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ARTICLE INFO ABSTRACT

Plants produce flavonol compounds for vital functions regarding plant growth, fruit and flower colouring as well
as fruit ripening processes. Several of these biosynthesis steps are stereo- and regioselective and are being carried
out by nonheme iron enzymes. Using density functional theory calculations on a large active site model complex
of flavanone-3fB-hydroxylase (FHT), we established the mechanism for conversion of naringenin to its dihy-
droflavonol, which is a key step in the mechanism of flavonol biosynthesis. The reaction starts with dioxygen
binding to the iron(II) centre and a reaction with a-ketoglutarate co-substrate gives succinate, an iron(IV)-oxo
species and CO, with large exothermicity and small reaction barriers. The rate-determining reaction step in the
mechanism; however, is hydrogen atom abstraction of an aliphatic C—H bond by the iron(IV)-oxo species. We
identify a large kinetic isotope effect for the replacement of the transferring hydrogen atom by deuterium. In a
final step the OH and substrate radicals combine to form the alcohol product with a barrier of several kcal
mol ™. We show that the latter is the result of geometric constraints in the active site pocket. Furthermore, the
calculations show that a weak tertiary C—H bond is shielded from the iron(IV)-oxo species in the substrate
binding position and therefore the enzyme is able to activate a stronger C—H bond. As such, the flavanone-3§3-
hydroxylase enzyme reacts regioselectively with one specific C—H bond of naringenin by avoiding activation of
weaker bonds through tight substrate and oxidant positioning.
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In plants nonheme iron dioxygenases take part in the biosynthesis of
a series of flavonoids, which are important plant hormones that trigger

1. Introduction

Nonheme iron dioxygenases are a versatile class of enzymes in
nature that are involved in biosynthesis and biodegradation reactions in
almost all forms of life [1-8]. For instance, in the human body, non-
heme iron dioxygenases are responsible for the catabolism of cysteine
through cysteine dioxygenase [9-11] as well as DNA base repair
functions by the AlkB repair enzymes [12-14]. Some of these reactions
are stereo- and chemoselective, for instance the biosynthesis of R-hy-
droxyproline from proline by the nonheme iron dioxygenase prolyl-4-
hydroxylase is regio- and stereospecific [15], which has triggered in-
terest of the biotechnology industry into utilizing these enzymes for the
stereo- and chemoselective synthesis of products. Understanding the
mechanistic and structural features that determine these selectivities is,
therefore, important.
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fruit colouring [16,17], fruit ripening [18] but also operate as stress
responses [19,20]. Furthermore, these compounds have been shown to
have health benefits in humans and have been correlated to antioxidant
and anticancer properties and blood pressure control [21]. Biochemical
studies showed that most of these enzymes use iron, moreover, o-ke-
toglutarate (aKG) is essential for the biosynthesis of most flavonoids in
plants [22,23]. Thus, the biosynthesis of flavonols in plants is carried
out by a cascade of nonheme iron dioxygenases (Scheme 1), which
utilize a-ketoglutarate and dioxygen on an iron centre [24,25] for
substrate hydroxylation and desaturation reactions. One particular
nonheme iron dioxygenases, namely flavanone-3(-hydroxylase (FHT),
converts naringenin into dihydroflavonol on an iron(Il) centre [26-29]
through aliphatic hydroxylation of the C3—H bond. Thereafter, another
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Fig. 1. Active site structure of substrate and aKG-bound FHT as taken from the
2BRT pdb file.

nonheme iron dioxygenase, namely flavonol synthase (FLS) dehy-
drogenates the C>-C2 bond in dihydroflavonol to form flavonol. Little is
known on the mechanism of the FHT reaction and the effect of substrate
positioning and binding. To gain insight, we explored the mechanism of
conversion of naringenin by FHT into dihydroflavonol using computa-
tional methods.

