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Density functional theory (DFT) calculations have been performed to investigate the 

catalytic mechanism for the oxidation of veratryl alcohol to veratraldehyde by 

Cu-phen(phen=1,10-phenanthroline) catalyst. On the basis of the analysis of overall 

mechanism, the most favorable mechanism has been predicted and we hope the 

obtained results could provide useful insights for the reaction process and are useful 

for future design of more efficient catalysts. 
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Density functional theory (DFT) calculations have been performed to 
investigate the catalytic mechanism for the oxidation of veratryl alcohol to 
veratraldehyde by Cu phen (phen=1,10-phenanthroline) catalyst. The 
catalytic cycle consists alcohol oxidation and O2 reduction. For the alcohol 10 

oxidation, both mononuclear mechanism (path A) and binuclear mechanism 
(path B) are proposed. Our calculations show that path B is preferred over 
path A. Namely, for the Cu-phen (phen=1,10-phenanthroline) catalytic 
system, the mechanism is the binuclear mechanism, in consistent with the 
experimental suggestion. For the O2 reduction, two possible paths are 15 

proposed as well, which are (1) “path I” in which CuI is oxidized by O2 via 
a binuclear mechanism, and (2) “path II” in which CuI is oxidized by O2 via 
a mononuclear mechanism. According to our calculations, path I is favored 
both in thermodynamics and kinetics.  

1 Introduction  20 

Selective oxidation of alcohols to the corresponding aldehydes and ketones plays an 
important role in the organic synthesis of large-scale chemical industry. 1 It is known 
that traditional alcohol oxidation employs stoichiometric amounts of oxidizing 
reagents. Unfortunately, most of them suffer from the forcing conditions and toxic 
stoichiometric oxidations.2 Thus, the development of catalytic aerobic oxidation is 25 

necessary. Galactose oxidase (GOase) is a mononuclear copper enzyme that converts 
a variety of primary alcohols to aldehydes in the presence of oxygen.3 A great 
number of active catalysts have been synthesized as the functional models of GOase. 

In this aspect, the most studied systems are catalytic system Cu(II)-TEMPO 
(TEMPO=2,2,6,6-tetramethyl-piperidinyloxyl).4-13 For instance, Semmelhack and 30 

co-workers reported an aerobic oxidation of benzylic and allylic alcohols with 10% 
CuCl/TEMPO in DMF (N,N-dimethyllformamide) as the solvent.9 Sheldon and 
coworkers reported a series of CuII/diimine-TEMPO systems.4,7 At room 
temperature and under atmospheric air, CuII/diimine-TEMPO systems could oxidize 
benzyl alcohol to benzaldehyde. However, the alcohol oxidation has to carry out by 35 

the high catalyst loadings (5 mol%), with tBuOK as the catalytic base and 
CH3CN/H2O as the mixture solvent. Reedijk and coworkers studied an efficient 
catalytic system TEMPO/Cu-pyrazole.10 However, this catalytic system also requires 
organic solvent and basic co-catalyst. Recently, S. S. Stahl and coworkers reported a 
series (bpy)CuI/TEMPO systems.11-13 Among the aerobic alcohol oxidation reported 40 

to date, CH3CN has been used as solvent. Since this will cause safety issues 
associated with the flammability of organic solvent and oxygen mixtures,14 it would 
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be highly desirable to use water as the reaction solvent. In this sense, CuII/1,10-
phenanthroline catalytic system for aerobic oxidation of veratryl alcohol using water 
as the only solvent would be interesting.15 In experimental study, binuclear reaction 
mechanism has been proposed,15 similar to the mechanism in GOase functional 
complex.16 However, previous studies17,18 suggest that besides binuclear reaction 5 

mechanism, the mononuclear reaction mechanism is also possible for  Cu/bipy-
TEMPO systems.4,7,19 Therefore, based on the density functional theory, the reaction 
mechanism of aerobic veratryl alcohol oxidation catalyzed by CuII/1,10-
phenanthroline has been studied by considering both mechanisms. We hope the 
obtained results could provide useful insights for the reaction process and are useful 10 

for future design of more efficient catalysts. 

