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Abstract 

 Density functional theory (DFT) at the SMD/M06-2X/def2-TZVP//SMD/M06-

2X/LANL2DZ(d),6-31G(d) level was used to explore the regioselective double oxidation of 

phenols by a hypervalent iodine(V) reagent (IBX) to give o-quinones. The oxidative 

dearomatization commences with the ligand exchange between IBX and phenol, yielding a 

phenolate complex, followed by the first redox process, which reduces iodine(V) to iodine(III). 

Both the processes (the ligand exchange and the first redox reaction) were found to be mediated 

by a less stable isomer of iodine(V) species. We found that although the first redox process 

preferentially proceeds via an associative pathway, an electron withdrawing substituent on the 

phenol ring decreases its accessibility. The inspection of the electronic structure of the redox 

transition state indicates that the phenolate involved in the iodine(V) reduction has some 

phenoxenium character. The intrinsic stability of a phenoxenium ion is calculated to be highly 

sensitive to the substituent on the phenol ring. Since the electron withdrawing substituents 

considerably decrease the stability of the phenoxenium, they render the iodine(V) to iodine(III) 

reduction energy consuming.  Once the first redox step has completed, a catechol-iodine(III) 
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complex is formed, from which the second redox process produces the final o-quinone product via 

a carboxylate-assisted transition structure. This transition structure gains stability by hydrogen 

bond interaction between the catechol OH and carboxylate group. Such an interaction results in 

the phenolate not having any phenoxenium character in the transition structure, thus making the 

activation barrier to the second redox step independent from the substituent on the phenol ring. 

 

 Introduction  

Hypervalent iodine reagents provide a new approach for the oxidation of organic compounds in 

an eco-friendly manner as an alternative to transition metal catalysts, which are usually expensive 

and toxic to the environment.1 These kinds of reagents have been approved to serve as mild 

oxidants to produce many useful compounds; for example, they are well reported as useful 

compounds in dearomatizing phenols via oxidative processes.2  

Interestingly, the nature of the product obtained from oxidation of phenols depends on the 

employed iodane. Reaction of phenols with hypervalent iodine(III) reagent PIDA [PIDA = 

phenyliodine(III) diacetate]  in the presence of a nucleophile (Nu-H) gives cyclohexadienone II 

(Scheme 1a),2a whereas phenols react with hypervalent iodine(V) IBX reagent (IBX = 2-

iodobenzoic acid) and produce o-quinone V as the final product via a double oxidation process 

(Scheme 1b).3,4 



3 

 

                                

      Scheme 1 Different products obtained from phenol oxidation by (a) PIDA and (b) IBX 

The oxidative dearomatization of phenols mediated with PIDA was postulated to proceed via two 

different pathways, (i) associative and (ii) dissociative (Scheme 2). On that basis, a ligand 

exchange between phenol and PIDA should take place for the oxidative reaction to be initiated. 

The ensuing λ3-iodane intermediate V was proposed as a starting point for both associative and 

dissociative mechanisms. In associative pathway, nucleophile Nu-H attacks the phenolate ring of 

V, serving as a promoter for the phenol oxidation, which directly yields cyclohexadienone product 

II. By contrast, dissociative mechanism was assumed to proceed through fragmentation of λ3-

iodane V into AcO⁻+ PhI+ phenoxenium ion VII predisposed by an internal redox process. Finally, 

the formed phenoxenium is trapped by Nu-H to generate product II. 
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Scheme 2 Proposed conventional mechanism for phenol oxidation by PIDA via two associative 

and dissociative pathways.  

