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Using the Density Functional Theory method, the effect of hydrogen bonding between imidazole (IM) and ten
benzyl alcohol derivatives (BA) on the ionization potentials of the latter is calculated. IM is used as a model for
histidine, which is found in the reaction sites of laccases and lignin peroxidases, and the BA-derivatives serve as
lignin model compounds. A marked decrease (~15 kcal mol™") is found for the IP’s of the BA-derivatives when
paired with IM. This should facilitate the one-electron oxidation of BA in the reaction site of the enzyme. The same
effect is found for the known redox mediators violuric acid, 1-hydroxybenzotriazole and N-hydroxyacetanilide which
are assumed to enter the reaction site of the enzymes. Furthermore, upon one-electron oxidation the strength of the
H-bond from BA to IM is considerably increased and in the case of the mediators this effect is so pronounced that
the relevant proton shifts from them to IM. If this occurs in the active site of the enzyme then the oxidized redox
mediators are released into the aqueous phase in their neutral form rather than as radical cations (deprotonation of
the radical cations). The oxidation power of the neutral radical mediators, however, is too low to initialize oxidation
of lignin. A more likely reaction pathway is oxidation of the substrates via hydrogen abstraction. The pertinent bond
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dissociation energies are similar for the BA-derivatives and the redox mediators, which in principle allows the

reaction to occur.

Introduction

Lignin comprises some 15 to 30% of woody plant cell walls,
making it the most abundant aromatic polymer on this planet.’
Lignin is not a desired component in paper and it must there-
fore be removed from the original pulp-mass and, in a final step,
the pulp has to be bleached in order to obtain white paper.
Conventional lignin removal methods, relying on chlorine or
chlorine based chemicals, are not acceptable due to environ-
mental reasons and hence the pulp and paper industry is
under pressure to develop more environmentally friendly
delignification processes. Biodegradation of the lignin polymer
using enzymes, e.g, laccases and peroxidases, is a promising
potential solution to this problem.>* Many research papers
have appeared on the structure of laccase*® and lignin
peroxidase '*'* with the aim of shedding light on the enzymatic
degradation mechanism of lignin. For both laccase and
peroxidase, the amino acid histidine, which contains the
imidazole (IM) moiety, is present in the reaction centers of
the enzymes and it has been postulated ' that hydrogen bond-
ing exists between the lignin substrate and the IM of histidine
as shown in Schemes 1 and 2.

As seen above, the OH group of veratryl alcohol is positioned
to H-bond with His-82. A close-up of this picture is shown in
Scheme 2.

Therefore the question arises whether this kind of hydrogen
bonding affects the redox reactions initiating the lignin degrad-
ation process. Furthermore, redox mediators, i.e., small redox-
active substrates, are known to increase the efficiency of
enzymatic lignin degradation via indirect oxidation.’>"® Many
of these mediators are able to form hydrogen bonds, similar
to the lignin model compounds, thus the same question can

T Electronic supplementary information (ESI) available: Fig. S1: com-
parison of bond lengths and angles of violuric acid with those of the
known crystal structure, Tables S1-S6: single point and zero point
vibrational energies. See http://www.rsc.org/suppdata/ob/b3/b314991a/
i Current address: Institute of Cancer Research, Cancer Therapeutics,
15 Cotswold Road, Sutton, Surrey, SM2 5NG, UK. E-mail:
Johannes.Reynisson@icr.ac.uk
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Scheme 1 View of the complex between veratryl alcohol and lignin
peroxidase as suggested by Gold et al''In the foreground, veratryl
alcohol is highlighted with thicker lines. The thin lines indicate
hydrogen bonds.™
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Scheme 2 Close-up picture of the postulated (Gold et al.'') hydrogen

bonding between imidazole (= IM, as a model for histidine) and veratryl
alcohol (serving as a lignin model compound).

be asked, i.e., does the hydrogen bonding affect the redox prop-
erties of these mediators? With this scenario it is assumed that
the redox mediators are one-electron oxidized in the reaction
site of the enzyme, like the lignin (model) substrate.

In order to gain further insight into the reaction mechanism
of enzyme induced lignin degradation and that of redox medi-
ation, in this work we calculated, using the Density Functional
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Theory (DFT) method, how the hydrogen bonding with IM
affects the ionization potentials (IP) of the lignin substrates and
of the redox mediators. In addition, the energies contained in
the hydrogen bond bridges and their changes upon one-electron
oxidation are calculated.

Computational methods

The energy calculations and geometry optimizations were per-
formed with the GAUSSIAN 98 program package utilizing
unrestricted DFT. The functional of Lee er al. was used for
the correlation part® and Becke’s combined three parameter
functional was used for the exchange part (B3LYP)."** The
basic split valence standard 6-31G(d,p) basis set®® was used
for the geometry optimization and frequency analysis. In all
cases the normal modes of the molecular motions revealed
no imaginary frequencies for the calculated structures, which
is in support of them representing a minimum on the potential
energy surface. The zero-point vibrational energies (ZPE)
were scaled according to Wong (0.9804).2* Subsequent single-
point electronic energy calculations were performed at the
B3LYP level with Pople’s triply split valence and polarized
6-311G(2df,p) basis set. The basis set superposition error
(BSSE) was calculated and taken into account by using the
Counterpoise Theory for the hydrogen bonding energies.?*2¢

Results and discussion

The results of the single-point electronic energy calculations
and ZPEs of the calculated structures of lignin model com-
pounds, the redox mediators and the hydrogen bonded pairs are
listed in Tables S1-S3 (Electronic Supplementary Information,
ESI ). Also, the BSSE corrections are given in Tables S1-S2.

