir(I)-N bonds to form 

novel Ir(I)-carbonates and Ir(I)-carbamates.[14] Of particular interest 

was the reaction between CO2 and [Ir(cod)(IiPr)(OH)] (1), forming 

the novel dimeric carbonate complex [{Ir(cod)(IiPr)}2(µ-κ1O:κ2O,O-

CO3)] (2), (cod = 1,5-cyclooctadiene and IiPr = 1,3-

bis(isopropyl)imidazol-2-ylidene) under extremely mild conditions 
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(Scheme 1): the reaction proceeds in solution and in the solid state 

in a matter of minutes under 1 atmosphere of CO2. 

 

 

Scheme 1 Reaction between Ir(I)-hydroxide (1) and CO2 

Insertion into various Ir(I)-O and Ir(I)-N bonds indicated that a 

bound heteroatom, bearing a lone-pair, might be essential for the 

reaction to occur and the lack of activity between CO2 and a number 

of Ir(I)-alkyl complexes bearing sp-, sp2- and sp3-hybridised carbon 

centres supported this hypothesis.  

Based on observed reactivity, we proposed a mechanism for the 

reaction (Scheme 2).[14] There are a limited number of theoretical 

investigations into the mechanism of CO2 insertion into M-X bonds 

(X = N or O) but reports suggest that the lone-pair on X enables 

nucleophilic attack on the carbon centre of CO2
[12e, 15] and we 

envisaged activation by Ir(I)-heteroatom complexes (A) to proceed 

in the same fashion. Hence, the lone pair on heteroatom X would 

attack a molecule of CO2 to deliver the alkoxide, amide or 

hydroxide to the carbonyl centre via a cyclic transition state such as 

B. Furthermore, in the case of XR being a hydroxide, as in complex 

1, a second molecule of Ir(I)-hydroxide would be able to attack the 

newly formed Ir(I)-bicarbonate complex (C) to release a molecule of 

water and deliver the dimeric carbonate product 2. 

 

Scheme 2 Proposed mechanism for CO2 insertion on Ir(I)-hyrdoxide 

Results and Discussion 

In order to rationalize the reactivity observed between CO2 and Ir(I)-

complexes bearing alkoxide, amide and alkyl moieties, we 

calculated the driving force for the formation of complex 2 as well 

as the monomeric carbonate 6 and carbamate 7 from the 

corresponding Ir(I)-methoxide 3 and Ir(I)-benzylamide 4 

respectively (Scheme 3) using DFT methods at the PBE0-D3 level 

of theory. In addition, the activation of CO2 by Ir(I)-phenyl complex 

5 was computed in order to analyze the lack of reactivity shown by 

this complex.[16] 

 

 

Scheme 3 CO2 uptake by Ir(I)-alkoxide, -amide and -aryl complexes[14] 

Table 1 contains the calculated enthalpies and free energies 

for carbon dioxide insertion on complexes 1 and 3 – 5. The 

computed free energies indicate thermodynamically more 

stable products in each case. In particular, the computed free 

energy (and enthalpy) for the formation of 2 (∆G = -16.28 kcal 

mol-1, ∆H = -30.88 kcal mol-1, Entry 1) indicates a significantly 

large thermodynamic driving force for complex 2. 

Table 1 Calculated thermodynamic energies for CO2 insertion a 

Entry Product ∆H (kcal mol-1) ∆G (kcal mol-1) 

1 2 -30.88 -16.28 

2 6 -15.37 -4.12 

3 7 -13.52 -10.21 

4 8 -16.60 -7.22 

a PBE0-PCM-D3 (Benzene). See ESI for full calculations of ∆E, ∆H and ∆G using 

PBEO, PBEO-D3, PBE0-PCM-D3 (DCM) and PBE0-PCM-D3 (Benzene) for each 

entry. 