 

In a recent publication, we modified the mechanism relating to PIDA-mediated phenol oxidation 

with the aid of density functional theory (DFT) calculations, the results of which are seen in 

Scheme 3.5  We found that for phenol oxidation to proceed through a lower activation energy, the 

phenolate ligand requires to be initially dearomatized. Accordingly, the ligand exchange process 

between PIDA and phenol should occur via transition structure TSPIDA-VIII, resulting in species 

VIII, which is a branching point for both associative and dissociative pathways. In the associative 

pathway, the OAc ligand serves as a directing group for addition of MeOH to the dearomatized 

phenolate, which subsequently yields product II via transition structure TSVIII-II. In the 

dissociative pathway, intermediate VIII dissociates the OAc ligand assisted by HOAc to form 

intermediate IX, which is highly reactive towards redox process. The oxidation of phenolate in IX 

gives phenoxenium VII, the reaction of which with MeOH eventually generates product II. 
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Scheme 3 Mechanism modified by DFT calculations at the M06-2X level of theory  for phenol 

oxidation by PIDA via associative and dissociative pathways where MeCN was used as the solvent 

with R = Me (for details, see ref. 5).  

 

Inspired by the conventional mechanism given in Scheme 2, Pettus et al. proposed the mechanism 

put forward in Scheme 4 for double oxidation of phenols by IBX.3 Accordingly, the reaction was 

assumed to commence with a ligand exchange reaction, followed by reduction of iodine(V) species 

XI by intramolecularly delivering of an oxygen atom from the iodine to the least congested ortho 

carbon of the phenol. Subsequently, the iodine(III) intermediate XI tautomerizes to yield 

intermediate XII, which then the desired product IV is formed via oxidation of the aromatized 

phenolate by the iodine(III) center. 
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Scheme 4 Mechanism proposed by Pettus et al. (ref. 3) for double oxidation of phenols by IBX.            

 

In this contribution, we intend to investigate the oxidation mechanism of phenols by iodine(V) 

reagent IBX with the aid of the DFT calculations at the M06-2X level of theory.6 As mentioned 

above, for phenol oxidation to occur by PIDA, phenolate is required to be dearomatized in order 

for the redox process to take place with more accessible activation energy. Now the question is 

whether a similar phenolate dearomatization is also needed for phenol oxidation by IBX. 

Additionally, although the ligand exchange between phenol and IBX has been proposed as an 

essential step for the oxidative dearomatization, its reaction mechanism is not very clear. This 

work exploits DFT-based calculations to provide a convincing mechanism for this key step.  

Pettus et al. demonstrated that the phenol oxidation is not mediated by IBX if the phenol is 

substituted by an electron withdrawing group such as C(O)R and NO2.
3,7 Our computational 

results will provide a rationale behind this observation. We will show that the activation barrier to 
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the reduction of iodine(V) to iodine(III) is significantly dependent on the phenol substituent nature 

while that of iodine(III) to iodine(I) is completely independent.         

Results and discussion  

As reported in the literature, structure A (Scheme 5) is the most stable isomer of IBX in which the 

oxo ligand is trans to the vacant site. 8 Other less stable isomers B and C are likely to be formed in 

situ during the course of a reaction. In isomer B, the oxo group is trans to the carboxylate while in 

isomer C, it is trans to the hydroxide ligand (Scheme 5). We commenced our study by investigating 

which isomer (A, B, or C) is responsible in driving the ligand exchange reaction.                                                                                               

 

Scheme 5 Different isomers for IBX where A is the most stable form. 

Ligand exchange between phenol and isomer A. Fig. 1 shows the calculated mechanism for 

ligand exchange between phenol 16-p-OMe and the most stable isomer A. For the ligand exchange 

to take place, the phenol is required to coordinate to IBX. The coordination gives species 17 with 

a relative free energy of 0.6 kcal/mol. The proton transfer from the coordinated phenol to the 

hydroxide ligand leads to the completion of the ligand exchange. Such a proton transfer, which is 

assisted by a water molecule via transition structure TS17-18 is found to have an activation free 

energy of 20.1 kcal/mol. It is worth noting that we were unable to locate any transition structure 

for the proton transfer without the assistance of a water molecule. The ligand exchange process 

via this variant by releasing two water molecules gives 19 having a relative free energy as high as 

21.0 kcal/mol. The trans positioning of two relatively strong σ-donor ligands (oxo and phenolate) 
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in 19 causes formation of such an intermediate to be highly energetic, implying that the most stable 

isomer A is less likely to be involved in the ligand exchange process. 