Imidazole (IM) is used as a model for histidine and ten
derivatives of benzyl alcohol (BA), substituted on the meta-
and/or para-positions, are taken as lignin substrates. The
BA-derivatives are depicted in Scheme 3.

i R1=H, R2=H
ii. R1=NH2, R2=H
R2 iil. R1=Cl, R2=H

iv. Rl =CN, R2=H
0o—H
R1—<‘ —

v.R;=0OH, Ry=H
vi. R1=CH3, R2=H
Benzyl Alcohol (BA)

vii. RIZOCH3, R2:H
viii. R;=H, R,=OCH;
ix. RIZOCH3, RZZOCH3
X. R1=N02, R2=H

Scheme 3 Benzyl alcohol (BA) and its derivatives used in this work
(ix = veratryl alcohol).

Three known redox mediators are considered, i.e., violuric
acid (VIO), 1-hydroxybenzotriazole (HBT) and N-hydroxy-
acetanilide (NHA). Additionally, 2-aminopurine (2AP) is
investigated. The radical cation of 2AP has been successfully
used as a one-electron oxidant in the DNA double helix.?” The
molecular structures of the redox mediators as well as 2AP are
depicted in Scheme 4.2

Ionization potentials (IP)

From the values in Tables S1-S3 (see ESI ), IP’s were derived
according to the procedures described in Foresman and
Frisch.??2* The calculated IP’s are shown in Table 1 for the
single BA-derivatives as well as their paired structures with IM.

Experimental IP values are known for BA and p-chloro-BA.
The published adiabatic IP’s for BA lie between 190.5 and 210.8
kcal mol™" and the vertical ones between 210.1 and 219.8 kcal
mol '.*! In comparison, the calculated adiabatic value for BA is
193.4 kcal mol !, which lies within the measured numbers.
However, the calculated vertical value for BA is smaller by up to

Table 1 The IP’s of the BA-derivatives and their paired structures
with IM in kcal mol™

Single Pairs
BA-derivatives Adiabatic ~ Vertical  Adiabatic ~ Vertical
BA 193.4 199.1 174.4 183.9
4-Amino-BA 164.3 175.5 151.7 166.0
4-Chloro-BA 192.4 201.2 175.1 184.6
4-Cyano-BA 203.4 207.6 183.1 191.2
4-Hydroxy-BA 179.7 188.5 164.6 175.5
4-Methyl-BA 186.3 195.5 169.2 179.2
4-Methoxy-BA 174.9 184.2 160.6 172.9
3-Methoxy-BA 176.7 186.3 163.4 174.3
3,4-Dimethoxy-BA“  162.1 168.4 150.8 164.0
4-Nitro-BA 207.9 220.3 187.3 194.8
“ Also known as veratryl alcohol.
o
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Scheme 4 The redox mediators violuric acid (VIO), 1-hydroxy-
benzotriazole (HBT) and N-hydroxyacetanilide (NHA) as well as
2-aminopurine (2AP). The protons which form hydrogen bonds with
IM are depicted bold.

NHA

5.2% when compared to the experimental values (see Table 1).
Therefore, the IP’s of BA were further calculated, again using
the B3LYP method, however, with a larger Pople basis set
(6-311G++(3df,3pd)) for both the optimization/vibrational
and energy calculations. The results are 195.9 kcal mol ™! for the
adiabatic value and 201.6 kcal mol™! for the vertical value,
which represents an only 1.3% difference from the numbers
calculated with the procedure described in the computational
methods section (see Table 1). The experimental number for
p-chloro-BA, i.e., adiabatic 197.6 kcal mol™!, is 2.6% different
to the calculated value in Table 1. Unfortunately no other
experimentally obtained IP’s of the BA-derivatives were found.
Concerning IM, its adiabatic IP is known to be 203.2 + 0.2 kcal
mol"3! and the calculated value is 198.8 kcal mol™', which is a
2.2% difference. The vertical experimental value is 202.5-206.6
kcal mol~',* which agrees very well with the calculated number
of 204.7 kcal mol ™.

To further check the validity of the IP calculations, benzene
and some of its simple substituted derivatives with known IP’s
were investigated and the results are shown in Table 2.