The reactivity displayed by Ir(I)-hydroxide 1 towards CO2 to 

generate the dimeric carbonate, particularly in the solid-state, is 

unprecedented and we were interested in studying the reaction 

further. Our primary aim was to test the validity of the proposed 

mechanism and to shed light on the dimerisation event. However, 

the nature of the insertion makes it very difficult to isolate potential 

intermediates such as an Ir(I)-hydrogen carbonate (C, Scheme 2). 

Our approach to the problem was two-fold; firstly we examined the 

kinetics of the solid-state reaction to determine the activation 

parameters and secondly, we analysed the reaction profile using 

DFT methods to identify potential intermediates and transition 

states. Our goal was to correlate experimentally derived activation 

energies with theoretical calculations in order to determine the 

activation barrier and ultimately understand the mechanism at play.  

 Analysis of the Ir(I)-hydroxide 1 by FTIR revealed that 

the OH stretch was extremely diagnostic (ν = 3612.7 cm-1). 

Furthermore, the analysis of 2 showed no distinct bands in this 

region.[14] Hence, the hydroxide band of 1 provided a perfect 

spectroscopic handle with which to monitor reaction progress by 

diffuse reflectance infrared Fourier transform spectroscopy 

(DRIFTS). 1 (ca. 40 mg) was sealed under N2 in the DRIFTS 

chamber and a continuous stream of N2/CO2 (50:50, 1 atm., 40 mL 

min-1) was passed over the cell, with reaction progress being 

monitored in situ. Figure 1 shows a series of spectra in the ν(OH) 

region, collected during the reaction, showing gradual loss of the 

Ir(I)-hydroxide complex. 
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Figure 1 Sample stacked plot of normalised IR data indicating disappearance of the 

band corresponding to the Ir-hydroxide moiety (ν 3645 – 3577 cm-1) 

Single beam spectra were ratioed against a background of KBr 

under the same gas atmosphere. The kinetic trace was then 

determined by measuring the peak height of the OH band as a 

function of time, and the reaction was repeated at five different 

temperatures between 278 K and 358 K (Figure 2). The reaction was 

studied under a large excess of CO2 with kinetic traces at different 

temperatures (Figure 2) indicating pseudo first order behaviour (rate 

= kobs[1]). 

 

Figure 2 Normalised data showing peak height of IR band corresponding to the Ir-

hydroxide moiety (ν = 3612.7 cm-1) vs time at different temperatures (K) 

Rate constants were obtained by fitting the kinetic traces to a 

single exponential using Origin© (see ESI). A linear Eyring plot was 

obtained with R2 = 0.9966 (Figure 3) according to the Eyring 

equation. Activation parameters were calculated as follows: ∆Hǂ = 

3.6 ± 0.3 kcal mol-1, ∆Sǂ = -51.5 ± 0.9 cal K-1 mol-1 and ∆Gǂ (298 K) 

= 18.9 ± 0.4 kcal mol-1. The results indicate an exergonic process 

with a small energy barrier to surmount. The large negative entropy 

value is consistent with an associative transition state involving at 

least two converging molecules. 

 

Figure 3 Eyring plot (1/T vs ln(k/T) for reaction between 1 and CO2 in the solid state. 

Following kinetic experiments, we analyzed the reaction 

pathway at the PBE0-D3 level of theory, with the lowest energy 

pathway shown in Figure 4. Based on our proposed mechanism, the 

first step in the reaction was considered to be insertion of CO2 into 

the Ir-OH bond to yield an iridium hydrogen carbonate intermediate 

(1.3). An encounter complex was identified as an additional 

intermediate (1.2), formed by the CO2 approaching 1. The four-

membered transition state between these two intermediates was 

located, presenting the first reaction barrier (TS1.2-1.3, Figure 4). 

Transformation from 1.2 to TS1.2-1.3 is accompanied by a decrease 

in inter-atomic distance between the carbon atom and the oxygen 

atom of the hydroxide moiety (2.62 to 1.54 Å). More importantly, 

an elongation of the Ir-O bond from 2.02 Å to 2.17 Å was observed. 