      

Fig. 1 Mechanism calculated for ligand exchange between phenol 16-p-OMe and the most stable 

isomer of IBX (A). The relative free energies are given in kcal/mol. 

 

Ligand exchange between phenol and isomer B. The DFT calculation results for the ligand 

exchange between phenol and isomer B is shown in Fig 2. It finds that for the ligand exchange to 

be mediated by isomer B, adduct 17 should participate in a proton transfer process involving 

migration of the hydroxide proton to the oxo ligand (Fig 2a). This proton transfer is computed to 

be assisted by a water molecule and occurs by transition structure TS17-22 with ΔG‡ = 10.7 

kcal/mol. Once the adduct 22 has formed, it becomes a branching point for two competitive 

pathways (a and b, Fig. 2b). In pathway a, the OH proton of coordinated phenol is transferred to 

the carboxylate ligand via TS22-28, followed by another proton transfer via TS28-24 to form 24. In 

pathway b, the OH proton of coordinated phenol is transferred to the oxo ligand via TS22-23, 

followed by another proton transfer via TS23-24 to form 24. The activation barriers for these two 

pathways are comparable and much lower in energy than that calculated for the pathway illustrated 

in Fig. 1. This result suggests that isomer B is much more reactive than the more stable isomer A 
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toward the ligand exchange. According to our calculations, a proton shuttling agent like water is 

essential for the corresponding proton transfers to occur with lower activation energies. We have 

to note that transition structures TS22-23, TS23-24, TS22-28 and TS28-24, without the involvement of 

the water proton shuttling agent all are energetically higher with the relative free energies of 17.9, 

23.1, 13.2, and 14.4 kcal/mol, respectively.  

                                                                                                                    
Fig. 2 (a) Mechanism calculated for formation of adduct 22 in which the phenol coordinates to 

isomer B. (b) Free energy profile for the ligand exchange starting from intermediate 22 via two 

pathways a and b. The relative free energies are given in kcal/mol. 
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Ligand exchange between phenol and isomer C. Finally, the reactivity of isomer C toward the 

ligand exchange was investigated (Fig. 3). Two key transition structures (TS20 and TS21) for this 

variant were located. Both transition structures TS20 and TS21 with relative free energies of 28.2 

kcal/mol and 28.9 kcal/mol, respectively, lie much higher in energy than transition structures TS22-

23, TS23-24, TS22-28 and TS28-24 (Fig. 2b). Accordingly, any possibility by which isomer C is 

responsible to trigger the ligand exchange process is ruled out. The intrinsic instability of these 

two transition structures can be associated with the trans positioning of two relatively strong σ-

donating oxo and hydroxide ligands. Comparison of the above results allows us to conclude that 

isomer B is far more reactive than isomers A and C in driving the ligand exchange reaction.9  

 

Fig. 3 Calculated vital transition structures for ligand exchange between phenol and isomer C. The 

relative free energies are given in kcal/mol. 

 

First redox process. As shown above (Fig. 2b), species 24 is the initial product of the ligand 

exchange process. The formed intermediate 24 is a bifurcation point for two different processes: 

(i) direct redox reaction and (ii) isomerization to 25 followed by redox reaction (Fig. 4). Three 

different mechanisms were found for the redox step: (a) associative, (b) dissociative and (c) single 
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electron transfer (SET). In associative pathway, while iodine(V) is being reduced to iodine(III), 

the phenolate ortho carbon approaches the oxo ligand via transition structure TS24-26-p-OMe. In the 

dissociative mechanism, two electrons from the phenolate are directly transferred to the iodine(V) 

center achieved by lengthening of the I-O(phenolate) bond via transition structure TS32. This 

transition structure is expected to form directly a phenoxenium ion but the high reactivity of such 

a carbocation does not allow it to be located as a minimum and results in formation of dearomatized 

phenolate complex 24ʹ. Finally, the SET mechanism involves the promotion of an electron from 

phenolate to the iodine(V) center by passing through the minimum energy crossing point MECP1 

and thus generates triplet adduct 33 with the relative free energy of 3.9 kcal/mol. An inspection of 

the results presented in Fig. 4 implies that the associative pathway is more favorable than the 

dissociative and SET mechanisms by 3.2 and 5.2 kcal/mol, respectively, suggesting that the 

iodine(V) reduction by the phenolate starting from 24 most likely proceeds via the associative 

mechanism. The favorability of the associative mechanism over the other variants explains the 

regioselectivity experimentally observed for the IBX-mediated oxidation of phenols.3 