As is evident, the computed IP’s in a vacuum are up to 10%
lower than the measured values reported in the literature. This
may be caused by the “over-correlation” with the electrons,
which is known to occur with the B3LYP method.* To check
the B3LYP method even further the larger 6-311G+ +(3df,3pd)
basis set was used to calculate the IP values of benzene. The use
of this basis set revealed 208.9 kcal mol ™! (adiabatic) and 214.2
kcal mol™" (vertical), which represents only 0.7% difference
from the “worst” values presented in Table 2. Often, the DFT
method used here produces IP’s which are ~5% lower than the
experimental numbers.**** Thus, this “intrinsic” deviation of
the calculated vs. experimental values has to be kept in mind
when interpreting the results presented. We also used the
Hartree-Fock method to generate the IP’s for BA, using the
same basis sets as described in the computational methods
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Table 2 The IP’s of benzene and its derivatives in a vacuum (kcal mol™")

Calculated Experimental

Molecules Adiabatic Vertical Adiabatic Vertical
Benzene 207.4 212.7 212.2-215.8 212.2-214.5
Chlorobenzene 203.3 207.7 207.3-209.8 209.2-209.6
Benzonitrile 220.0 229.6 221.4-225.3 223.7-226.0
Nitrobenzene 220.8 228.4 221.4-234.3 227.4-236.6
Toluene 196.9 201.6 199.9-205.0 203.4-207.5
Aniline 171.1 178.5 172.5-192.6 184.9-186.8
Phenol 189.0 193.2 193.0-200.4 197.4-201.8
Anisole 183.0 187.9 188.6-198.3 190.2-195.1
1,2-Dimethoxybenzene 168.0 173.8 179.9 188.4

“ Taken from ref. 31.

section. This method produced significantly lower values (~25
kcal mol™") than B3LYP and further calculations using this
method were therefore abandoned.

When the IP’s for the BA-derivatives (Table 1) are compared
to their IM-paired counterparts it is apparent that a consider-
able lowering is affected by the hydrogen bond formation. The
magnitude of this reduction in IP lies between 11.3 and 20.6
kcal mol™' for the adiabatic values. Electron withdrawing
substituents on BA, eg, -NO, and -CN, lead to the most
pronounced lowering of IP upon pairing whereas with the
electron donating groups this effect is less. Thus, hydrogen bond
formation with IM has the smallest effect on veratryl alcohol
(3,4-dimethoxy-BA).

The effect of H-bonding could, in principle, be interpreted
in terms of hydrogen bonding increasing the electron density
on the BA-derivative, leading to a lower IP. An alternative
explanation, which however relates only to the adiabatic
potentials, involves the assumption that the H-bonding effect is
due to lowering the energy of the product, i.e. the one-electron
oxidized complex by stronger H-bonding or even partial proton
transfer between the partners. A consequence of this picture is
that the H-bonding energy holding the partners together should
be larger when the pair is one-electron oxidized than when in
the parent state.*® This was checked by looking at the H-bond
strengths (see next paragraph).

In Table 3 are contained the calculated IP’s of the redox
mediators VIO, HBT, NHA and 2AP, with and without
H-bonding with IM. It is evident that, as for the BA-derivatives,
hydrogen bonding with IM lowers the IP’s for all the mediators.
This lowering lies between 17.7 and 62.9 kcal mol ™.

To summarize, the hydrogen bonding to IM reduces the
energy needed to one-electron oxidize a lignin model com-
pound or a redox mediator. If this type of effect is also present
when these substrates are bound in the reaction site of laccases
or peroxidases, the lowering of IP (which facilitates their one-
electron oxidation) may enable the reaction to take place at all.
For instance, the oxidation potential of veratryl alcohol in
aqueous solution has been determined to be 1.36 V/NHE.** In
comparison, the oxidation potential of “compound I” (the
primary oxidant in ligninase) can be estimated * to be close to
1.44 V4 On this basis, there is only 0.08 V of driving force
(1 V=23.06037 kcal mol ") for the oxidation of veratryl alcohol
non-bonded to an imidazole moiety. This driving force would
increase to 0.57 V (neglecting the difference in environment
between water and the reactive site of ligninase) upon H-bond
formation (see Schemes 1 and 2) between the substrate and the
enzyme. It is clear that this kind of hydrogen bonding would be
highly advantageous for facilitating lignin oxidation by the
enzyme.

So far the effects of the environment have been ignored in the
calculations. This may be excused by the fact that the dielectric
constant is not known for the reaction cavity of the pertinent
enzymes. Nevertheless, as a test, we investigated the effects of
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Table 3 The IP’s (in kcal mol ") of the redox mediators VIO, HBT
and NHA and 2AP as singles and as pairs with IM

Single Pair
Mediators Adiabatic Vertical Adiabatic Vertical
HBT 193.7 197.9 158.5 182.6
NHA 178.0 185.9 139.4 171.4
VIO 217.6 223.2 154.7 194.2
2AP 177.0 182.8 159.3 168.5

water environment with Tomasi’s Polarized Continuum Model
(PCM)“* using B3LYP/6-311G(2df,p) on the optimized struc-
ture of benzene. Benzene was used because an estimate of its IP
in water is known based on experimental data. The calculated
IP in water was obtained by subtracting from the gas phase
adiabatic IP value the solvation energy differences of the radical
cation and its parent compound.* In the value given, the
hydration energy of the ejected electron (e™,,), which is
reported to be —27.7 kcal mol™',* has been taken into account.
The ionization potential of benzene in water was estimated ¥’ as
138.4 + 11.5 kcal mol ! and the number presented here is 132.5
kcal mol™", i.e. only 4% difference. When, however, a hydrogen
bonded system was placed in a continuum, very disappointing
and nonsensical results were obtained,*® and further use of
PCM was abandoned. In principle, alternatives are the QM/
MM method or the Car—Parrinello* approach. These methods
are very CPU demanding and presently we do not have the
capabilities needed in order to perform these types of
calculations.

