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Oxidative stress is considered to be a major contributor to dysfunction in a host of disease states. Reactive
oxygen species (ROS) mediate distinct oxidative alterations in biopolymers, including DNA, proteins, lipids,
and lipoproteins. Currently, the mechanisms of biochemical reactions underlying oxidative stress are poorly
understood because of the instability of ROS. One of the consequences of oxidative stress is one-electron
oxidation of tyrosine (Tyr) residues in proteins, which represents a hallmark of this insult and is implicated
in the pathogenesis of a number of pathological processes leading to atherosclerosis, inflammatory conditions,
multiple system atrophy and several neurodegenerative diseases. Major products of oxidation of Tyr include
protein-bound dityrosine and isodityrosine. In this report, the mechanism of tyrosine coupling (including
structure and stability of a number of proposed reaction intermediates) is studied by high-level density functional
and conventional ab initio methods including B3LYP, MP2, CASSCF, and CASPT2. It is demonstrated that
dityrosine and isodityrosine are the most stable structures at all theoretical levels applied. In addition to
classical structures of the reaction intermediates, evidence is found for a novel transient structure of Tyr
dimer, stacked dityrosyl. This dimer is predicted to exist because of strong electron correlation between two
tyrosyl moieties. The counterpoise corrected energy of stacked dityrosyl is below the energy of two tyrosyl
radicals by about 95 kJ/mol at the PUMP2/6-31G** level. High proton affinity of tyrosyl radical (about 9.4
eV) suggests that positively charged amino acids in the vicinity of a solvent-exposed Tyr residue may increase
the probability of tyrosine coupling.

Introduction

Recent experimental data suggest that oxidative stress triggers
several biochemical mechanisms leading to aging, as well as a
variety of pathological processes.1-6 Examples of pathological
conditions where oxidative stress may play a role include
cancer,7 atherosclerosis,8 inflammatory conditions,9 stroke,10

amyotrophic lateral sclerosis,11 and multiple sclerosis.12 It has
also been implicated in a host of neurodegenerative diseases,
including Alzheimer’s, Parkinson’s, and Huntington’s diseas-
es.5,6,9-18 Oxidative processes result in characteristic chemical
modifications in DNA, proteins, lipids, and lipoproteins. Oxida-
tive stress is frequently mediated by reactive oxygen species
(ROS), which may include superoxide anion (•O2

-), singlet
oxygen (1O2), hydroxyl radical (•OH), alkoxy radical (•O-R),
hydroperoxyl radical (•OOH), peroxyl radical (•OO-R), tyrosyl
radical (Tyr-O•), carbonate radical anion (•CO3

-), nitrogen
dioxide radical (•NO2), hypochlorite anion (OCl-), peroxynitrite
anion (ONOO-), and peroxynitrous acid (ONOOH).10,15-24 In
neurodegenerative diseases and stroke, oxidative stress is a major
part of the more complicated interrelated set of mechanisms
leading to neuronal cell death, which constitutes the lethal triplet
of oxidative stress, metabolic compromise, and glutamate
excitotoxicity.25

A typical feature of oxidative stress in the physiological pH
range is the formation of tyrosyl radicals (II ) by abstraction of

hydrogen atom from the hydroxyl group of tyrosine (Tyr,I ) by
ROS (Figure 1).26-28 Protein-bound dityrosine, a major product
of Tyr modification in proteins, is formed by recombination of
two tyrosyl radicals (Figure 2).15,24,28-36 Tyrosine coupling is
an irreversible process which may lead to intermolecular cross-
links and/or wide intramolecular loops in proteins and lipopro-
teins, thereby initiating their dysfunction and aggregation.24,28,30,36,37

Tyrosine coupling is believed to be a prime marker of oxidative
stress in atherosclerosis, inflammatory conditions, and neuro-
degenerative diseases.24,30,33,36,38Two structures of dityrosine
have been identified (Figure 2), 3,3′-dityrosine (dityrosine,III )
and 3-[4′-(2-carboxy-2-aminoethyl)phenoxy]tyrosine (isodity-
rosine, IV ).24 Tyrosine coupling is one example of a more
general process of oxidative coupling of phenols, which is
abundant in nature.37,39

Mechanisms of biochemical reactions underlying oxidative
stress are poorly understood because of the instability of the
radical species involved. The structure of reaction intermediates
and mechanisms of chemical transformations remain hypotheti-
cal, and are often devised from the structure of the identified
products of oxidation of biopolymers.24,39,40This approach alone
is not able to lead to the exact reaction mechanisms, nor to
explain the remarkable regio- and stereoselectivity of radical
oxidative reactions which is frequently observed.22,26,39,41,42For
this reason, ab initio theory represents a useful tool in studying
the mechanisms of biochemical reactions mediated by ROS.