As mentioned above, 24 has the potential to isomerize to a more stable form (25) from which the 

redox reaction occurs. The computed activation energy for the redox reaction to proceed from 25 

via TS25 is 24.2 kcal/mol, which is comparably higher than the direct reduction from 24. This result 

indicates that the more stable isomer 25 is much more reactive than the less stable isomer 24 toward 

the redox process. The transition structure for isomerization (TS24-25) is also calculated to lie higher 

in energy than TS24-26-p-OMe, letting us to conclude that once 24 is formed, it immediately involves 

in the redox process. In other words, the more stable isomer 25 is less likely to be formed during 

this oxidative dearomatization process and when the ligand exchange reaction produces 24, it 

directly participates in the iodine(V) reduction via the associative mechanism. 
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The higher reactivity of 24 versus 25 is consistent with the results of Goddard et al. who proposed 

that a hypervalent twist is required for the redox step of IBX-mediated alcohols oxidation.8e  We 

found that the iodine(V) reduction in 24 forces two electrons from the phenolate to a 2c-2e σ* 

orbital while that in 25 causes a 3c-4e σ* orbital to be occupied. Since a  2c-2e σ* orbital lies much 

lower in energy than a 3c-4e σ* orbital, 24 is more susceptible than 25 to drive the redox step (for 

more details see Fig S1).    
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Fig. 4 Free energy profile calculated for redox reaction from 24 via three different pathways: 

associative, dissociative, and SET and isomerization of 24 to 25 followed by a redox process via 

transition structure TS25. The relative free energies and bond distances in 3D structures are given 

in kcal/mol and Å, respectively. 

  

Can a dearomatized phenolate complex be a key intermediate for the oxidative 

dearomatization reaction? As discussed in the Introduction, for phenol dearomatization by PIDA 

to proceed with a reasonable activation barrier, the phenolate ligand needs to be initially 

dearomatized. In a recent publication,5 we showed that the ligand exchange between PIDA and a 

phenol forms a dearomatized phenolate iodine complex via TSPIDA-VIII (Scheme 3). Now, the 

question is whether there is any possibility for IBX to form a dearomatized phenolate complex. As 

demonstrated above, the most reactive isomer of IBX toward the ligand exchange is species B 

(Fig. 2). Fig. 5 shows the free energy profile relating to formation of dearomatized phenolate 

complex 24ʹ generated by the ligand exchange between phenol 16-p-OMe and IBX isomer B.  The 

π-complex 22ʹ with a relative free energy of 4.8 kcal/mol is surmised as the key intermediate. The 

formed π-complex can then undergo a proton transfer from the coordinated phenol to the oxo 

ligand via transition structure TS22ʹ-23ʹ to give 23ʹ with a free energy of 18.6 kcal/mol. A second 

proton transfer assisted by water molecule subsequently takes place by passing through transition 

structure TS23ʹ-24ʹ, leading to completion of ligand exchange process and formation of 

dearomatized phenolate complex 24ʹ. The located transition structure TS23ʹ-24ʹ with ΔG‡ = 26.8 

kcal/mol are much higher in energy than TS22-23, TS23-24, TS22-28 and TS28-24 (Fig. 2b), implying 

that the ligand exchange process is unlikely to yield a dearomatized phenolate complex. Indeed, 

the trans positioning of two relatively strong σ-donating ligands (dearomatized phenolate and 

hydroxide) in 23ʹ results in this intermediate being highly energetic, rendering this alternative for 

ligand exchange unfavorable.10     
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Another variant for formation of 24ʹ is that the aromatized 24 undergoes tautomerization via an 

energetically available transition structure. Attempts to find such a transition structure was 

unsuccessful and we found that the most accessible pathway for formation of 24ʹ is the sequence 

24 → TS32 → 24ʹ. Since TS32 lies 3.2 kcal/mol higher in energy than the TS24-26-p-OMe (Figure 4), 

the redox reaction from 24 is anticipated to occur much faster than the tautomerization. The above 

findings allow us to propose that the dearomatized phenolate complex 24ʹ is unlikely to be a key 

species for phenol oxidation by IBX.       