Hydrogen bonding energies

The hydrogen bonding energy of an H-bonded pair is defined
as the difference in energy between the fully optimized
H-bonded pair and the sum of the energies of the two indi-
vidually optimized components making up the pair, with ZPE
corrections taken into account (e.g, for the IM-BA pair:
Hydrogen bond energy = E(IM-BA) — E(IM) — E(BA)). This
value is therefore an estimate of the total hydrogen bond
strength holding the components together. The calculated
hydrogen bond energies of IM with the BA-derivatives and the
redox mediators as derived from the energies shown in Tables
S1-S2 1 and corrected for their BSSE, are reported in Tables 4
and 5.

As seen from Table 4, in all cases upon one-electron
oxidation, the hydrogen bonding energy is increased and this
increase lies between 10.5 and 24.0 kcal mol~'. The hydrogen
bond energy is increased upon one-electron oxidation
independent of whether the substituents on BA are electron
donating or withdrawing. In all these cases, the increase is
larger than for the unsubstituted BA (see 4 in Table 4).%°



Table4 The BSSE-corrected hydrogen bonding energies/kcal mol ™' of
BA-IM “dimers”. 4 is the energy change in the hydrogen bond upon
one-electron oxidation

Pair Parent Oxidized Y|

BA-IM 8.6 19.1 10.5
p-(Amino)BA-IM 6.4 20.3 139
p-(Chloro)BA-IM 7.6 26.1 18.5
p-(Cyano)BA-IM 8.0 32.0 24.0
p-(Hydroxy)BA-IM 6.7 24.0 17.3
p-(Methyl)BA-IM 6.7 25.5 18.8
p-(Methoxy)BA-IM 6.6 22.6 16.0
m-(Methoxy)BA-IM 7.1 21.7 14.6
m,p-(Dimethoxy)BA “IM 6.3 19.2 12.9
p-(Nitro) BA-IM 8.5 31.7 23.2

“ Also known as veratryl alcohol.

Table 5 The BSSE-corrected hydrogen bonding energies of IM and
the redox mediators. 4 is the energy change in the hydrogen bonds upon
one-electron oxidation. Note, here the comparison is between two dif-
ferent H-bonds, i.e., not the same H-bond as for the BA-derivatives
(Table 4)

Mediators Parent Oxidized Y|

HBT-IM 15.5 19.7 4.2
NHA-IM 10.4 25.6 15.2
VIO-IM 15.5 10.7 4.8
2AP-IM 6.5 33.6 27.1

The strengthening of hydrogen bonds, effected by ionization,
is known from DNA base pairs (see refs 37,38 and refs therein).
This effect is also evidenced by the phenol-water system, used
as a model which we computed with the 6-31++G(d,p) basis
set.*! For further comparison, the structures of two protonated
water clusters and the length of their valence bonds are shown.

The calculated adiabatic IP of “naked” phenol turns out
as 189.0 kcal mol™' (see Table 2), but that of the H-bonded
phenol - -+ 3H,0 cluster is only 162.3 kcal mol™'. As can been
seen from Scheme 5, upon one-electron oxidation deproton-
ation from the phenol moiety to the water cluster occurs.
Furthermore, the oxygen lone pairs on the resulting neutral
phenoxyl radical appear to lose their ability to form H-bonds.

H H\
1.00 A 0, \\OiH
" Pe //,,,//H 1.29A $
& H
\\ A/A1 71A l / 1.00 A
O: Hung . . ®
%, onmmH—Q
e M — VA
N
- 162.3 (adia.) H
192.7 (vert) 113 A %,
| 0—H
H /
H
o, OH;
H H In all cases 1.02 A
0,97 A T 1.05 A i /
v ol
QO
H/ \H /0\

o H

///,/ 1,
OHy  H,0" “OH,

Scheme 5 One-electron oxidation of phenol bonded to a water cluster
consisting of three water molecules and, in comparison, pertinent water
clusters and their bond lengths.

Replacing water as the proton acceptor by 2-methylimidazole
leads to the analogous results shown in Scheme 6.

Since the O—H bond dissociation energy of phenol is 85 kcal
mol ', from the numbers in Scheme 6 it is evident that
one-electron oxidation of phenol, when H-bonded to IM, leads
to a weakening of the O-H bond by ~ 65 kcal mol™!, while
increasing the H-N bond energy from 8.6 to 81.4 kcal mol™'.%

On the way to demonstrating the generality of this phen-
omenon we looked at the effect of cluster formation on the IP

) Me Me
8.6 kcal mol! 19.9 keal mol”!
1.82A \ - 1.63A
N N
H\\\‘\ ~ / %\
Pre \\“
o)
TNos9A
. 1.05A
—_—
152.2 (adia.)
170.5 (vert.)