 Computational methods 

The calculations were performed by use of Gaussian 03 suite of programs.20 In the 

model reaction, the substrate veratryl alcohol is simplified to benzyl alcohol. 

Geometry optimizations and thermal corrections are performed with B3LYP21 15 

functional and the standard 6-31G(d) basis set. Relative free energies are obtained 

by single point calculations at B3LYP/6-311+G(d,p) and by including thermal 

corrections to free energies at B3LYP/6-31G(d). This includes entropy contributions 

by taking into account the vibrational, rotational and translational motions of the 

species at 298.15 K. Open-shell calculations for anti-ferromagnetic coupled singlet 20 

state usually result in a spin contamination. Therefore, an energy correction was 

estimated from the Heisenberg spin-Hamiltonian formalism.22 Similar energy 

correction approach was used in the previous studies.23,24 The spin densities (ρ) were 

generated by Mulliken population analysis with a larger basis set (6-311+G(d,p)). 

The intrinsic reaction coordinate (IRC) approach was used to confirm that the 25 

transition state connects the two relevant minima.25 The solvent effect on the 

potential energy surface was investigated by single-point calculations at the 

B3LYP/6-311+G(d,p) level with the conductor-like polarized continuum solvent 

model (CPCM)26 using water (ε = 78.39) as solvent. All the energies values are 

obtained at solvent (and in kcal/mol). 30 

Result and Discussion 

The catalytic cycle of Cu-phen system consists of two parts, namely, alcohol 

oxidation and O2 reduction (Scheme 1). The corresponding cartesian coordinates of 

all structures provided in the Electronic Supplementary Information (ESI) . For the 

alcohol oxidation, two paths were proposed, i.e., mononuclear mechanism (path A) 35 

and binuclear mechanism (path B). For the O2 reduction, two paths were proposed as 

well, i.e., path I and path II. The corresponding energy profiles and the optimized 

geometries for the alcohol oxidation and O2 reduction are given in Fig. 1, Fig. 2 and 

Fig.3, respectively. 
  40 
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Scheme 1 Proposed catalytic mechanisms of the title complexes. The green, purple colors 

represent path A and path B. The red, blue colours represent path I and path II, respectively. 

(The superscript “r” represents closed shell singlet state.) 
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Fig. 1 The optimized geometries and energy profile of the reactant, intermediates, transition 
states and product for substrate oxidation in path A and path B. The dashed line represents 

triplet spin state; solid line represents open-shell state. The energy values are in kcal/mol and 
bond lengths are in Å. (The superscript “r” represents closed shell singlet state.The 5 

orange ,red, white  balls represent Cu atoms,O atoms and H atoms, respectively. The blue,  
gray  balls represent N atoms and C atoms, respectively. )  

 
 

Fig. 2 The optimized geometries and energy profile of the reactant, intermediates, transition 10 

states and product for O2 reduction in path I. The dashed line represents triplet spin state; solid 
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line represents singlet state. The energy values are in kcal/mol and bond lengths are in Å 
(The orange ,red, white  balls represent Cu atoms,O atoms and H atoms, respectively. The blue,  

gray  balls represent N atoms and C atoms, respectively. ) 

 
Fig. 3 The optimized geometries and energy profile of the reactant, intermediates, transition states 5 

and product for O2 reduction in path II. The dashed line represents triplet spin state; solid line 
represents singlet state. The energy values are in kcal/mol and bond lengths are in Å.(The 

orange ,red, white  balls represent Cu atoms,O atoms and H atoms, respectively. The blue,  gray  
balls represent N atoms and C atoms, respectively. ) 

3.1 Substrate oxidation 10 

3.1.1 proton transfer(0→1→2) 