As expected, the geometry of the CO2 molecule changes from linear 

to bent with an O-C-O angle of 139.30° as the Ir-O bond is broken 

to form the η1-bicarbonate intermediate (1.3). The insertion of CO2 

to form 1.3 is strongly exergonic, such that the enthalpic barrier is 

essentially insignificant. Hence, the rate limiting step must occur 

during the encounter with a second molecule of 1 and concomitant 

elimination of water. 

Of the different pathways for dimerisation that were studied, the 

most favourable one is shown in Figure 4. The interaction between 

intermediate 1.3 and a second molecule of 1 leads to formation of a 

tetrahedral diol intermediate 1.4. From intermediate 1.4, H2O 

elimination occurs via an autocatalytic process, whereby an 

independent H2O molecule acts as a proton relay in the six-

membered transition–state (TS1.5-2).  

 From the results obtained, the rate-limiting step lies 

somewhere between 1.3 and TS1.5-2. The first enthalpic barrier 

between the two is encountered in the formation of TS1.3-1.4 (∆Hǂ 

= 11.06 kcal mol-1) and a second barrier is associated with the 

formation of TS1.5-2 (∆Hǂ = 3.47 kcal mol-1, both relative to 

intermediate 1.3). At 298 K, the first barrier has a ∆Gǂ = 28.30 kcal 

mol-1, whilst the second shows a ∆Gǂ = 29.96 kcal mol-1 and largely 

entropic in nature, in accordance with an associative transition state. 

 The absolute entropies (and thus the Gibbs free-energy 

barriers) are strongly overestimated in computations as a result of 

the ideal-gas approximation made in the standard thermodynamic 

expressions and the fact that translational entropies in condensed 

phase tend to be smaller than in the gas phase.[12d, 12e] The activation 

free energies will suffer from the same over-estimation, particularly 

in the case of an associative, multi-molecular transformation, where 

entropy has a larger contribution to the free energy expression than 

enthalpy. Computed enthalpies are not affected by overestimations 

of theoretical calculations and Lee et al.[12d, 12e] have reported that 

computed and experimentally derived enthalpies for the CO2 

insertion on Ni(II)-hydroxides differed by only 1 – 2 kcal mol-1, 

whilst experimental entropies were consistently lower than the 

theoretical calculations by ca. 14 − 17 cal K-1 mol-1.[12d, 12e] 

 The near-quantitative accord between measured and 

calculated ∆Hǂ (3.6 kcal mol-1 for formation of TS1.5-2 from 1.5) 

gives us confidence that the DFT-derived pathway in Figure 4 is 

reasonable. Direct formation of 2 from 1.3 or 1.4 would need to 

surmount significantly higher barriers (see Figures S15 and S16 in 

the ESI). This has the interesting implication that a similar 

autocatalytic mechanism might be dominant in the solid state.[17]
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Figure 4 Computed (PBE0-D3 level) reaction profile for CO2 uptake by 1 

 

The thermodynamic driving force for the insertion of CO2 on 

Ir(I)-OMe 3 to give the Ir(I)-carbonate 6 was calculated as ∆H = -

15.37 kcal mol-1 and ∆G = -4.12 kcal mol-1 (Entry 2, Table 1). The 

driving force for formation of 6 is comparable with the formation of 

1.3 (∆H = -14.49 kcal mol-1 and ∆G = -4.78 kcal mol-1, Figure 4). 

Figure 5 shows that insertion of CO2 into the Ir-OMe bond proceeds 

via a 4-membered transition state (TS3.1-6), similar to that 

identified in Figure 4, presenting the largest barrier on both the 

enthalpy and free energy surface (∆Hǂ = 1.1 kcal mol-1 and ∆Gǂ = 

3.89 kcal mol-1 relative to 3.1). The free energy of activation is 

highly entropic in nature, with an insignificant barrier on the 

enthalpy surface, indicating a kinetically favourable reaction, in 

agreement with experimental results (99% yield after 10 min).[14]. 