Scheme 6 One-electron oxidation of phenol bonded to 2-methyl-
imidazole.

of a water molecule, using B3LYP/6-311++G(3df,3pd) (the
biggest Pople basis set available). This basis set is so large that
the BSSE is very small and it is thus not necessary to employ the
Counterpoise method. The results are shown in the Scheme 7
below:

+291.1
-1 .
H,0 KA ML "

144 A
0.97 A 46.0 kcal mol”!
H\ H +247.8
o -1 // WH
O—HIIIIIIIIIO'; % .O|||IIIIH N
H —f ~y
1.94 A 1.07 A
2.7 kcal mol!

Scheme 7 One-electron oxidation of water and a water dimer.

The adiabatic IP of a single water molecule in the gas phase is
calculated as 291.1 kcal mol!. The experimentally derived
number is 291.04 + 0.01 kcal mol ',*! the same as the calculated
value. If the water radical cation is given the chance to depro-
tonate to a neighboring water, the IP drops by 43.3 kcal
mol ™! (see Scheme 7). In a recent paper, Novakovskaya and
Stepanov® arrived at a very similar value (41.6 kcal mol™),
using, however, the UHF method and the 4-31G basis set. It
thus appears that proton transfer to a neighboring Brensted
base from a one-electron oxidized (weak) organic or inorganic
acid may in fact be a general way to increase the oxidizability
of that acid.

Furthermore, in order to find an example for the changes
in an H-bond upon oxidation (and also on reduction) in an
intramolecular situation, we calculated the H-bond length in
o-hydroxybenzoic acid. Here the B3LYP method is used as
before with the 6-31++G(d,p)*® basis set.* This basis set
contains diffuse functions, which allows a better representation
of the H-bond. The changes in the H-bond length upon a one-
electron change in oxidation state of the molecule are depicted
in Scheme 8.

Parent: 1.75 A
Oxidized: 1.58 A
Reduced: 1.66 A

Parent: 0.99 A
Oxidized: 1.03 A
Reduced: 1.00 A

Scheme 8 The changes of the intramolecular H-bond and O-H
covalent bond lengths in o-hydroxybenzoic acid upon one-electron
oxidation (—radical cation) and reduction (—radical anion).

As seen, the H-bond lengths to the proton acceptor are
considerably shortened when oxidation or reduction occurs
whereas the O-H covalent bond is only affected to a small
extent. Again, it is likely that the effects presented above reflect
a general phenomenon.
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To return to lignin decomposition, in Table 5 are listed the
hydrogen bonding energies between IM and the redox
mediators shown in Scheme 4.

Unlike for the benzyl alcohols (Table 4), the one-electron
oxidation results in an essentially complete proton shift from
the mediators to IM. This follows from the increases in bond
distance between the oxygen atoms in the hydroxyl groups of
the mediators from ~1.0 A to 1.6-2.2 A, when an electron is
removed from the systems, and the decreases in bond length
between the nitrogen atom, in the imidazole rings, and the
protons from 1.6-2.0 A to ~1.0 A. This is visualized in
Scheme 9 for VIO and IM.

102A  164A
9 Me
N——O——HuunmN
HN = \/N
o N o
H e
Q Me
N—goH n”’/ﬁ/
|——Q——H1nmmmn|
o N \
o N 0
H
Proton
shift

Me

" /N—C%j;m...HTcmW
o)\N .

223A
101A The mediator may

leave the enzyme as
neutral radical

J\ /+H—@\/j/

(o} N (¢}
H

T

Scheme 9 One-electron oxidation of the VIO-IM pair and a possible
mechanism of the subsequent proton shift from VIO™* to IM.

This proton shift from the redox mediators to IM means that
the one-electron oxidized redox mediators are converted to
neutral radicals. This character of the deprotonated mediators
as neutral radicals makes oxidation of lignin substrates by an
electron transfer an unlikely event since, as compared to radical
cations, neutral radicals have low reduction potentials.® In
contrast, with hydrogen abstraction the homolytic bond
breaking energy of the relevant bonds plays the main role,
not the oxidation/reduction potentials of the pertinent
structures. In such a reaction, a carbon-centered neutral
radical of the lignin substrate would be formed, as shown in
Scheme 10.

Galli et al'"'86% have demonstrated experimentally that
indeed hydrogen abstraction (HAT) is an important mechanism

ediator
Hoy,,. h/(:‘(\,o /M

Ho— Ca

Hydrogen
abstraction

H. /OH
Cg
ediator
© ’ HO/M

Scheme 10 The proposed hydrogen abstraction from BA.
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in the oxidative degradation of lignin involving laccase and
redox mediators.

In order to get thermochemical information on such reac-
tions, we calculated the homolytic bond dissociation energies
for a series of relevant compounds.

Bond dissociation energies (BDE)

If a hydrogen abstraction occurs from a BA-derivative to a
neutral redox mediator radical (Scheme 10), then, in order for
the reaction to be exothermic, the BDE’s of the mediators have
to be larger than those of the bond homolytically broken. The
BDE’s of the C,-H bonds for the BA-derivatives and the O-H/
N-H bonds for the mediators were calculated by subtracting
the single-point energies of the neutral radicals from the energy
of the parent molecule corrected for their ZPEs, e.g., for BA:
BDE = E(BA) — E(BA(— H)') — E(H" [= 0.5 a.u.]). The
energies are obtained from Tables S1-S4. ¥ The resulting BDE’s
of the BA-derivatives and the mediators are given in Table 6.