Nonheme iron dioxygenases have a well-defined structure [30,31]
that has the metal bound through a facial triad with two histidines and
one carboxylate ligand in a 2-His/1-Asp or 2-His/1-Glu configuration.
As an example, we show the active site structure of FHT as taken from
the 2BRT protein databank (pdb) file in Fig. 1 [32]. The metal binds to
the side chains of His,3y, Aspass and His,gg, which leaves three co-
ordination sites of iron vacant that are filled up by aKG (two sites) and
water. The aKG is held in a rigid conformation and binds iron through
one carboxylate, whereas the other carboxylate group forms a salt
bridge with the Arg,qg residue. Substrate naringenin binds nearby the
metal centre and is locked inside the loop of amino acid residues from
Aspa34 to Thrazg, whereas the substrate binding pocket is lined with
apolar residues such as Phe;44. Apart from m-stacking interactions with
aromatic residues the substrate is stabilized with hydrogen bonding
interactions of the alcohol groups of Sersse and Thraso.

Early density functional theory calculations on the mechanism of
substrate activation by FHT [33] started from another pdb file, namely
the IGP6 pdb file, which is an open configuration of the protein without
bound substrate and a-ketoglutarate. The authors created a model and
inserted trans-dihydroquercetin as a substrate. However, a small trun-
cated cluster model was studied that only contained substrate and the
first coordination sphere of metal ligands. Recently [34-36], we
showed that substrate binding and positioning in nonheme iron diox-
ygenases is vital for the reaction mechanism and determines the se-
lectivity and product distributions. As such we decided to revisit the
mechanism of naringenin activation by FHT enzymes by an elaborate
active site model that includes a large part of the substrate binding
pocket and the first- and second-coordination sphere of the iron centre.
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Scheme 1. Conversion of flavanone into
OH flavonol products by nonheme iron dioxy-
genases FHT and FLS.

OH O

flavonol

We show that the protein positions the substrate and oxidant under an
ideal conformation for C* hydroxylation that is performed by a high-
valent iron(IV)-oxo species generated from a-ketoglutarate in a reaction
with dioxygen on an iron centre.

2. Methods

We created an active site model based on the crystal structure co-
ordinates deposited as the 2BRT protein databank (pdb) file [32]. This
is an flavanone-33-hydroxylase monomer structure with iron(Il), a-
ketoglutarate and naringenin bound. Our set-up follows previously
described procedures and will be summarized briefly here [37-39]. The
structure represents wildtype and has no missing residues in the core
region of the protein. We added hydrogen atoms using PropKa [40]
based on protonation states of residues at pH = 7, whereby carboxylic
acids were deprotonated and Arg and Lys residues protonated. Histidine
residues were visually inspected and the three His residues in our model
complex (Hisoso, Hisayo and Hisagg) were singly protonated. Finally, the
iron(I)-water group was replaced by iron(III)-superoxo to generate the
starting point of the catalytic cycle. Solvent (water) was added to the
structure and equilibrated. Subsequently, we created an active site
model from the fully equilibrated enzyme structure that includes the
oxidant and the key parts of the substrate binding pocket as described
in Scheme 2. The model included the iron with its first-coordination
sphere ligands, i.e. ethylimidazole for His,3,, methylimidazole for
Hisogg and a protein chain connecting Aspss4 to Thrase. The substrate
binding pocket is lined with the peptide chain Asp,34-Valszs-Sersse-
Alaysy-Leussg-Thraszg, which was kept in the model with the Ala and Leu
residues abbreviated to Gly as their side chains point away from the
substrate binding pocket. In addition, we included an ethylbenzene
moiety representing Phe,44 and methylguanidine for the Argsog side
chain. Overall the model had 170 atoms, was overall charge neutral and
was studied with odd spin multiplicity, i.e. singlet, triplet, quintet and

:S{Phe144

Hisy3o

Scheme 2. Active site model of FHT as studied with density functional theory.
Wiggly lines identify where the protein chain was cut.
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Fig. 2. Optimized geometries of °R1 and ®R2 of an active site FHT model as calculated with UB3LYP/BS1 in Gaussian-09. Bond lengths are in angstroms.

septet spin. As the residues formed multiple hydrogen bonding inter-
actions, no constraints on the geometry were placed. Recent Quantum
Mechanics/Molecular Mechanics and Molecular Dynamics simulations
on enzymatic structures of nonheme iron enzymes showed that con-
formation changes surrounding substrate binding can affect catalysis
and selectivity of a reaction [41,42]; hence we optimize our model fully
without geometric constraints included to accommodate the system to
that flexibility.