Similar results are obtained for the amide system 4 → 7 (See ESI). 

 

Figure 5 Computed (PBE0-D3 level) reaction profile for CO2 uptake by 3 

The apparently high driving force for formation of Ir(I)-

(OCOPh) 8 from 5 was surprising (∆Hǂ = -16.60 kcal mol-1, ∆Gǂ = -

7.20 kcal mol-1, Entry 4, Table 1) since all attempts to prepare this 

complex via CO2 insertion failed, with the Ir(I)-phenyl complex 

being completely unreactive. Analysis of the reaction profile 

indicated that although the product is thermodynamically stable, 

there is a considerable activation barrier to surmount, with formation 

of the transition state exhibiting a ∆Hǂ = 19.54 kcal mol-1 and ∆Gǂ = 

26.02 kcal mol-1 relative to intermediate 5.1 (Figure 6). So the 

reaction is not kinetically favoured. 

 

Figure 6 Computed (PBE0-D3 level) reaction profile for CO2 uptake by 5 

Having developed a mechanistic understanding of the reaction 

between CO2 and 1, we investigated the reaction between CO2 and 

an Ir-hydroxide bearing a more bulky NHC ligand to determine if 

the procedure was general. Hence [Ir(cod)(IPr)(OH)] (9)[18] (IPr = 

1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene) was reacted with 

CO2 (1 atm), following the reported procedure[14] (Scheme 4). 

Analysis by 13C{1H} NMR spectroscopy indicated that a carbonate 

complex had indeed formed, with a quaternary carbon resonating at 

164.6 ppm (see ESI). However, upon release of the CO2 atmosphere 

by bubbling Ar through the reaction mixture, the carbonate complex 

was converted quantitatively back to starting material (9).  

While there is no evidence to support an acidic proton by 1H 

NMR, (this may be due to strong intermolecular hydrogen bonding) 

the carbonate signal in the 13C{1H} NMR spectrum resonates at a 

higher field (δ 165 ppm) compared to that of complex 2 (δ 170 

ppm).[14] This is diagnostic of a metal bicarbonate structure (10, 

Scheme 4) rather than a carbonate (11, Scheme 4).[8, 19] In order to 

gain further insight into the identity of the product, we performed 

diffusion ordered NMR spectroscopy (DOSY) experiments on the 

starting material 9 and the product in solution. The experiments 

indicated very similar diffusion coefficients in chloroform-d (8.37 ± 
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0.57 x 10-10 m2s-1 for 9 and 7.54 ± 0.25 x 10-10 m2s-1 for the 

product). Using the correlation proposed by Morris,[20] we estimated 

the molecular weight for 9 to be 611 g mol-1 (actual MW = 706.01 g 

mol-1) and that of the product to be 756.8 g mol-1 (calculated MW 

for 10 = 750.2 g mol-1, calculated MW for 11 = 1438.01 g mol-1).  

We also analysed the behaviour of 9 under CO2 in the solid state 

using DRIFTS. The data clearly shows the consumption of starting 

material (loss of Ir-OH intensity at ν = 3640 cm-1) and the formation 

of new bands at 3593, 1720, 1686, 1616, 1281 and 1193 cm-1. When 

placed under vacuum the newly formed signals deplete and bands 

associated with the parent recover, indicating the reversible nature 

of the CO2 insertion (stacked spectral plots shown in ESI). The 

presence of a ν(OH) mode at 3593 cm-1 suggests that the product of 

this reaction is in fact bicarbonate rather than carbonate. This is 

further confirmed by the position of ν(CO) modes, which appear at 

stretching frequencies that are too high for a carbonate species[8, 21] 
[22] 

Finally, we explored the driving force for formation of 10 and 

11 at the PBEO-D3 level of theory, with the energies shown in 

Scheme 4. While complex 11 appears to be more 

thermodynamically stable than 10, it is likely that there is a 

significant kinetic barrier to overcome between the two species and 

in the absence of CO2 the bicarbonate decarboxylates to give the 

Ir(I)-hydroxide 9 so that there is an equilibrium between the two 

species.  