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                              
Fig. 5 Free energy profile for ligand exchange between IBX isomer B and phenol 16-p-OMe 

leading to dearomatized phenolate complex 24ʹ. The relative free energies are given in kcal/mol.                  
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Second redox process. Following the mechanism proposed by Pettus et al (Scheme 4), once 

intermediate 26 has produced,11 it undergoes tautomerization to give the iodine(III) intermediate 

27-H,H,OMe,H from which another redox process occurs to form the o-quinone product 37. This 

tautomerization is calculated to proceed with a free energy barrier of 17.3 kcal/mol in an exergonic 

fashion (ΔGrxn = -19.8 kcal/mol) where a water cluster is used as a proton shuttling agent (Fig. 6).  

Three different pathways (c, d and e) are found for the reduction of iodine(III) center by the 

phenolate starting from intermediate 27-H,H,OMe,H (Fig. 7). The redox reaction in pathways c 

proceeds by the simultaneous lengthening of both the I-O bonds via transition structure TS34. Due 

to the transfer of two electrons from phenolate to a high lying 3C-4e σ* orbital (Fig. S1), pathway 

c is calculated to be very energy demanding with ΔG‡ = 31.3 kcal/mol. Species TS35 is the key 

transition structure for pathway d in which the carboxylate group is rotated by 90° to allow the 

redox reaction occurring by transferring two electrons from the phenolate to a 2C-2e σ* orbital 

which is much lower in energy than a 3C-4e σ* orbital. This transition structure is still highly 

energetic with a free energy of 30.1 kcal/mol because it suffers from the cleavage of the strong I-

O(carboxylate) bond. Pathway e is similar to pathway d with the difference that the corresponding 

rotation takes place in an opposite direction, yielding transition structure TS36-H,H,OMe,H, in which 

the anionic carboxylate is stabilized by a hydrogen bond interaction with the OH group on the 

phenolate ring. Owing to the presence of such a hydrogen bond interaction in TS36-H,H,OMe,H, 

pathway e with ΔG‡ = 22.8 is computed to be more favored than the other two pathways, a result 

which led us to conclude that the final redox step most likely proceeds via this carboxylate-assisted 

route.        
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Fig. 6 Mechanism calculated for tautomerization 26 → 27-H,H,OMe,H assisted by a water cluster. 

The relative free energies are given in kcal/mol.     

    

 

          

Fig. 7 Three different transition structures calculated for the second redox process. The relative 

free energies and bond distances in 3D structures are given in kcal/mol and Å, respectively.                  
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Full free energy profile. Figure 8 summarizes our findings regarding oxidation of phenol 16-p-

OMe by IBX. Accordingly, the oxidation commences with coordination of the phenol to IBX 

followed by a proton transfer process via transition structure TS17-22 to generate 22. Our 

calculations showed that although 22 is an isomer for 17 with significantly lower stability, it is 

much more reactive toward the ligand exchange process and thus formation of key intermediate 

24 takes place from this less stable isomer mainly via two transition structures TS22-28 and TS28-24. 

The formed iodine(V) intermediate 24 is a branching point for two routes. Either it isomerizes to 

a more stable structure 25, or it undergoes a redox process. The redox process from 24 is predicted 

to be much faster than the isomerization as evident from TS24-26-p-OMe being below TS24-25. As 

such, once 24 has formed, it directly involves the redox process to give 26 via associative transition 

structure TS24-26-p-OMe in which the oxo group is being coupled with phenolate ortho carbon while 

the I-O(phenolate) bond is cleaved. Subsequently, a tautomerization process from 26 takes place 

and intermediate 27-H,H,OMe,H is produced. The resultant intermediate then undergoes a final 

redox process via the carboxylate-assisted transition structure TS36-H,H,OMe,H to give o-quinone 

product 37.  
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Fig. 8 A full free energy profile for double oxidation of phenol 16-p-OMe by IBX. The relative 

free energies are given in kcal/mol.                  