Density functional theory (DFT) calculations were performed on the
model in Scheme 2 using the Gaussian-09 [43] software package. We
utilized the unrestricted hybrid DFT method UB3LYP [44,45] for geo-
metry optimizations, analytical frequencies and geometry scans. Due to
the size of the chemical system a modest LACVP basis set on iron with
core potential and 6-31G on the rest of the atoms was applied: basis set
BS1 [46,47]. To improve the energies single point calculations on the
optimized geometries were done with the LACV3P + basis set on iron
with core potential and 6-311 + G* on the rest of the atoms: basis set
BS2. Solvent was included with the continuum polarized conductor
model (CPCM) [48] with a dielectric constant mimicking chlor-
obenzene. Dispersion corrections were included with the D3 model of
Grimme et al. [49]. These methods and procedures were extensively
tested and benchmarked previously and showed to reproduce experi-
mental rate constants within a few kcal mol ~ ! [50-53].

Kinetic isotope effects (KIE) were calculated as before [54,55] using
the Eyring (Eq. (1)) and Wigner (Egs. (2) and (3)) models. We re-
evaluated the frequencies and consequently, the entropy and zero-point
corrections by replacing the transferring hydrogen atom on C> by a
deuterium atom to get the primary kinetic isotope effect. In addition,
we calculated the secondary kinetic isotope effect by replacing the non-
transferring hydrogen atom on C> by deuterium. Finally the combined
kinetic isotope effect for replacement of both hydrogen atoms attached
to C2 of the substrate by deuterium was investigated. The Eyring KIE is
based on the ratio of rate constants of the hydrogen and deuterium
containing systems and calculated from the difference in free energy of
the hydrogen (AG}) and deuterium-substituted (AGH) systems with R
being the gas constant and T the estimated temperature (298 K). The
Wigner kinetic isotope effect is calculated from the Eyring KIE multi-
plied by the tunnelling ratio estimated from Eq. (3) with h, kg and T
representing Planck's constant, the Boltzmann constant and the tem-
perature, respectively, whereas v is the imaginary frequency in the
transition state.

KIEgyring = exp{(AG*p-AG*y)/RT} 'e))
KIEWigner = KIEEyring X Qt,H/Qt,D 2)
Qi =1+ (w/kgT)*/24 3

3. Results and discussion

Thanks to a series of detailed spectroscopic [56-58] and computa-
tional [59-61] studies, the catalytic cycle of the nonheme iron dioxy-
genase taurine/a-ketoglutarate dioxygenase (TauD) was established
and several short-lived intermediates characterized. These studies re-
vealed that the catalytic cycle of a-ketoglutarate-dependent nonheme
iron dioxygenases starts by binding of a-ketoglutarate to the iron(Il)
centre and is followed by substrate binding in its vicinity. Subsequently,
dioxygen binds to iron(II) and forms an iron(IIl)-superoxo complex
(structure R1), which initiates the oxygen activation process by at-
tacking the a-keto position of a-ketoglutarate to form a bicyclic ring
structure R2. Thereafter, the dioxygen bond cleaves to form succinate,
CO, and an iron(IV)-oxo active species (R3). Most of these inter-
mediates are short-lived and only evidence of an iron(IV)-oxo inter-
mediate exists in TauD enzymes [56-58]. It was characterized with
resonance Raman, electron paramagnetic resonance and Mossbauer
spectroscopy experiments. These studies identified its ground state as a
quintet spin state and rate constants of substrate activation implicated a
large kinetic isotope effect for replacement of the activated C—H bond
with C—D. Hence, hydrogen atom abstraction by the iron(IV)-oxo is
expected to be the rate-determining reaction step in TauD. Experi-
mental work on TauD failed to trap and characterize an iron(II)-su-
peroxo species, but recent spectroscopic (UV-Vis, EPR and Mossbauer)
studies on cysteine dioxygenase obtained spectra reminiscent of this
species [62]. Cysteine dioxygenase; however, does not utilize o-ke-
toglutarate in its catalytic cycle and transfers two oxygen atoms of O,
sequentially to the sulfur atom of a cysteinate residue [63,64]. To find
out if the catalytic cycle of FHT proceeds via a similar mechanism we
set up a model of the active site and calculated the analogous inter-
mediates to those reported for TauD.