In this report, we study the mechanism of tyrosine coupling
by ab initio and density functional methods in the gas phase.
This study includes putative processes of formation of tyrosyl
radical (Figure 1) and their subsequent recombination (Figure
2). In addition to classical reaction intermediates (V andVI ),24
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a novel transient structure of dityrosine, stacked dityrosyl (VII ),
is predicted (Figure 2). Electron correlation is demonstrated to

play the central role in stabilizing stacked dityrosyl, particularly
because the HOMO electron pair in this dimer is highly
delocalized (over 10 atoms). Phenoxyl radical is regarded as a
notoriously difficult open-shell system requiring multi-deter-
minant consideration.43,44It has been further demonstrated that
the correct description of the excited states of tyrosine also
requires multi-determinant wave functions.45 We demonstrate
here that the ground state of phenoxyl and tyrosyl radicals can
be described adequately at the PUMP2 level, as the multi-
determinant description of the wave function is not required
for geometry and energetics. The dynamic electron correlation
effects are dominant in stacked diphenoxyl and dityrosyl,
therefore, these molecules represent a challenge for modern
computational chemistry and computational power.

Methods

Since chemical transformations associated with tyrosine
coupling are localized within phenolic rings of Tyr residues
(reactions 1 and 2), these reactions were studied using smaller
systems derived from phenol andp-cresol, without peptide
backbones (Figure 3). Structure and stability of the initial species
(I andII) , the observed products (III andIV ), and a variety of
hypothetical reaction intermediates (V-XII ) of tyrosine cou-
pling (Figure 3) were studied by fully optimized density
functional theory (DFT)46,47and conventional ab initio calcula-
tions using the split-valence 6-31G** basis set.48 The DFT
calculations utilized the Becke’s three-parameter exchange
functional with the Lee-Yang-Parr’s correlation functional
(B3LYP).49,50This particular hybrid GGA functional is the most
widely used, and has been demonstrated to yield remarkable
accuracy in structure, dipole moments, thermochemistry, and
vibrational frequencies in various molecular systems.51 Con-

Figure 1. Putative reactions of formation of neutral tyrosyl radical
(II ) from neutral Tyr (I ) in the physiological pH range.

Figure 2. Putative reaction pathways for tyrosine coupling. Structure
II - tyrosyl radical; structuresIII (dityrosine) andIV (isodityrosine)
- products of tyrosine coupling; structuresV-VII - reaction
intermediates. Question mark designates a tentative reaction pathway
of the predicted transient intermediateVII .

Figure 3. Structures of the molecules under study. Indexp designates
derivative of phenol, indext designatesp-cresol.
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ventional ab initio methods of correlation energy correction,
namely frozen-core unrestricted second-order Møller-Plesset
perturbation theory (UMP2),52,53 complete active space multi-
configuration self-consistent field (CASSCF),54 and CASSCF
with a full MP2-level electron correlation correction (CASPT2),55

were used to support predictions made in the present study based
on the DFT calculations. To avoid possible problems with size
consistency within the CASSCF(2,2) and CASPT2(2,2) ap-
proaches when evaluating dimerization energy of phenoxyl
radical, the energy of the monomer was calculated after splitting
of the dimer into two noninteracting (separated by 20 Å)
monomers.

Restricted open-shell Hartree-Fock (ROHF)56 and unre-
stricted Hartree-Fock (UHF)57 calculations were carried out
to demonstrate a pivotal role of electron correlation effects in
I andVII . “Projection” (P) of unrestricted wave functions was
utilized to remove contaminants from higher spin states from
UHF and UMP2 wave functions of doublet states by means of
spin projection operators;58 the resulting PUHF and PUMP2
energies were used to predict energetics of chemical transforma-
tions involving radical species. Geometry optimizations of
symmetrical molecular systems at the B3LYP and UMP2 levels
were followed by calculations of normal frequencies to identify
the nature of the stationary points. To demonstrate stability of
novel reaction intermediates, stacked diphenoxyl and stacked
dityrosyl, basis set superposition errors (BSSE) were evaluated
by computation of the counterpoise corrections.59 The influence
of zero-point vibrational energies on relative stabilities of the
molecular systems under study was not investigated because
of complexity of the systems and since the obtained ab initio
results agree well with available experimental data. Ab initio
calculations were performed with the program Gaussian-9860

on an IBM SP2 high-performance computer available through
the High Performance Computing Virtual Laboratory (HPCVL)
at Queen’s University at Kingston.

Results and Discussion

Formation of Tyrosyl Radical. Tyrosyl radical has been
demonstrated to result from the abstraction of hydrogen atom
from the OH group of Tyr by ROS at physiological pH.26-28

This process is caused by the relative stability of the phenoxyl
radical nucleus (IIp , Figure 3),39 such that the bond strength of
the phenolic hydroxyl appears to be less than or equal to the
resulting stabilization of ROS. While methods of computational
chemistry are currently unable to demonstrate whether a
particular reaction is involved in oxidative stress processes, it
is possible to recognize improbable reaction pathways which
are accompanied by significant increase in energy.61 To identify
those pathways, it is critical to establish the theoretical level

which allows one to reproduce fundamental experimental data,
e.g., the bond strength of hydroxyl groups in a set of test
molecules, such as H2O, CH3OH, HOOH, CH3OOH, and C6H5-
OH.