Based on the experimental study, the [CuII(phen)(OH)2] (denoted as 0 in Fig. 1) is 
considered as the starting structure for the catalytic reaction. The substrate benzyl 
alcohol initially coordinates to the CuII center to give 21, followed by proton transfer 
from the substrate benzyl alcohol to the -O(1)H group via the transition 2TS1-2 to form 15 

22. The energy barrier (21→2TS1–2) for the proton transfer is 12.5 kcal/mol.  
 
3.1.2 Hydrogen-Abstraction Step(2→3→4) 

After the formation of 22, two paths (path A and path B) are explored. In path B, the 
precursor (20) coordinates to 2 forming 3 (with the binuclear center), followed by the 20 

H atom moving to the O(3)H group to generate 4. For 3, two spin states were 
considered (singlet state 13 and triplet state 33). It is found that 13 is only 0.1 
kcal/mol lower than 33, indicating that both states are competitive. Consequently, 
two-state reactivity (TSR) has to be taken into account. The TSR is encountered in 
many reactions in the organometallic chemistry.27As seen in Fig. 1, the open shell 25 

singlet state is the ground state in the process 3→4. In this process, the H atom 
abstraction occurs via 1TS3-4 with the energy barrier of 21.7 kcal/mol with respect to 
13 (24.9 kcal/mol relative to 22)Thus, the H atom abstraction step is favored and is 
the rate-determining step. In addition, all of the experimental observations, in the 
absence of oxygen, only a small percentage (4%) of aldehyde is detected at 80℃. In 30 

these conditions, the Cu/aldehyde ratio is 2.5 indicating that binuclear reaction 
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mechanism is favored. While in path A, 22→13’, the H atom moves to the O(2)H 
group giving H2O and PhCHO. The calculated energy barrier for the H atom 
abstraction is 28.9 kcal/mol (22→1TS2-3’). During this process, the separation of the 
OH group from C–H bond is 3.01Å. In 1TS2-3’, C…H bond distance (bond tends to 
be broken) is 1.41 Å, while 1.22 Å for O…H (bond tends to be formed). Thus, H 5 

atom abstraction results in a “late” transition state. Concluding from both the  
experimental phenomenon and from the calculated energetics analysis that the 
results of the pathB is favored.Therefore,in the following, only reactions following  
path B is discussed.  

For 13, the positive spin density of ρ = 0.59 on Cu(1), ρ= 0.13 on phen(1), ρ= 10 

0.11 on O(2)H, and ρ= 0.13 on the substrate benzyl alcohol are accompanied by a 
spin density of opposite sign of ρ= -0.56 on Cu(2), ρ= -0.13 on phen(2), ρ= -0.15 on 
O(3)H, and ρ= -0.14 on O(4)H. According to the spin density distribution, the 
complex 13 possesses{[Cu(1)

II(phen)(1)(O(2)H)(OCH2Ph)][Cu(2)
II(phen)(2)(O(3)H)(O(4) 

H)]}character. For the product of the H atom abstraction (1r4), all the spin densities 15 

of the atoms in 1r4 are zero. 1r4 is best formulated as 
{[Cu(1)

I(phen)(1)(O(2)H)(OCHPh)][Cu(2)
I(phen)(2)(O(4)H)]}. In comparison with 13 

and 14, the above change indicates that the oxidation state of Cu for both Cu(1) and 
Cu(2) center is reduced from CuII to CuI, accompanied by the formation of H2O and 
the product PhCHO, which is consistent with the experimental observation. 20 

To further investigate the H atom abstraction, the electron transfer process 
during 13→1TS3-4 is discussed. In 1TS3-4, the spin density on the Cu(2) center is -0.56, 
indicating that Cu(2) center is in the CuII oxidation state. This means that the 
homolytic cleavage of the Cu(2)-O(3)H bond does not occur in 1TS3-4. This conclusion 
 could be supported by the Cu(2)-O(3)H bond length change (13→1TS3-4: 1.83 25 