 

Effect of substituents on the first redox process. As discussed in the Introduction, Pettus et al. 

observed that when the phenol is substituted by the electron withdrawing groups such as C(O)R 

and NO2, the phenol oxidative dearomatization reaction is ceased. To rationalize this experimental 

finding, the activation free energy for the redox step (ΔG‡) via transition structure TS24-26-X (eq 1) 

for different substituents on the phenol ring was calculated. Several points are obvious from Table 

1. First, consistent with the experimental observations, the electron withdrawing substituents such 

as CN, NO2, and C(O)CH3 increase the redox activation free energy to a value greater than 26 
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kcal/mol. Second, for an electron donating substituent like OMe, the activation free energy of the 

redox step is mainly affected by the position of the substituent. If the para position is substituted 

by OMe, the activation barrier is reduced to 9.3 kcal/mol when it compares with X= H having ΔG‡ 

= 23.7 kcal/mol. The presence of the OMe group at the ortho position also causes the activation 

free energy to be reduced (ΔG‡ = 19.5 kcal/mol), but not as much as that found for the para position. 

The meta positioning of OMe on the phenol ring has almost no significant influence on the redox 

activation barrier with ΔG‡ = 24.5 kcal/mol. Third, the replacement of the para hydrogen with 

chlorine does not significantly affect the redox activation barrier.    

The ΔE values (Table 1) for the isodesmic reaction outlined in eq 2 allow us to provide some 

insights into the relative stability of phenoxenium ions. Accordingly, the nature of the substituent 

was found to have a very strong effect on the stability of the phenoxenium as evidenced by the fact 

that the ΔE values span a  huge range from -32.9 to 21.3 kcal/mol. Exactly the same trends are 

observed for ΔE and ΔG‡. The electron withdrawing substituents especially at the para position 

decrease the stability of the phenoxenium. In contrast, the electron donating substituents at the 

ortho and para positions increase the stability of phenoxenium with a greater effect on the para 

position. The presence of an electron donating substituent on the meta position almost has no 

significant influence on the phenoxenium stability.  

A strong correlation between the ΔE and ΔG‡ values with R2 =0.92 suggests that the activation 

free energy of the redox step is affected by the stability of the phenoxenium; the higher the stability 

of the phenoxenium, the lower the redox activation free energy. This result implies that although 

the reduction of iodine(V) to iodine(III) proceeds via an associative transition structure (TS24-26-

X),12 the phenolate ligand in this structure has some phenoxenium character which in turn affects 

the activation barrier to the redox step. The NPA charge analysis validates this supposition. For 
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example, the charge on the whole phenolate ligand increases from -0.446 in 24 to +0.087 in TS24-

26-p-OMe, confirming that the phenolate in TS24-26-p-OMe bears some phenoxenium character.     

                    

Table 1 Free energy change (ΔG‡) for transformation 16-X → TS24-26-X (eq. 1) along with the 

potential energy change (ΔE) for the isodesmic reaction given in eq. 2.                   

 

X ΔG‡ ΔE 

p-OMe 9.3 -32.9 

p-Me 21.0 -11.1 

p-Cl  23.9 -1.4 

H 23.7 0.0 

p-C(O)CH3 27.1 8.5 

p-CN 28.4 15.7 

p-NO2 29.1 21.3 

o-OMe 19.5 -19.0 
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o-NO2 26.4 14.5 

m-OMe 24.5 2.7 

m-NO2 27.0  13.9  

 

   

Fig. 9 A plot of correlation between ΔG‡ and ΔE based on the data given in Table 1. 