Table 1 presents the OH bond strengths in the test molecules
obtained by fully optimized ab initio calculations. These data
indicate that both UB3LYP/6-31G** and PUMP2/6-31G**
levels are able to reproduce the experimental results with
remarkable precision. Mean relative error of the predicted OH
bond strengths in the test molecules is 0.4% and 1.9%,
respectively, for these methods. The influence of zero-point
vibrational energies on the OH bond strength of phenol is
relatively insignificant (Table 1). Surprisingly, the more so-
phisticated method, fullπ-electron space CASSCF,44 fails to
reproduce the OH bond strength in phenol, as it underestimates
the stabilization energy of phenol with respect to that of
phenoxyl radical. The disagreement of the fullπ CASSCF/6-
31G* prediction with experimental and other theoretical results
is eliminated by taking into accountσ-π dynamic correlation
using MP2 perturbation theory correction within each electron
configuration of the active space in the framework of the
CASPT2 approach (Table 1). Particularly, “projected” wave
function PUMP2 describes the energy difference between phenol
and phenoxyl radical as good as the multi-determinant CASPT2
functional. A similar effect has previously been detected when
studying the single-triplet split in cyclobutadiene.43 This result
indicates that electron correlation effects in phenol are signifi-
cantly underestimated by theπ CASSCF approach because the
wave function does not include correlation betweenσ and π
electrons. Moreover, if correlation betweenπ electrons is also
neglected (within the PUHF approach), phenol is further
destabilized and, accordingly, the predicted OH bond strength
decreases to 114.6 kJ/mol versus an experimental value of 361.9
( 8 kJ/mol.62 It has been previously found that the optimized
geometric features of phenoxyl radical are very similar when
using UMP2 and fullπ CASSCF methods.51a These striking
results suggest that dynamic electron correlation in phenolic
systems is very strong, and this is the correlation within both
σ- and π-electron systems (but not variational multireference
description of wave function by itself), which is absolutely
critical for geometry and stability. Since the HOMOπ-electron
pair is separated when abstracting H from phenol, correlation
between these particular electrons in phenol are most important
for a correct description of the dissociation energy.61 The reason
for the significance of correlation of this particular electron pair
in phenol (Table 1) is high delocalization of the corresponding
MO (HOMO).43 Both single-determinant UB3LYP/6-31G** and
PUMP2/6-31G** levels of theory appear to be sufficient to take
this effect into account (Table 1).

TABLE 1: Comparison of Theoretically and Experimentally Obtained OH Bond Strengths (in kJ/mol) in Reference Molecules

level of theorya

molecule B3LYP/6-31G** PUMP2/6-31G** CASSCF/6-31G* CASPT2/6-31G* experiment61

H-OH 501.4 493.5 498( 4
H-OCH3 444.6 452.2 436.0( 3.8
H-O2H 364.7 375.6 369.0( 4.2
H-O2CH3 359.2 373.4 370.3( 2.1
H-OC6H5 375.0 376.2 253.4 377.3 361.9( 8

a Bond strengths of OH groups in indicated molecules were determined using ab initio calculations at different levels of theory by estimating the
energy required for its homolytical dissociation. Full geometry optimizations were performed at the B3LYP, UMP2, and CASSCF levels, the
CASPT2 (CASSCF-MP2) energy was calculated with the CASSCF-optimized geometry. The fullπ-electron active space was used in CASSCF and
CASPT2 methods, i.e., full configuration interaction of 8 and 7π-electrons was taken into account in phenol (C6H5OH) and phenoxyl radical
(C6H5O•), respectively, in a subset of 7π-MO. All theoretical levels presented, except for CASSCF/6-31G* (underlined bolded value), demonstrate
marked accuracy in OH bond strengths in the molecules under study. Taking the zero-point energy (ZPE) correction of the OH bond strength in
phenol into account decreases the predicted values approximately by 33 kJ/mol.
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The p-alkyl substituent in cresol (similar to Tyr) slightly
weakens the OH bond, which is consistent with the observation
thatp-cresol demonstrates lower redox potential than phenol at
neutral pH.63 According to the B3LYP/6-31G** and PMP2/6-
31G** calculations, the OH bond strength is lower inIt than
in Ip by 7.6 and 2.6 kJ/mol, respectively. This means that the
p-alkyl group somewhat stabilizes the phenoxyl radical in Tyr.
Table 2 provides the potential energy balance of the proposed
reactions of one-electron oxidation of Tyr (simulated with
molecule It ) by ROS (Figure 1). The results indicate that
reactions 1e and 1f are improbable at room temperature, because
the predicted stabilization of peroxynitrite (ONOO-) as a result
of a one-electron reduction is much lower than the energy
required to abstract H from the OH bond inIt . The estimated
peroxynitrite stabilization according to pathway (1f) is around
-280 kJ/mol, which is significantly lower by absolute value
than the OH, CH, and SH bond strengths (>310 kJ/mol) in
natural molecular species (e.g., phenolic compounds, unsaturated
fatty acids and cysteine residues) which are generally affected
in oxidative radical reactions.10 This result suggests that
peroxinitrite anion is not likely a direct mediator of natural
oxidative radical reactions.19 Alternatively, the protonated form
of peroxynitrite, peroxynitrous acid (ONOOH), is a much more
potent oxidizer than peroxynitrite. The predicted energy of
stabilization of ONOOH during one-electron reduction according
to the currently accepted pathway (1g)19 is estimated to be
-406.3,-437.3,-446.2, and-455.5 kJ/mol at the B3LYP/
6-31G**, B3LYP/6-311+G(2d,p), PMP2/6-31G**, and PMP2/
6-311+G(2d,p) levels, respectively, which is much higher than
the energy required for breaking the OH bond in phenolic
compounds (approximately 360 kJ/mol;62 Table 1). These
considerations suggest that the active form of peroxynitrite in
oxidative radical processes at physiological pH is peroxynitrous
acid, which is consistent with recent experimental studies on
the pH dependence of the oxidative activity of peroxynitrite on
dopamine,17 melatonin,64 and tyrosine.65