Å→1.89Å). The bond length change for the similar homolytic cleavage of the Cu-
OH bond should be about 0.26 Å.18 Therefore, the homolytic cleavage of the Cu(2)-
O(3)H bond did not happen in 1TS3-4. Namely, the spin density located on O(3)H 
should not be affected by the Cu(2)-O(3)H bond in 1TS3-4. However, for the O(3)H 
group, the spin density changes from -0.15 to -0.05 in the process of 13→1TS3-4, 30 

indicating that a very small fraction of α-spin electron has been migrated to the 
O(3)H species. This fraction of the α-spin electron comes from the homolytic 
cleavage of Cα-H bond of -OCH2Ph. The corresponding β-spin electron generating 
from homolytic cleavage of Cα-H bond migrates to the substrate, which should result 
in the decrease of the α-spin density on the substrate. However, it is interesting to 35 

mention that the α-spin density on the substrate increases from +0.16 to +0.55, 
indicating some α-spin densities migrate to the substrate. In addition, the spin 
density on Cu(1) center decreases from +0.59 to +0.3 (13→1TS3-4), indicating that a 
small fraction of β-spin electron transferring to the Cu(1) center. The α-spin densities 
migrating to the substrate and the β-spin electron migrating to the Cu(1) center could 40 

trace to a fraction of the homolytic cleavage of the Cu(1)-OCHPh bond. This could 
give a fraction of β-spin electron to the Cu(1) atom and α-spin electron to the 
substrate radical, which results in the decrease of the α-spin density on Cu(1) center 
(+0.59→+0.3), coupled with the increase of the α-spin density on OCHPh 
(+0.13→+0.55). In a word, in the process of 13→1TS3-4, two bonds were partially 45 

homolytic cleavage (partially homolytic cleavage of Cu(1)-OCHPh bond and minor 
homolytic cleavage of the Cα–H bond of the -OCH2Ph group). This conclusion is 
further supported by the molecular orbitals for 13→1TS3-4 (Scheme 2). In the process 
of 13→1TS3-4, the increase of a small fraction of the α-spin electron on substrate and 
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a new small fraction of the β-spin electron distributed on Cu(1) indicates the partial 
homolytic cleavage of the Cu(1)-OCHPh bond. Moreover, a small fraction of the α-
spin electron on O(3)H and a new small fraction of the β-spin electron located on 
substrate implies the partial homolytic cleavage of the Cα–H bond of the -OCH2Ph 
group. Thus, only Cu(1)-OCHPh bond and Cα–H bond are partially homolytic 5 

cleavage in the process of 13→1TS3-4.  
 

 
Scheme 2. Molecular orbitals isosurface for 13 and 1TS3–4. SOMO indicates singly occupied 

molecular orbital. The red, blue colors represent the occupied molecular orbital for the homolytic 10 

cleavage of Cu(1)-OCHPh bond and Cα-H bond, respectively (contour values = ±0.04). 

3.2 O2 reduction 

For the O2 reduction step, two pathways (path I and path II) are proposed based on 
the experimental observation (Scheme 1). In path I, O2 initially replaces the product 
PhCHO to coordinate to the Cu(1) center in 4 generating 5. Then, after the H atom 15 

and a proton transfer steps, the H2O2 and PhCHO are formed (6→7). Finally, the 
release of the H2O2 and PhCHO will result in the regeneration of 20. In contrast, in 
path II, the H2O and product PhCHO dissociate before O2 binding, generating of two 
units of 8, which is formulated as [CuI(phen)(OH)]. Subsequently, another alcohol 
molecule coordinates to the [CuI(phen)(OH)] complex (9→10), followed by the O2 20 

binding to the CuI center to give 11. Then, after the proton and H atom transfer 
steps, alcohol is converted to aldehyde (11→12). Finally, the release of the H2O2 
and product PhCHO will result in the regeneration of 8. 
 