No empirical values were found for the BDE’s calculated
here. Thus, in order to check on the validity of the calculations
three simple model compounds were chosen with experi-
mentally known BDE’. These are methanol (CH;0-H),
methylamine (CH;NH-H) and ethane (CH;CH,-H). The
experimental number for methanol is 102 * 2 kcal mol™'% and
the calculated value, using the same procedure as for the
mediators is 98.4 kcal mol™', i.e. 3.5% difference. For methyl-
amine the experimental value is 92 + 3 kcal mol'* and the
calculated one is 95.3 kcal mol™!, the same difference as for
methanol. Finally, ethane has 98 + 1 kcal mol™'* and the
theoretical number is 98.7 kcal mol™, i.e. only 0.7% difference.
By using a larger basis set (6-311G+ +(3df,3pd)) the correlation
with the experimental numbers was slightly improved, i.e.,
methanol 100.2 kcal mol™', methylamine 96.3 kcal mol™' and
ethane 98.3 kcal mol™'. Using, however, the Mgller—Plesset
method with the same basis sets as described in the com-
putational methods section, values ~25 kcal mol™! lower than
the experimental ones were obtained.

Additional values were calculated for the aromatic com-
pounds shown in Table 7, for which experimental values are

Table 6 The BDE values of the BA-derivatives and the mediators

Systems BDE/kcal mol™!
BA 77.8
p-(Amino)BA 79.2
p-(Chloro)BA 78.3
p-(Cyano)BA 76.1
p-(Hydroxyl)BA 79.2
p-(Methyl)BA 78.9
p-(Methoxy)BA 79.2
m-(Methoxy)BA 78.8
m,p-(Dimethoxy)BA 77.8
p-(Nitro)BA 75.9
HBT 78.0
NHA 78.1
VIO 68.0
2AP 98.2

Table 7 The BDE’s (in kcal mol™') of benzene and its derivatives in
vacuum. The bonds investigated are C¢H.—H, CcH;NH-H, C(H;O-H
and CgH;CH,-H

Molecules Calculated Experimental ¢
Benzene 110.4 1109£2
Aniline 88.0 88.0+2
Phenol 83.1 86.5+2
Toluene 87.1 88.0+ 1

“ Taken from ref. 56.




available. The conclusion can again be drawn that the DFT
method produces values in good agreement with the experi-
mental values.

On the basis of the values in Table 6, the difference in BDE
between the BA-derivatives and the HBT and NHA mediators
is very small but 2AP has a ~20 kcal mol™' higher value.
Interestingly, VIO has a lower BDE by ~10 kcal mol™! than the
BA-derivatives, which excludes this reaction on thermo-
chemical grounds. However, VIO is deprotonated on its
hydroxy moiety®*¢” at physiological pH, thus the BDE of the
endocyclic N-H is the one which counts. It is calculated as 79.0
kcal mol ™!, which is a value similar to that for HBT and NHA
(see Table 6). It is known experimentally that HBT, NHA and
VIO react with lignin model compounds upon enzymatic
treatment.”*™® On the basis of Table 6 this reaction can only
take place with C-H bonds with BDE’s < 78 kcal mol™'. C-H
BDE’s in the deoxyribose moiety in DNA are calculated as
~90 kcal mol™' %% as well as measured ™ in the ribose model
tetrahydrofuran. Using these values for the C-H BDE’s in
cellulose it is apparent that no hydrogen abstraction can occur
from cellulose moieties to the deprotonated redox mediators.
On this basis the mediators should show selectivity in favor
of interaction with the lignin but not the cellulose component
of wood.

Summary

The DFT calculations reveal that hydrogen bonding between
IM and the potential substrates, i.e., the BA-derivatives or the
mediators, leads to a marked lowering in their IP’s. The reason
for this is the considerable strengthening of the H-bonds
upon one-electron oxidation as compared to the parent pair.
Examples have been presented which indicate that this
H-bonding effect on IP’s may be a general phenomenon. Such
hydrogen bond bridges in redox enzymes would increase the
driving force of the oxidation process. Similarly, proton shift
from the redox mediators to IM upon one-electron oxidation
has been found to be likely, as a result of which the enzyme may
release the mediators as neutral radicals to the aqueous phase.
The neutral radicals of the redox mediators, having low oxid-
ation power, are unlikely to be able to one-electron oxidize the
aromatic components of lignin, however, hydrogen abstraction
from C,— of the lignin model compounds to the redox mediator
neutral radicals is a possibility.

Acknowledgements

This work was performed in conjunction with the EU project
“Oxydelign”, QLKS5-CT-1999-01277. The authors thank the
tax payers for the financial support.

Notes and references

1 K. V. Sarkanen and C. H. Ludwig, Lignins: Occurrence, Formation,
Structure, and Reactions, Wiley-Interscience, New York, 1971.

2 H. E. Schoemaker, Recl. Trav. Chim. Pays-Bas, 1990, 109, 255.

3 G. Labat and B. Meunier, Bull. Soc. Chim. Fr., 1990, 127, 553.

4 V. Ducros, A. M. Brzozowski, K. S. Wilson, P. Ostergaard,
P. Schneider, A. Svendson and G. J. Davies, Acta Crystallogr., Sect.
D: Biol. Crystallogr., 2001, 57, 333.