The predicted energy of reactions of one-electron oxidation
of Tyr by other forms of ROS (Figure 1, Table 1) is consistent
with their direct involvement in the formation of tyrosyl radicals.
Specifically, the present results support the recently suggested
concept that both carbonate radical anion (•CO3

-)22,34,66,67and
tyrosyl radical (Tyr-O•)15,24,30are important ROS, and explain
their more selective reactivity with respect to hydroxyl radical
and peroxynitrous acid.15,22,24,34

Since the height of the energy barrier hindering hydrogen
atom transfer from Tyr to ROS determines the rate of this
chemical transformation, the existence of the energy barriers
within the intrinsic reaction pathways (IRP) with the selected
ROS (Figure 1) was investigated by DFT and ab initio

calculations. Geometric features of the complex ofIt with
different ROS were fully optimized starting with geometries of
the optimized separate molecules in order to find the energy
minimum corresponding to the H-bonded complex Tyr-OH‚‚‚
ROS preceding hydrogen transfer. The existence of such energy
minimum within the IRP would indicate the presence of a barrier
hindering the hydrogen transfer, because in this case the
abstraction of H from Tyr-OH would be accompanied with the
energy increase. It is found that such an H-bonded complex
does not exist within the IRP of Tyr with•OH as the energy of
the H-bonded complex gradually decreases when H is separated
from Tyr-OH and bind to•OH at both B3LYP/6-31G** and
MP2/6-31G** levels of theory, which suggests that there is no
barrier for hydrogen transfer in the reaction pathway 1a. On
the other hand, the H-bonded complexes prior to hydrogen
transfer are identified within IRP ofIt for less exothermic
reactions with•OOH, Tyr-O•, and ONOOH at both the B3LYP/
6-31G** and MP2/6-31G** levels. This result is consistent with
Semyonov-Polanyi’s law,68 which states that the barrier of the
reaction increases when heat decreases. The B3LYP/6-31G**
fully optimized structures of the hydrogen-bonded complexes
preceding hydrogen transfer in reactions 1b, 1c, and 1g are
illustrated in Figure 4. Neither identified equilibrium hydrogen-
bonded structure possesses any element of symmetry.

Tyrosine Coupling. Table 3 presents relative energies of
different structures along the pathway of recombination of two
tyrosyl radicals (Figure 3). All of these dimers correspond to
local energy minima at the B3LYP/6-31G** and MP2/6-31G**
levels. As one would expect, the observed products of Tyr
coupling, dityrosine (III ) and isodityrosine (IV ), are consider-
ably more stable than the other dimeric structures. According
to the B3LYP results (Table 3), all structures derived from
tyrosyl radicals, except forVIIt (i.e., IIIt -VIt andVIIIt ), are
significantly less stable than corresponding structures derived
from phenoxyl radicals. The nature of this destabilization is
likely to be closely related to the weakening of the OH bond
by thep-alkyl substituent (as demonstrated above). This being
the case, the B3LYP/6-31G** energy of dimers of tyrosyl
radicals has to be higher than those of phenoxyl radicals by
approximately 15.2 kJ/mol. As is seen in Table 3, this is the
case for the dimers possessing two benzene rings, namely, for
both major products of Tyr coupling,III and IV , and the
hypothetical structureVIII . Deviation from this trend increases
in reaction intermediates as the number of the benzene rings
with broken aromaticity increases:VI (one ring)< V (both
rings). The higher stability ofVIIt with respect toVIIp
predicted by the B3LYP and MP2 methods is a result of the
weak H-bonding CH‚‚‚OdC between the methyl group and the
phenolic oxygen belonging to the different phenoxyl units in
VIIt .

All dimeric structures analyzed appear to be more stable at
the MP2 than at the B3LYP level (Table 3), probably because
the MP2 method is usually characterized by higher magnitudes
of BSSE. The average difference in predicted stabilities of the
dimers of phenoxyl radicals at the PUMP2/6-31G** and
UB3LYP/6-31G** levels is-67.6( 6.1 kJ/mol. The dimer in
which phenoxyl radicals are in stacked arrangement (stacked
dityrosyl, VII ) demonstrates the maximal difference,-113.3
and -127.7 kJ/mol for VIIp and VIIt , respectively. The
considerable difference in predictions of the MP2 and B3LYP
methods with respect to the stability ofVII is due to the
recognized general inability of DFT methods to describe
intermolecular attractive dispersion interactions,51g,69which are
dominant in stacking complexes of planar molecules.51j Specif-