3.2.1 Path I 25 

From 1r4, O2 replaces aldehyde to coordinate to the Cu(1) ion generating 1,35. Only 
the end-on binding of oxygen to Cu(1) has been obtained for 1,35. Since 35 is 1.8 
kcal/mol lower than 15, two spin states are considered (Fig. 2). As seen in Fig 2, the 
energies for both two spin states are very close, with the triplet state is a little lower. 
Therefore, only the triplet state is discussed in the process of 5→7. 35 is stabilized 30 

by two hydrogen bonds [d(O(2)…H2O(6)) = 1.60 Å and d(O(4)…H2O(5)) = 1.54 Å). 
Since the stabilizing effect of the two hydrogen bonds, the 1r4→35 process is 
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exothermic by 26.8 kcal/mol. In addition, for 35, the calculated spin densities on 
Cu(1), O2 species and Cu(2) are 0.61, 1.10 and 0.00, respectively, indicating the 
Cu(1)II-OO·¯…Cu(2)I character. In the process 35→36, the calculated spin densities 
on Cu(2) increases from 0 to 0.65, coupled with the spin density on OO·- changing 
from 1.10 to 0.09. Meanwhile, the OO·- abstract a H atom from H2O(6) to form 5 

OOH- moiety. This implies that the homolytic cleavage of the O-H bond in H2O(6) is 
observed. This could result in an β-spin electron transferring to the O(6)H group and 
an α-spin electron to the H atom which migrates to the OO·- species to form OOH- 
moiety. It is obvious that the β-spin electron located on the O(6)H group should be 
very unstable. Therefore, the Cu(2)I offer one electron to couple with the O(6)H 10 

radical to form the Cu(2)II -O(6)H bond. This is confirmed by the spin densities on 
Cu(2) center (increases from 0 to 0.65 in the process of 35→36) and the bond length 
change (35→36: 2.01→1.83Å). After the H atom transfer step, another proton 
transfers from H2O(5) to -OOH moiety, generating H2O2. Finally, the release of H2O2 
could regenerate catalyst 0.  15 

 
3.2.2 Path II 

The generated aldehyde dissociates from 1r4 forming two units of [CuI(phen)(OH)] 

(18). In the process 1r4→18 (Fig.1 and Fig. 3), the reaction is endothermic by 5.0 
kcal/mol. It is obvious that the generation of 18 (path II) is thermodynamically 20 

unfavorable when compared to 15 (path I). After the formation of 18, the substrate 
alcohol coordinates to the Cu center giving 19, followed by the proton transfer from 
alcohol to hydroxy group, generating 110. The energy barrier for this proton-transfer 
step (19→1TS9–10) is 3.1 kcal/mol. In the process of 19→110, the Cu-O distance 
increases from 1.88 to 2.20Å, suggesting that the Cu-O bond is fully cleaved, 25 

forming the water molecule (H2O) in 110. From 110, the triplet O2 coordinates to the 
Cu center generating 1,311. 311 is lower in energy than 111 by 12.9 kcal/mol. As seen 
in Fig. 3, the triplet state cross over to the open-shell singlet surface en route to 
1TS11–12. Although the 1TS11–12 is 4.2 kcal/mol lower than 3TS11–12, the reactivity are 
still be dominated by the triplet state, because of the large energy difference between 30 

311 and 111 (12.9 kcal/mol). Similar situation was encountered in Shaik’s work (case 
C in that study). 28 The activation energy for 311→312 is 22.3 kcal/mol.After the 
migration steps of proton and hydrogen atom, 312 is formed. The spin densities for 
312 implies the [(·OCHPh)CuII(phen)(OH)(H2O2)] character. To form product 
PhCHO, the [·OCHPh-CuII] bond has to cleave (generating one α-spin electron and 35 

one β-spin electron). Then, the β-spin electron migrates to the ·OCHPh species to 
form product PhCHO. And the α-spin electron should transfer to CuII ion. As we 
know, CuII ion is in the d9 character, which could accommodate a β-spin electron. 
However, the homolytic cleavage of the ·OCHPh-CuII bond generates an α-spin 
electron. Therefore, the α-spin electron has to spin-flip to β-spin electron to migrate 40 

to CuII ion, giving rise to the CuI and to give 1r12. After the formation of 1r12, the 
products benzaldehyde and H2O2 are released to regenerate 18.   