 

Scheme 4 Reaction between [Ir(cod)(IPr)(OH)] (9) and CO2 and Computed (PBE0-D3 

level) energy levels for 10 and 11 

 

Conclusion 

In summary, we have investigated the insertion of CO2 into Ir(I)-

alkoxide bonds. We were particularly interested in the reaction 

between Ir(I)-hydroxide 1 and  CO2, which gives the 

[{Ir(cod)(IiPr)}2-(κ
1O:κ2 O,O-CO3)] complex 2. Determination of 

activation parameters for the solid state reaction by DRIFTS 

spectroscopy indicated a pseudo-first order transformation with a 

small barrier on the enthalpy surface and largely governed by 

entropy (∆Hǂ = 3.6 ± 0.3 kcal mol-1, ∆Sǂ = -51.5 ± 0.9 cal K-1 mol-1 

and ∆Gǂ (298 K) = 18.9 ± 0.4 kcal mol-1). DFT calculations 

identified an auto-catalytic mechanism, whereby the inclusion of an 

independent H2O molecule lowers the energy of the transition state 

in accordance with kinetic calculations. Excellent correlation 

between the experimentally obtained activation parameters and the 

theoretical parameters give us confidence that the auto-catalytic 

process described is dominant, with the implication that a similar 

mechanism might be operative in the solid state reaction.  

 DFT calculations have also been performed on the 

reaction between CO2 and other Ir(I)-complexes, indicating 

kinetically and thermodynamically favourable insertion reactions on 

Ir(I)-methoxide, but not with Ir(I)-alkyl complexes, in accordance 

with experimental results. Finally, analysis of the reaction between 

CO2 and an Ir(I)-hydroxide bearing a bulky NHC ligand indicated 

that the steric bulk of the NHC has a profound impact on the 

outcome (and reversibility) of the reaction. The discussions 

presented in this report are vital to our understanding of CO2 

functionalization by iridium complexes and will enable us to design 

new strategies for the utilization of CO2 in our laboratories. 

 

Experimental Section 

General Considerations: All manipulations and reactions were performed inside an 

Argon-filled Inovative Technologies glovebox or on an Argon-supplied Schlenk line 

unless stated otherwise. All reagents were supplied by Aldrich and used without further 

purification. [Ir(cod)Cl]2 was provided by Umicore AG. Solvents were distilled and 

dried as required. NMR data was obtained using a Bruker (1H observe frequency) 

spectrometer at 303 K in the specified deuterated solvent. All chemical shifts are given 

in ppm and coupling constants in Hz. Signals on the 13C{1H} spectra are singlets unless 

otherwise stated. Spectra were referenced to residual protonated solvent signals (for 1H) 

or solvent signals (for 13C): (C6D6: 
1H δ 7.16 ppm, 13C δ 128.06 ppm; CD2Cl2: 

1H δ 5.32 

ppm, 13C δ 53.84 ppm, CDCl3: 
1H δ 7.25 ppm, 13C δ 77.23 ppm). All known compounds 

were prepared according to reported procedures.[14, 18] 

[Ir(cod)(IPr)(CO3H)] (10): A J-Young type NMR tube was charged with 

[Ir(cod)(IPr)(OH)] (9) (25 mg, 0.035 mmol) in C6D6 (0.6 mL). The sample was frozen 

in liquid N2 and the Ar atmosphere was removed in vacuo. The sample was allowed to 

thaw before CO2 (ca. 1 atm.) was added, and the reaction mixture was agitated for at 

least 10 mins before NMR analysis was conducted. 1H NMR (300 MHz, C6D6): δ 7.29 

(t, 5H, 3JHH = 7.6, Ar-H), 7.24 – 7.17 (m, 7H, Ar-H), 6.53 (s, 4H, N-(CH)2-N), 5.51 – 