5 D. W. Randall, S. D. George, P. L. Holland, B. Hedman, K. O.
Hodgson, W. B. Tolman and E. 1. Solomon, J. Am. Chem. Soc.,
2000, 122, 11632.

6 P. L. Holland and W. B. Tolman, J. Am. Chem. Soc., 2000, 122, 6331.

7 V. Ducros, A. M. Brzozowski, K. S. Wilson, S. H. Brown,
P. Ostergaard, P. Schneider, D. S. Yaver, A. H. Pedersen and G. J.
Davies, Nat. Struct. Biol., 1998, 5, 310.

8 M. Antorini, T. Choinowski, J. Sigoillot, M. Asther,
K. Winterhalter, K. Piontek and 1. Herpoel-Gimbert, Biochim.
Biophys. Acta, 2002, 1594, 109.

9 K. Piontek, M. Antorini and T. Choinowski, J Biol. Chem., 2002,
40, 37663.

10 K. Piontek, T. Glumoff and K. Winterhalter, FEBS, 1993, 315, 119.

11 T. L. Poulos, S. L. Edwards, H. Wariishi and M. H. Gold, J Biol.
Chem., 1993, 268, 4429.

12 T. Choinowski, W. Blodig, K. H. Winterhalter and K. Piontek,
J. Mol. Biol., 1999, 286, 809.

13 W. Blodig, A. T. Smith, W. A. Doyle and K. Piontek, J. Mol. Chem.,
2001, 305, 851.

14 The electron density in hydrogen atoms is low and therefore they
give a poor X-ray signal. Hence, hydrogen bond bridges can only be
postulated based on crystallographic data.

15 F. Xu, J. J. Kulys, K. Duke, K. Li, K. Krikstopaitis, H. J. Deussen,
E. Abbate, V. Galinyte and P. Schneider, Appl. Environ. Microbiol.,
2000, 5, 2052.

16 K. Li, F. Xu and K. L. Eriksson, Appl. Environ. Microbiol., 1999, 6,
2654,

17 P. Baiocco, A. M. Barreca, M. Fabbrini, C. Galli and P. Gentili,
Org. Biomol. Chem., 2003, 1, 191.

18 F. d’Acunzo, P. Baiocco, M. Fabbrini and C. Galli, New J. Chem.,
2002, 26, 1791.

19 M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria,
M. A. Robb, J. R. Cheeseman, V. G. Zakrzewski, J. A. Montgomery,
R. E. Stratmann, J. C. Burant, S. Dapprich, J. M. Millam, A. D.
Daniels, K. N. Kudin, M. C. Strain, O. Farkas, J. Tomasi, V. Barone,
M. Cossi, R. Cammi, B. Mennucci, C. Pomelli, C. Adamo,
S. Clifford, J. Ochterski, G. A. Petersson, P. Y. Ayala, Q. Cui,
K. Morokuma, D. K. Malick, A. D. Rabuck, K. Raghavachari,
J. B. Foresman, J. Cioslowski, J. V. Ortiz, B. B. Stefanov, G. Liu,
A. Liashenko, P. Piskorz, I. Komaromi, R. Gomperts, R. L. Martin,
D. J. Fox, T. Keith, M. A. Al-Laham, C. Y. Peng, A. Nanayakkara,
C. Gonzalez, M. Challacombe, P. M. W. Gill, B. Johnson, W. Chen,
M. W. Wong, J. L. A. M. Head-Gordon, E. S. Replogle and
J. A. Pople, Gaussian 98 Rev. A9, Gaussian Inc., Pittsburgh PA, 1998.

20 C. Lee, W. Yang and R. G. Parr, Phys. Rev. B., 1988, 37, 785.

21 A. D. Becke, Phys. Rev. A., 1988, 38, 3098.

22 A. D. Becke, J. Chem. Phys., 1993, 98, 5648.

23 P. C. Hariharan and J. A. Pople, Theor. Chim. Acta, 1973, 28, 213.

24 M. W. Wong, Chem. Phys. Lett., 1996, 256, 391.

25 S. F. Boys and F. Bernardi, Mol. Phys., 1970, 19, 553.

26 F. B. v. Duijneveldt, J. G. C. M. v. D. v. d. Rijdt and J. H. v. Lenthe,
Chem. Rev., 1994, 94, 1873.

27 V. Shafirovich, A. Dourandin and N. E. Geacintov, J. Phys. Chem. B,
2001, 105, 8431.

28 From this point 2AP is regarded as a redox mediator in the text.

29 J. B. Foresman and Z. Frisch, Exploring Chemistry with Electronic
Structure Methods, Gaussian Inc., Pittsburgh PA, 1996, pp. 142.

30 Sometimes the term ‘lonization Energy’ is used for this
phenomenon. We choose to use the definition of Forseman and
Frisch?® and use kcal mol ' instead of eV.

31 http://webbook.nist.gov/chemistry/.

32 T. Bally and G. N. Sastry, J. Phys. Chem. A, 1997, 101, 7923.

33 K. Bernhard, J. Geimer, M. Canel-Lopez, J. Reynisson, D. Beckert,
R. Gleiter and S. Steenken, Chem. Eur. J., 2001, 7, 4640.