As little is known on the catalytic cycle of FHT and no short-lived
dioxygen bound intermediates have been trapped and characterized, we
decided to start our work with calculations of structures R1, R2 and R3.
Optimized geometries of R1, R2 and R3 are given in Figs. 2 and 3. In all
cases the quintet spin state is the ground state even though we also
calculated the lowest lying singlet, triplet and septet spin states (see
Supporting Information) the alternative spin states are well higher in
energy. In the iron(Il)-superoxo state, the septet spin state is the closest
to the quintet ground state by AE + ZPE = 7.5kcalmol ™!, while the
triplet and singlet spin states are 20.6 and 42.8 kcal mol ~* higher lying,
respectively. Consequently, the singlet and triplet spin states do not
play a role of importance in the oxygen activation process leading up to
the iron(IV)-oxo species. Furthermore, even though the septet is close to
the quintet spin state in structure R1, actually its barrier leading to the
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Fig. 3. Optimized geometry of °R3 of an active site FHT model as calculated
with UB3LYP/BS1 in Gaussian-09. Bond lengths are in angstroms. The orange
circle indicates the hydrogen atom of the substrate that will be activated next.

ring-structure R2 is very high and as a result we did not manage to
locate a local minimum for “R2. Therefore, the conversion of the iron
(I1D)-superoxo(a-ketoglutarate) structure R1 into an iron(IV)-oxo(suc-
cinate/CO,) complex takes place through single-state-reactivity on a
quintet spin state surface only. Our calculations for this pathway mat-
ches previous models of TauD well and follow the same energy land-
scape [59-61,65].

The quintet spin optimized geometries of R1 and R2 are given in
Fig. 2 and show the attack of the superoxo moiety on the a-keto-posi-
tion of a-ketoglutarate. Indeed, the distance between the terminal
oxygen atom of the peroxo group and the a-keto carbon atom reduces
from 4.288 A to 2.278 A between °R1 and 5R2. At the same time, the
0—0 bond elongates from 1.312 to 1.348 A and the Fe—O interaction
from 2.021 to 2.142 A. Energetically, °R2 is lesser stable than °R1 by
AE + ZPE = 9.6 kcal mol ™!, which matches the values found for small
model complexes excellently. Endothermicities of 10.4 kcal mol ~ ! were
reported in Ref [59] and 9.6 kcal mol ! in Ref [61]. As such the protein
has little effect on the dioxygen activation pathway and the relative
energies of the iron(III)-superoxo and ring-structures (R1 vs R2).

Next, we calculated the iron(IV)-oxo species (R3) and find it
50.2 kcal mol ~* lower in energy than *R1. In agreement with experi-
mental observation on analogous nonheme iron dioxygenases
[56-58,66] the quintet spin state is the ground state. The optimized
geometry of the iron(IV)-oxo species (°R3) of FHT is given in Fig. 3. We
also calculated the lowest lying singlet, triplet and septet spin states and
find them AE + ZPE = 32.8, 3.7 and 7.0 kcal mol ™! higher in energy
than the quintet spin ground state. The Fe—O bond in °R3 is short, i.e.
1.657 A, which is typical for iron(IV)-oxo bond and matches previous
calculations of nonheme iron complexes [59-61,66-75].