TABLE 2: Energy of Selected Reactions of One-Electron
Oxidation of p-Cresol (molecule It) by Reactive Oxygen
Species As Predicted by Fully Optimized DFT and ab Initio
Calculationsa

level of theory

reactionb B3LYP/6-31G** PUMP2/6-31G**

1a -134.0 -119.9
1b 2.7 -2.0
1c 0.0 0.0
1d -12.4 2.1
1e 240.9 204.4
1f 108.7 96.7
1g -38.8 -57.3

a In kJ/mol. Each molecule was represented by its minimum-energy
conformation.b Reaction equations are presented in Figure 1 where
tyrosine (I ) is simulated by a smaller moleculeIt (Figure 3).
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ically, the B3LYP method has been found to significantly
underestimate the stabilization energy of the stacked nucleic
acids.70 This makes the MP2 approach the only currently
available tool to reasonably predict the structure and stability
of VII . The other ab initio methods which more rigorously treat
dynamic correlation effects will require enormous computational
resources. The BSSE correction results in the decrease of the
predicted stabilities ofVII presented in Table 3; the counterpoise

corrected PUMP2/6-31G** energies ofVIIp and VIIt are of
considerable magnitude,-80.2 and-94.6 kJ/mol, respectively,
which allows us to suggest moleculeVII as a putative reaction
intermediate of Tyr coupling leading to dityrosineIII (Figure
2). The predicted stabilities of the reaction intermediates
underlying the reaction pathway of Tyr coupling is illustrated
in Figure 5. Fully optimized geometries of the products and
reaction intermediates of tyrosine coupling are illustrated in
Figure 6.

As the structure of stacked dityrosyl (VII ) has not been
previously described, we studied this molecule using a more
detailed theoretical analysis. Figure 7 illustrates the bonding
diagram of two phenoxyl radicals in a stacked arrangement. The
HOMO of VIIp (symmetry ag) is formed from the symmetrically
compatible SOMO’s of two phenoxyl radicals (each of sym-
metry b1). MoleculeVIIp belongs to theC2h group of symmetry,
the electron state of this molecule is1Ag. Figure 8 shows the
HOMO of VIIp as obtained at the HF/6-31G** level using the
MP2/6-31G** optimized geometry. As seen, the HOMO
electron pair which is responsible for binding of the two
phenoxyl units (Figure 7) is delocalized over 10 atoms (eight
carbons and two oxygens); this indicates that correlation of these
particular electrons has to play a particularly significant role in
stabilization ofVII .

Dimerization energy and optimized geometric features of this
molecule predicted at the different levels of theory are presented
in Table 4. As one would expect, the predicted stability ofVII
is, in fact, highly dependent on the utilized theoretical level, as
they vary in ability to recover electron correlation energy.
Remarkably, there is no stabilization inVII at the Hartree-
Fock levels of theory. Hence, chemical bonding within the
stacked dimer of phenoxyl radical is exclusively due to electron
correlation effects, similar to F2. As demonstrated above, the
full π CASSCF approach considerably underestimates dynamic
correlation effects in phenol, because it neglectsσ-π correla-
tion. This is the case forVII , in particular, because of the
extraordinary delocalization of the HOMO. Correspondingly,
the CASSCF(2,2) and CASSCF(10,10) methods significantly
underestimate the dimerization energy ofVII in comparison
with the PUMP2 prediction (Table 4). The latter approach,
however, is potentially affected by residual spin contamination

Figure 4. Structures of hydrogen-bonded complexes ofp-cresol with
ROS obtained by fully relaxed DFT calculations at the B3LYP/6-31G**
level. A - with hydroperoxyl radical; B- with tyrosyl radical; C-
with peroxynitrous acid. Broken lines designate hydrogen-bonds.
According to the B3LYP/6-31G** level of theory, no barrier hindering
the hydrogen atom abstraction fromp-cresol exists for hydroxyl radical,
which is consistent with its extreme oxidative power. Gray, red, purple
and blue spheres designate carbon, oxygen, nitrogen, and hydrogen
atoms, respectively.

TABLE 3: Relative Stabilities (in kJ/mol) of the Different
Dimeric Structures Derived from Tyrosyl Radicals As
Predicted by Fully Optimized DFT and ab Initio
Calculationsa

level of theory

UB3LYP/6-31G** PUMP2/6-31G**

modelb modelb

moleculeb p t t-p p t

III -224.7 -209.7 15.0 -308.6
III-1 -243.4 -229.3 14.1 -327.7
IV -210.1 -196.2 13.9 -273.0
V -53.1 -48.6 4.5 -126.9
VI -94.5 -85.5 9.0 -153.0
VII -15.9 -20.8 -4.9 -129.2 -148.5
VIII 24.2 37.7 13.5 -18.1
IX -12.2
X -31.3
XI -110.1
XII -90.4