34 J. Reynisson and S. Steenken, Phys. Chem. Chem. Phys., 2002, 4,
527.

35 This has been shown to be the case for purine-pyrimidine base pairs.
See ref. 36-38.

36 A. O. Colson, B. Besler and M. D. Sevilla, J. Phys. Chem., 1992, 96,
9787.

37 J. Reynisson and S. Steenken, Phys. Chem. Chem. Phys., 2002, 4,
5346.

38 J. Reynisson and S. Steenken, Phys. Chem. Chem. Phys., 2002, 4,
5353.

39 M. Bietti, E. Baciocchi and S. Steenken, J. Phys. Chem. A, 1998, 102,
7337.

40 P.J. Kersten, B. Kalyanaraman, K. E. Hammel, B. Reinhammar and
T. K. Kirk, Biochem. J., 1990, 268, 475.

41 This number is based on the (improved)** oxidation potential of
1,2-dimethoxybenzene of 1.44 V/NHE.

42 M. Jonsson, J. Lind, T. Reitberger, T. E. Eriksen and G. Merenyi,
J. Phys. Chem., 1993, 97, 11278.

43 S. Miertus, E. Scrocco and J. Tomasi, Chem. Phys., 1981, 55, 117.

44 S. Miertus and J. Tomasi, Chem. Phys., 1982, 65, 239.

45 The calculated AG,, in water is —5.6 kcal mol ™' for the parent and
—53.2 kcal mol ™! for the radical cation.

46 D. Grand, A. Bernas and E. Amouyal, Chem. Phys., 1979, 44,
73.

47 M. Braun, J. Y. Fan, W. Fuss, K. L. Kompa, G. Miiller and W. E.
Schmid, UV Laser lonization Spectroscopy and Ion Photochemistry,
ed. Z. Prior, A. Ben-Reuven, and M. Rosenbluh, Plenum Press, New
York, London, 1986, pp. 367.

48 During discussions in meetings and conferences we have found other
researchers encountered a similar experience.

49 R. Car and M. Parrinello, Phys. Rev. Lett., 1985, 55, 2471.

Org. Biomol. Chem., 2004,2, 578-584

583




50 As a consequence of the increase in bond strength, the H-bond
distances between the BA-derivatives and IM are decreased by
0.12-0.27 A upon oxidation. For example in veratryl alcohol the
H-bond length is 1.90 A in the parent pair but only 1.63 A in the
oxidized species. In comparison, in the O-H covalent bond lengths
in the BA-derivatives, the removal of an electron from the pairs
results, however, in only small changes (~0.05 A).

51 Three water molecules are used to make up a cluster. According to
Zipse et al.**** the nucleophilic properties of water depend on its
cluster size: one water molecule is a weak nucleophile whereas three
H,O are comparable to ammonia.

52 M. Mohr, D. Marx, M. Parinello and H. Zipse, Chem. Eur. J., 2000,
6, 4009.

53 M. Mohr and H. Zipse, Phys. Chem. Chem. Phys., 2001, 3, 1246.

54 J. Lind, X. Shen, T. E. Eriksen and G. Merenyi, J. Am. Chem. Soc.,
1990, 112, 479.

55 Calculated on the same level of theory as described in
computational methods. For comparison the BDE of (Me),N-H is
measured as 91.5 £ 2 kcal mol "%

56 D. F. McMillen and D. M. Golden, Ann. Rev. Phys. Chem., 1982, 33,
493.

57 Y. V. Novakovskaya and N. F. Stepanov, J. Phys. Chem. A, 1999, 103,
3285.

584

Org. Biomol. Chem., 2004,2, 578-584

58 M. J. Frisch, J. A. Pople and J. S. Binkley, J. Chem. Phys., 1984, 80,
3265.

59 Here, the Counterpoise method cannot be applied because one
needs two separate entities in order to get the H-bond energy.

60 The calculated IP’s of the deprotonated mediators lie between 40
and 60 kcal mol ™.

61 F. d’Acunzo, P. Baiocco, M. Fabbrini, C. Galli and P. Gentili, Eur. J.
Org. Chem., 2002, 24, 4195.

62 F. d’Acunzo and C. Galli, Eur. J. Biochem., 2003, 270, 3634.

63 G. Cantarella, C. Galli and P. Gentili, J Mol. Catal. B: Enzym.,
2003, 22, 135.

64 J. A. Kerr, Chem. Rev., 1966, 66, 465.

65 C. Moller and M. S. Plesset, Phys. Rev., 1934, 46, 618.

66 B. R. Singh and R. Ghosh, J Inorg Nucl. Chem., 1981, 43,
7217.

67 J. M. Moratal, A. Prades, M. Julve and J. Faus, Thermochim. Acta,
1985, 89, 343.

68 S. Steenken, S. V. Jovanovic, L. P. Candeias and J. Reynisson, Chem.
Eur. J., 2001, 7, 2829.

69 S. D. Wetmore, R. J. Boyd and L. A. Eriksson, J Phys. Chem. B,
1998, 102, 7674.

70 K. W. Egger and A. T. Cocks, Helv. Chim. Acta, 1973, 56,
1516.