In summary, the 1r4→35 process is exothermic by 26.8 kcal/mol and the energy 
barrier for path I (about 3 kcal/mol) is observed (22.3 kcal/mol in path II). 
Therefore, for the O2 oxidation reaction, path I is the preferred pathway. 45 

Calculations of the veratryl alcohol Oxidation  
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Fig. 4 The optimized geometries  for  the transition states in both substrate  benzyl alcohol and 
veratryl alcohol. The bond lengths are in Å.(The orange ,red, white  balls represent Cu atoms,O 

atoms and H atoms, respectively. The blue,  gray  balls represent N atoms and C atoms, 
respectively. ) 5 

 
Because the substrate veratryl alcohol was simplified to benzyl alcohol, which could 
introduce extra errors in the activation barriers, we performed calculations on benzyl 
alcohol as the substrate for the critical reaction steps in both path A and path B.On 
the basis of our calculations, the geometry structures (Fig.4) and the energy barriers 10 

for the critical reaction steps in path A and path B are quite similar for veratryl 
alcohol and benzyl alcohol. As an example, the energy barriers for the H abstraction 
step (rate-determining step in path B) for veratryl alcohol and benzyl alcohol are 
within 0.5kcal/mol. And the critical bond lengths are shown in the following table1. 
As seen in the table below, the differences are within 0.03Å. This implies that 15 

benzyl alcohol represents a good trade-off between accuracy and computational cost 
in exploring the whole energetic profile. 
 

Table1.The bond lengths for  the he transition states in both substrate benzyl alcohol and veratryl 
alcohol 20 

 

wB97XD 

 wB97XD is the latest functional from Head-Gordon and coworkers, which includes 
empirical dispersion.30 Therefore, we chose the wB97XD functional as the 
alternative functional to recalculate the critical reaction steps in both path A and 25 

model   O(1)...H     C...H Cu(1)-O(2) Cu(2)-O(1) 
benzyl alcohol 1.19Å 1.45Å 1.86Å 1.91Å 
veratryl alcohol 1.20Å 1.42Å 1.87Å 1.91Å 
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path B. For the open shell singlet state, the large spin contamination (S2>3) for 
wB97XD was observed, implying wB97XD is not suitable to describe the open shell 
singlet. But for the triplet state, wB97XD functional gives the very similar geometry 
structures and the energy barriers compared to B3LYP. In addition, B3LYP has been 
tested extensively in many studies of molecular structures and is a suitable 5 

functional for describing the open shell singlet.29 Thus, we suppose the B3LYP 
functional give reliable results in this catalytic system.  

Conclusions 

The catalytic mechanism for the oxidation of veratryl alcohol to veratraldehyde by 
Cu-phen (phen=1,10-phenanthroline) catalyst have been performed by use of density 10 

functional method. The catalytic cycle consists of two parts, namely, alcohol 
oxidation and O2 reduction. For the alcohol oxidation, two mechanisms were 
proposed, i.e., mononuclear mechanism and binuclear mechanism. The calculations 
show that the H-atom transfer step within the alcohol oxidation is the rate-
determining step for both paths. The calculated overall reaction barrier for path A is 15 

28.9 kcal/mol, larger than 24.9 kcal/mol for path B, indicating that path B is 
favorite. Namely, for the Cu-phen (phen=1,10-phenanthroline) catalytic system, the 
mechanism is the binuclear mechanism, in agreement with experiment. In addition, 
for the O2 reduction, two possible paths are proposed as well (path I and path II). 
According to our calculations, path I is favored. 20 
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