Effect of substituents on the second redox process. As revealed in Table 1, the activation barrier 

to the first redox reaction is strongly dependent on the substituent in the phenol ring. Now the 

question is whether a similar trend is present for the second redox process. To investigate this, we 

chose two substituents OMe and CN at different positions on the phenol ring of species 27-

Wʹ,Xʹ,Yʹ,Zʹ as shown in Table 2. Interestingly, in contrast to the first redox process, the second 

one via transition structure TS36-H,H,OMe,H shows almost no dependency on the substituent identity. 

Indeed, although the isodesmic reaction given in Table 2 (eq 4) indicates that an electron 

withdrawing substituent decreases the stability of the phenoxenium, this trend is not reflected on 

p-Cl

p-CO-CH3p-NO2

p-CN

p-CH3

no substituent

p-OMe

o-OMe

m-OMe

o-NO2

m-NO2

ΔG‡ = 0.32*ΔE + 23.27
R² = 0.92

8.0

13.0

18.0

23.0

28.0

-34-24-14-461626
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the redox activation barrier.  This contradicting result could be attributed to the fact that the 

phenolate in the transition structure TS36-H,H,OMe,H  has no phenoxenium character. This notion is 

corroborated by the NPA charge analysis; for example, the charge on the whole phenolate ligand 

in 27-H,H,OMe,H and TS36-H,H,OMe,H are calculated as -0.640 and -0.192, respectively, implying 

that the phenolate in TS36-H,H,OMe,H has almost no phenoxenium character. A plausible explanation 

for this finding is that the hydrogen bond interaction of the carboxylate with the OH group in the 

transition structure increasingly enhances the electron density on the phenolate fragment, making 

the redox process independent of the substituent nature.     

 

Table 2 Gibbs free energy change (ΔG‡) for transformation 27-Wʹ,Xʹ,Yʹ,Zʹ → TS36-Wʹ,Xʹ,Yʹ,Zʹ (eq. 

3) along with the potential energy change (ΔE) for the isodesmic reaction given in eq. 4.                    

 

Wʹ Xʹ Yʹ Zʹ ΔG‡ ΔE 

H H H H 22.2 0 

OMe H H H 21.8 1.5 
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H H OMe H 22.8 -1.5 

H H CN H 20.5 11.1 

H H H CN 23.5 8.8 

 

As a conclusion, we can say that the redox activation barrier with a transition structure having 

some phenoxenium character is lowered if the para position of the phenol is substituted by a strong 

electron donating group such as OMe. To further affirm this claim, we analysed the NPA charge 

on whole phenolate ligand in TS34 (pathway c in Fig. 7) and found that it has a partial charge of 

+0.458. This result implies that the phenolate in TS34 features a significant phenoxenium character 

and thus the energy of such a transition structure should be lowered if the position of the OMe 

substituent is well tuned. To assess the validity of this statement, the iodine(III) reduction via 

pathway c starting from 27-H,OMe,H,H were calculated (Fig. 10). In this phenolate complex, the 

OMe group is para to the I-O bond and so it should be capable of stabilizing the redox transition 

structure more effectively. Interestingly, consistent with our prediction, the redox reaction from 

27-H,OMe,H,H via TS34ʹ occurs with an activation free energy of 22.9 kcal/mol, which is 8.6 

kcal/mol lower than that from 27-H,H,OMe,H via TS34 (Fig. 7).   

 

Fig. 10 Activation free energy for iodine(III) reduction starting from phenolate complex 27-

H,OMe,H,H 
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Computational details 

Gaussian 1613 was used for the full optimization of all the structures involved in this work at the 

M06-2X level of theory.14,15 For all the optimised computations, the solvent effects were evaluated 

using the SMD solvation model with N,Nʹ-dimethylformamide (DMF) as a solvent.16 The Hay and 

Wadt’s effective core potential with a double-ξ valence basis set (LANL2DZ) was used to describe 

iodine.17 For other atoms, the 6-31G(d) basis set was used.18 A polarization function was also 

added for I(ξd = 0.289).19 This basis set combination will be referred as BS1. Frequency 

calculations were also carried out at the M06-2X level of theory as used for the optimization of 

structures. Berny algorithm was used to locate all the transition structures. The connectivity 

between transition structures and minima was confirmed by intrinsic reaction coordinate (IRC) 

calculations.20 The energies obtained from the SMD/M06-2X/LANL2DZ(d),6-31G(d) 

calculations were refined by single-point energy calculations with the M06-2X functional method 

for all the structures using a larger basis set (BS2) which employs the def2-TZVP basis set21 on all 

atoms. Effective core potentials including scalar relativistic effects were used for the iodine atom. 