a Energy of two isolated tyrosyl radicals (modeled either byIIp or
IIt ) was considered as zero.b Structures of the molecules are illustrated
in Figure 3. MoleculesIXp -XIIp were not considered as the methyl
group is critical for energetics and chemical reactivity ofIXt -XIIt.
The BSSE correction is not shown.
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in phenoxyl radical,43,44c which may lead to an artifactual
stabilization of the dimer, even though this effect does not appear
to be significant when evaluating the OH bond strength in
phenol (Table 1). The combination of the two approaches,
CASSCF(2,2) and MP2, is one possible way to avoid this
problem. The three-determinant CASPT2(2,2) method ensures
that the resulting wave functions of both monomer (IIp ) and
dimer (VIIp ) are eigenvectors of operatorsS2, and that dynamic
electron correlation effects inVIIp are taken into account. The
first component (CASSCF) of this combined approach recovers
static electron correlation, whereas the second (MP2) evaluates
dynamic electron correlation effects includingσ-π correlation.
The CASPT2(2,2)/6-31G** energies were calculated on the
basis of the geometries of both monomer and dimer which were
obtained by full geometry optimization at the CASSCF(2,2)/
6-31G** level. The enormous difference between dimerization
energies of phenoxyl radical predicted by the CASSCF(2,2) and
CASPT2(2,2) methods (Table 4) confirm that dynamic electron
correlation effects inVII are, in fact, extremely important.
Calculations of vibrational frequencies reveal that stacked
phenoxyl (VIIp ) with the C2h symmetry corresponds to the
energy minimum only at correlated levels, i.e., MP2/6-31G*
and B3LYP/6-31G**, whereas it is the transition state with one
imaginary frequency at the HF/6-31G** level.

The geometry ofVII is also strongly affected by dynamic
electron correlation. Figure 9 presents the optimized bond

lengths for monomer (Ip ) and dimer (VIIp ) of phenoxyl radical
obtained by different theoretical approaches using the same basis
set (6-31G**). Results indicate that dimerization leads to
significant geometric changes in phenoxyl moieties, but in the
opposite directions, depending on whether the electron correla-
tion is neglected or included (Figure 9). The UHF method
predicts that dimerization changes phenoxyl moieties toward
the quinoid ring type, whereas CASSCF(2,2) and UMP2
methods predict a trend toward a benzenoid system. The B3LYP
results are intermediate, as they demonstrate no significant bond
length changes. The rms-differences between the optimal bond
lengths within phenoxyl moieties inIIp and VIIp (Figure 9)
predicted by the set of four fully relaxed ab initio techniques
are presented in Figure 10. The underlined rms magnitudes in
Figure 10 signify geometric similarity. These data reveal the
basis for conflicting geometric predictions made by the different
theoretical approaches. In phenoxyl radical, CASSCF(2,2) and
UMP2 geometric predictions are very similar, and resemble
those made at the much more sophisticated level of theory, full
π CASSCF/6-311G(2d,p) (the rms-difference between the
optimized bond lengths in phenoxyl radical at the UMP2/6-
31G** andπ CASSCF(7,7)/6-311G(2d,p) levels is 0.010 Å).51a

This unexpected result suggests that dynamic electron correlation
(which is neglected at the CASSCF(2,2) level, almost neglected
at theπ CASSCF(7,7) level and partially taken into account at
the UMP2 level) does not significantly affect the valence bond

Figure 5. Proposed energy diagram for tyrosine coupling according to DFT calculations at the B3LYP/6-31G** level. Tyrosine was simulated by
p-cresol. Energy of stacked dityrosyl was obtained by counterpoise-corrected PUMP2/6-31G** calculations.
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lengths in the radical. On the other hand, static electron
correlation, which is not properly taken into account within the
UHF and UB3LYP approaches,43,71 appears to be essential for
geometry of phenoxyl system, as observed by the large
difference in geometric predictions made at the UHF and
UB3LYP levels versus those made at the CASSCF(2,2) level.
The latter approach treats two noninteracting phenoxyl radicals
as a singlet diradical, i.e., in such a way that the resulting HF

wave function of the system corresponds to a pure singlet state.43

This result is consistent with recent studies of the excited singlet
and triplet states of tyrosine, which demonstrated the importance
of the static electron correlation effects for geometry of these
species.45

As far as the stacked diphenoxyl structure is concerned,
geometric predictions made by the different methods also split
into two categories, but in a different way (Figure 10).
Specifically, methods CASSCF(2,2) and HF predict similar
geometric features of the dimer, which differ from those
predicted by MP2 and B3LYP. This confirms that the only
advantage of the CASSCF(2,2) approach over the HF is that it
recovers static electron correlation effects in radical species. The
similarity between the MP2 and B3LYP geometric predictions
in the dimer is in agreement with the noticed analogous ability
of these methods to recover dynamic electron correlation effects
in closed-shell systems.43,51g,51j The characteristic split of the
geometric predictions inII andVII made by different theoretical
methods is consistent with the dominant role of the HOMO
electron pair in dynamic electron correlation effects. This result
basically coincides with the conclusion made above when
reproducing the experimentally observed OH bond strength in
phenol using different ab initio methods. Consistent with
previous studies, dynamic electron correlation more significantly
affects stability and geometric features of the close- than the
open-shell systems.43,61 These considerations also suggest that
UMP2 is the only method utilized which is acceptable for
geometric predictions of both phenoxyl radical and stacked
diphenoxyl (Figure 10). Thus, the geometric changes in phe-
noxyl radical upon stacking dimerization are predicted to lead
to a decrease of the “bond length alternation”, i.e., toward the
benzenoid ring character.

The observed similarity of the CASSCF(2,2) and HF methods
in bond length predictions within phenoxyl moieties of the dimer
VII extends to the other features of the dimer (Table 4). The
inter-plane distance (δ) and mutual orientation of the phenoxyl
units within the dimer measured by the distances (C(o)-C(o′))
and (O-C(p′)) are also very similar. As one would expect,
dynamic electron correlation effects inVII recovered at the
MP2/6-31G** level lead to a more compact arrangement of the

Figure 6. Optimal geometries of products and reaction intermediates
of tyrosine coupling obtained by B3LYP/6-31G** calculations. Tyrosine
was simulated byp-cresol. Structure ofVIIt was obtained by full
geometry optimization at the MP2/6-31G** level. Gray, red, and blue
spheres designate carbon, oxygen, and hydrogen atoms, respectively.