5.38 (m, 4H, cod-CH), 3.01 – 2.89 (m, 4H, cod-CH), 1.76 – 1.39 (m, 40H, cod-CH2, 

CH3), 1.33 – 1.16 (m, 8H, cod-CH2), 1.04 (d, 24H, 3JHH = 6.7, CH3). 
13C{1H} NMR 

(125 MHz, CD2Cl2): δ 184.7 (Ir-Ccarbene), 164.6 (CO3H), 147.1 (ArC), 136.2 (N-ArC), 

130.2 (ArCH), 130.0 (ArCH), 124.3 (N-(CH)2-N), 123.9 (ArCH), 83.7 (cod-CH), 46.7 

(cod-CH), 33.3 (CH(CH3)2), 29.4 (cod-CH2), 29.0 (cod-CH2), 26.8 (CH3), 22.8 (CH3). 

DRIFTS ν = 3593(s, OH), 1720(s, CO), 1686(s, CO), 1616(w), 1281(s, CO) and 1193(s, 

CO) cm-1. 

Kinetic Experiments: Kinetic measurements were performed in the solid state using a 

low temperature DRIFTS chamber (Harrick). Ir-hydroxide (ca. 40 mg) was loaded into 

the chamber, which was then purged with N2 (50 mL min-1) for ca. 30 minutes. The 

chamber was then heated or cooled to the desired reaction temperature and isolated 

using ball valves situated at the inlet and outlet lines. The gas inlet line was then purged 

with a mixture of N2 and CO2 (1:1, 1 atm, 40 mL min-1 combined). During the 

collection of a data series (Nicolet Nexus FTIR spectrometer, 4 cm-1 resolution, 32 

scans per spectrum) the N2/CO2 gas stream was passed through the chamber at 40 mL 

min-1. Single beam spectra were ratioed against a background of KBr under the same 

gas atmosphere. Kinetic traces were then determined by measurement of the peak height 

of the OH stretch of Ir-OH as a function of time. 

DFT Calculations: Geometry optimisation and frequency calculations were performed 

at the PBE0/ECP1 level, i.e. employing the hybrid version of the PBE functional,[23] the 

Stuttgart-Dresden pseudopotential on Ir with its associated valence basis (SDD),[24] and 

6-31G* basis for all remaining atoms. Further polarization functions were employed on 

O-bonded hydrogen atoms. This and comparable levels have performed very well in 

describing structural parameters of 5d-metal complexes.[25] Using these optimized 

structures (which are collected in the ESI), single point calculations were performed at 

the PBE0-D3/ECP2 level, i.e. using the same functional and SDD pseudopotential as 

before, 6-31G* basis set for all atoms of the N-heterocyclic carbene ligands, 6-311+G** 

basis elsewhere, and three-body dispersion corrections according to Grimme[26] 

Inclusion of dispersion is necessary in order to determine accurate energies.[27] These 

single point calculations also used the Polarizable Continuum Model (PCM) in its 

integral equation formalism variant (IEF-PCM) to model the effect of solvents,[28] 

employing the parameters of benzene. These energies were corrected to enthalpies and 

Gibbs free energies using standard statistical thermodynamics expressions and the 

harmonic vibrational frequencies calculated at the PBE0/ECP1 level (at standard 

temperature and pressure). Transition states were fully optimized following constrained 

pre-optimizations, scans of the potential energy surface along suitable coordinates, or 
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using the QST3 interpolation method,[29] and were confirmed by Intrinsic Reaction 

Coordinate (IRC) calculations. All calculations were performed using Gaussian 09.[30] 
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