To make the calculations more accurate, the tight convergence criterion was also involved. The 

free energy calculations for each species in solution was evaluated by using the following formula:   

G = E(BS2) + G(BS1) – E(BS1) + ΔG1atm→1M           (5) 

Where ΔG1atm→1M = 1.89 kcal/mol is the correction in free-energy change for compression of 1 

mol of an ideal gas from 1 atm to the 1M solution phase standard state. 

Minimum energy crossing point MECP1 between singlet intermediate 24 and triplet intermediate 

33 (Fig. 4) were located using the code of Harvey et al.22 Our calculations showed that, in potential 

energy terms, MECP1 is about 5.2 kcal/mol higher in energy than TS24-26-p-OMe.  
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Conclusion 

Mechanistic details of the phenol double oxidation mediated by IBX to yield an o- quinone are 

provided in this study by using DFT calculations at the M06-2X level of theory. We found that the 

oxidation may proceed via four main steps: (i) the ligand exchange between the phenol substrate 

and IBX to give a phenolate complex, (ii) first redox reaction which installs an oxo group on the 

phenolate at its ortho position, (iii) tautomerisation which forms a catechol-iodine(III) complex  

(iv) second redox process which produces the final product concomitant with the reduction of 

iodine(III) to iodine(I). Our findings regarding this investigation are summarized as follows: 

• The most stable isomer of IBX in which oxo ligand is trans to vacant coordination site is 

less likely to be involved in the ligand exchange and instead the process proceeds with a 

lower activation free energy if the IBX isomerizes to a less stable species with the oxo and 

carboxylate groups in a trans arrangement. 

•  The initial product of the ligand exchange process is an intermediate in which phenolate 

is trans to the vacant coordination site of IBX.  The isomerization of this intermediate to a 

more stable form with the phenolate trans to the carboxylate ligand gives a species which 

is least reactive towards the first redox process.  

• The less stable isomer of phenolate complex undergoes the redox process via an 

associative mechanism by which installation of oxo group on the phenolate and reduction 

of iodine(V) to iodine(III) occur in one step. The favourability of the associative 

mechanism over other variants reasonably explains the regioselectivity observed 

experimentally in the IBX-mediated oxidation of phenols.   

• In contrast to the PIDA system, the phenol oxidation by IBX is unlikely to pass through 

an dearomatized phenolate intermediate. 
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• The second redox process occurs from the catechol-iodine(III) complex via a carboxylate-

assisted transition structure wherein the iodine(III) reduction is facilitated by a hydrogen 

bond interaction between the catechol OH substituent and the carboxylate group. 

• Although the iodine(V) reduction proceeds via an associative mechanism, its activation 

barrier shows a large dependence on the substituent in the phenol ring. 

• An electron withdrawing substituent decreases the intrinsic stability of phenoxenium ion, 

whereas an electron donating substituent at ortho and especially para positions extremely 

increases it. 

• There is a good correlation between the intrinsic stability of the phenoxenium and the 

activation barrier to the iodine(V) reduction. This can be explained by the fact that the 

phenolate in the redox transition structure has some phenoxenium character. 

• The presence of the hydrogen bond interaction between the catechol OH substituent and 

the carboxylate group in the transition structure relating to the iodine(III) reduction results 

in the energy barrier to the second redox process being mainly independent from the nature 

of the phenol substituent. Such an interaction causes the phenolate in the transition 

structure not to have any phenoxenium character.  

• It is predicted that a redox activation barrier with a transition structure having some 

phenoxenium character is the lowest if the para position of the phenol is substituted by a 

strong electron donating group such as OMe.     
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