Figure 7. Orbital diagram demonstrating the origin of the HOMO and
LUMO orbitals in stacked diphenoxyl (VIIp ).
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phenoxyl moieties. Particularly, this concerns the O-C(p′)
distance inVII , which is predicted by the MP2 approach to be
0.273 Å shorter than predicted at the HF/6-31G** level.
Theoretical approaches which are not able to take dynamic
electron correlation within the valence shell of the stacked dimer
into account, namely HF, CASSCF(2,2), CASSCF(10,10), and
B3LYP, underestimate chemical bonding between two phenoxyl
units inVII and suggest only the van der Waals type interaction.
This is clearly seen in the predicted equilibrium interatomic
separation C(o)-C(o′) in the dimer (2.7-2.8 Å) which is rather
close to the sum of van der Waals radii of carbon atoms (2.9-
3.0 Å72).

Inhibition of Tyrosine Coupling. It is established that
coupling of tyrosyl radicals does not occur under acidic
conditions.24,28,39,65Since no explanation for this observation

Figure 8. The HOMO of stacked diphenoxyl (VIIp ) determined at
the HF/6-31G** level using the MP2/6-31G** optimized geometry
shown in two orthogonal planes. A- within the middle plane between
the phenoxyl moieties; B- within the plane of symmetry. Solid black
lines illustrate molecular geometry. Red lines signify positive values
of MO; broken green lines signify negative values. Blue spheres
designate oxygen atoms. It is seen that the HOMO is delocalized over
10 atoms, therefore the critical role of dynamic correlation effects of
the HOMO electron pair is expected.

TABLE 4: Dimerization Energy and Selected Geometric
Features of Stacked Diphenoxyl (VIIp) Predicted by ab
Initio Calculationsa

interatomic
distancesc, Å

level of theoryb
energy
kJ/mol (C-O) C-O o-o′ O-p′ δ

ROHF/6-31G** 86.8 (1.329) 1.216 2.694 2.728 2.67
UHF/6-31G** 266.0 (1.254) 1.216 2.694 2.728 2.67
PUHF/6-31G** 518.1 (1.254) 1.216 2.694 2.728 2.67
UMP2/6-31G** -330.2 (1.225) 1.264 2.543 2.455 2.52
PUMP2/6-31G** -129.2 (1.225) 1.264 2.543 2.455 2.52
CASSCF(2,2)/6-31G** -18.7 (1.208) 1.224 2.710 2.740 2.68
CASPT2(2,2)/6-31G**//

CASSCF(2,2)/6-31G**
-65.8 (1.208) 1.224 2.710 2.740 2.68

CASSCF(10,10)/6-31G* ∼ -7.0 (1.256) N/C >2.8
B3LYP/6-31G** -15.9 (1.258) 1.248 2.765 2.693 2.74

a Energy of two isolated phenoxyl radicals (IIp ) was considered as
zero.b The active space within the CASSCF(2,2) approximation
included twoπ-orbitals (HOMO and LUMO) ofVIIp (Figure 7). The
active space of the CASSCF(10,10) level was formed from five inner
π-MO of each phenoxyl unit.c Bond length C-O, distances between
ortho-carbon atoms (o-o′), between oxygen and para-carbon atoms
(O-p′) and between the mean planes of the phenoxyl moieties (δ)
within VIIp are presented. The value in parentheses gives the
corresponding C-O bond length in phenoxyl radical. N/C- geometry
optimization convergency was not achieved. The BSSE correction is
not shown. Large variations in stabilization energy predicted by different
methods suggest that further investigation of the stacked diphenoxyl
system by other ab initio methods which more rigorously treat strong
dynamic electron correlation effects is required.

Figure 9. Optimized bond lengths (in Å) in phenolic units of phenoxyl
radical (monomer,IIp ) and stacked diphenoxyl (dimer,VIIp ) obtained
at the indicated levels of theory.
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has been reported to date, we investigated the reason for the
pH dependence of tyrosine coupling based on theoretical
considerations. According to cyclic voltammetry and EPR
spectroscopic measurements under acidic conditions, tyrosyl
radical interacts with proton and forms tyrosyl radical cation
([Tyr-OH•]+).63,73Proton affinity of phenoxyl radical in the gas
phase is estimated to be approximately 9.5 and 9.3 eV at the
fully optimized UB3LYP/6-31G** and PUMP2/6-31G** levels
of theory, respectively. These values are between the proton
affinity of imidazole (the heterocyclic ring of His) which is
estimated to be 10.4 and 10.3 eV at the same levels of theory,
and that of H2O, which is predicted to be 7.8 eV. Estimates of
proton affinities have been found to depend on basis set and
are exaggerated at the 6-31G** level.74 Thus, experimentally
determined proton affinity of H2O in the gas phase is 7.16(
0.02 eV.75 Nevertheless, the predicted trend remains valid since
the utilized basis set has been found to result in systematic errors
to proton affinities within a broad set of molecules.74 These
considerations suggest that a tyrosyl radical becomes protonated
under more acidic conditions than His, i.e., at pH< 6. Under
these conditions, the electrostatic repulsion between tyrosyl
radical cations will decrease the probability of their direct contact
and, thereby, inhibit their chemical coupling undergoing through
reaction pathway 2, consistent with observations.24,28

Conclusions

The multireference CASSCF approach which involves only
π-orbitals considerably underestimates dynamic electron cor-
relation effects in closed-shell molecules related to phenol,
which is manifested by modulation in geometry and energy of
radical reactions, suggesting a critical role ofσ-π correlation.
The ideal method for such systems would be CASPT2 which
takes into account dynamic electron correlation and is free of
spin contamination, but it is demonstrated that the “projected”
single-reference PUMP2 method is sufficient enough for practi-
cal purposes. Consistent with previous observations, the DFT
approach underestimates the stabilization energy of the stacking
complexes of planar molecules.

The fully relaxed ab initio calculations at the B3LYP and
MP2 levels demonstrate that the observed products of tyrosine
coupling (dityrosine and isodityrosine) are the most stable dimers
of tyrosine. In addition to classical reaction intermediates which
have been postulated for phenol coupling processes, a novel
transient structure, stacked dityrosyl, is predicted. Stacked
dityrosyl is unstable at the HF level, and, therefore, stabilized
exclusively by electron correlation.
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New York, 1998; Vol. 5, pp 447-499.

(43) Bally, T.; Borden, W. T. InReViews in Computational Chemistry;
Lipkowitz, K. B., Boyd, D. B., Eds.; John Wiley and Sons: New York,
1999; Vol. 13, pp 1-97.

(44) (a) Liu, R.; Zhou, X.Chem. Phys. Lett.1993, 207, 185-189. (b)
Liu, R.; Zhou, X.J. Phys. Chem.1993, 97, 9613-9617. (c) Chipman, D.
M.; Liu, R.; Zhou, X.; Pulay, P.J. Chem. Phys.1994, 100, 5023-5035.

(45) (a) Hameka, H. F.; Jensen, J. O.J. Mol. Struct.1993, 288, 9-16.
(b) Samuels, A. C.; Jensen, J. O.; Hameka, H. F.J. Mol. Struct.
(THEOCHEM)1998, 454, 25-30.

(46) Parr, R. F.; Yang, W.Density Functional Theory of Atoms and
Molecules; Oxford University: New York, 1989.

(47) Density Functional Methods in Chemistry; Labanowski, J. K.,
Andzelm, J. W., Eds.; Springer-Verlag: New York, 1991.

(48) Frisch, M. J.; Pople, J. A.; Binkley, J. S.J. Chem. Phys.1984, 80,
3265.

(49) Lee, C.; Yang, W.; Parr, R. G.Phys. ReV. B 1988, 37, 785-789.
(50) Becke, A. D.J. Chem. Phys.1993, 98, 5648-5652.
(51) (a) Qin, Y.; Wheeler, R. A.J. Chem. Phys.1995, 102, 1689-1698.

(b) Li, J.; Fisher, C. L.; Chen, J. L.; Bashford, D.; Noodleman, L.Inorg.
Chem.1996, 35, 4694-4702. (c) Pudzianowski, A. T.J. Phys. Chem.1996,
100, 4781-4789. (d) Jalkanen, K. J.; Suhai, S.Chem. Phys.1996, 208,
81-116. (e) Nwobi, O.; Higgins, J.; Zhou, X.; Liu, R.Chem. Phys. Lett.
1997, 272, 155-161. (f) Kumar, G. A.; McAllister,J. Am. Chem. Soc.1998,
120, 3159-3165. (g) Paizs, B.; Suhai, S.J. Comput. Chem.1998, 19, 575-
584. (h) Han, W.-G.; Jalkanen, K. J.; Elstner, M.; Suhai, S.J. Phys. Chem.
B 1998, 102, 2587-2602. (i) Kieninger, M.; Suhai, S.; Ventura, O. N.J.
Mol. Struct. (THEOCHEM)1998, 433, 193-201. (j) Hobza, P.; Sˇponer, J.
Chem. ReV. 1999, 99, 3247-3276. (k) Cohen, A. J.; Handy, N. C.Chem.
Phys. Lett.2000, 316, 160-166.

(52) Møller, C.; Plesset, M. S.Phys. ReV. 1934, 46, 618.
(53) Head-Gordon, M.; Pople, J. A.; Frisch, M. J.Chem. Phys. Lett.

1988, 153, 503-506.
(54) (a) Hegarty, D.; Robb, M. A.Mol. Phys.1979, 38, 1795. (b) Eade,

R. H. E.; Robb, M. A.Chem. Phys. Lett.1981, 83, 362.
(55) Andersson, K.; Roos, B. O. InModern Electronic Structure Theory,

Part 1, Advanced Series in Physical Chemistry, Vol. 2; Yarkony, D. R.,
Ed.; Singapore: World Scientific, 1995; pp 55-109.

(56) Roothaan, C. C. J.ReV. Mod. Phys.1960, 32, 179.
(57) Pople, J. A.; Nesbet, R. K.J. Chem. Phys.1954, 22, 571.
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