The high-lying occupied and low-lying virtual orbitals of the iron
(IV)-oxo species are given in Fig. 4. Low in energy are a pair of bonding
orbitals (my, and ;) between the iron and oxo species that are built up
from the 3d,,/3dy, on iron with the 2p,/2p, on oxygen, whereby we
take the z-axis along the iron(IV)-oxo bond. Both m,, and my, are doubly
occupied with two electrons. Higher in energy are four singly occupied
molecular orbitals that give the iron(IV)-oxo species its quintet spin
ground state. Lowest of those are the three n* orbitals; two along the
Fe—O bond, namely the nt*,, and wt*, orbitals, and a third one (7*,y) in
the xy-plane for interactions with, e.g., the carboxylic acid groups of
succinate and Asps3s and the nitrogen of His;gg. The fourth singly oc-
cupied molecular orbital is the 0%,y orbital that also is lying in the xy-
plane but has its lobes on the x- and y-axis. The 0*,, orbital for the
antibonding interaction of the iron 3d,, with the 2p, on oxo and the 2p,
on the axial histidine ligand is virtual. Overall this gives the iron(IV)-
oxo complex an orbital configuration of n*xyl T n*yzl o*xz,yzl. In the
triplet spin state an orbital occupation of ;¥ ¥y, ¥y, 0%yay2 is
found and results in promoting the singly occupied electron from o*,o
y2 into the s*,, orbital.
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At this stage, we reasoned that a comparison of the model with the
original crystal structure coordinates would be appropriate. To this end,
we compared our optimized geometry of >R3 with the crystal structure
coordinates of the original 2BRT pdb file and created an overlay of the
two structures as given in Fig. 5 with the original pdb structure in
green. As can be seen, the peptide chain Asp,szs-Valsss-Serszg-Alass,-
Leuyss is in virtually the same position with respect to the iron atom in
both structures, although some of the side chains have moved slightly
with respect to the original pdb. In particular, the Asp carboxylate
group is in a slightly lower position in our model due to the fact that
both histidine moieties moved sideways. Of course, a-ketoglutarate was
replaced by succinate and an oxo group, whereby the oxo group points
in the direction of the substrate C3-position and the carboxylic acid
group of succinate is in the plane with the carboxylic acid group of
Aspa34 and the imidazole group of Hisoszs. As such, the reaction of O,
with aKG on an iron(II) centre will generate an iron(IV)-oxo group that
is pointing to the C3-position of substrate and most likely abstract a
hydrogen atom there. The structural comparison of the crystal structure
coordinates with our optimized geometry shows that the model is a
good representation of the actual enzyme and even though no con-
straints were placed on peptide residues, most of the characteristics of
the substrate binding pocket are retained. Interestingly, even though
the Phe;44 residue was abbreviated to ethylbenzene and had no geo-
metric constraints, it actually did not move dramatically in position
during the geometry optimizations. This is due to weak hydrogen
bonding interactions of its C—H groups with the alcohol group of
Thry3e, the carboxylic acid group of succinate and the alcohol group of
substrate (Supporting Information Fig. S6). Moreover, the position of
the oxidant and substrate shows that it is set-up for activation of the
C3—H bond as expected from the product distributions. To test whether
there are energetic feasibilities for abstracting hydrogen atoms from the
C® and C? positions, we followed the work up with a DFT study of
substrate hydroxylation by the iron(IV)-oxo species from these posi-
tions.

To complete the catalytic cycle, we calculated the substrate hy-
droxylation at the C3-position of naringenin by the iron(IV)-oxo species.
The reaction is stepwise via a hydrogen atom abstraction transition
state (TSya) that leads to an iron(III)-hydroxo and radical intermediate
(IM1). Thereafter, the OH and radical couple via a rebound transition
state (TS,.p) to form the dehydroflavonol product (Pr). The mechanism
as calculated on the quintet and triplet spin states are given in Fig. 6. As
can be seen the quintet spin state is the lowest energy state and stays
the ground state along the full reaction profile. The hydrogen atom
abstraction barrier is calculated to be AE + ZPE = 8.4kcalmol !
from the iron(IV)-oxo intermediate, whereas the rebound is
AE + ZPE = 4.9 kcal mol ! above *IM1. These barriers are typical for
aliphatic hydrogen atom abstraction of secondary C—H atoms by iron
(IV)-oxo complexes [76-80]. The TSy, structure is product-like with a
short O—H distance of 1.183 A, while the C—H distance is much longer
at 1.332 A. It has a large imaginary frequency of i1492cm ™, which is
typical for hydrogen atom abstraction transition states [81-83]. The
triplet spin barrier is well higher in energy (by > 20kcal mol™') and
has a long C—H bond of 1.486 A. The hydrogen atom abstraction in the
quintet spin state results in electron transfer into the virtual o*,, orbital
and generates a radical intermediate with ww*,,' 7w¥y," 7*y," 0%xayo'
0%,5" Ogup’ configuration with the metal 3d-block orbitals with up-spin
and the osyp electron as down-spin. Indeed, the group spin densities
give a value of —1.0 on the substrate and 4.2 on the metal, while the
rest is distributed over the direct ligands of the metal.

We also tested hydrogen atom abstraction of the other C3*—H group
of naringenin by the iron(IV)-oxo species, but due to stereochemical
constraints on substrate binding and orientation this is not a feasible
pathway. A constraint geometry scan for the O—H approach was per-
formed and the energy continuously increases with respect to that of
the iron(IV)-oxo species and does not reach a stable radical inter-
mediate. As such, the positioning of substrate limits the possibility of
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Fig. 5. Overlay of the optimized UB3LYP/BS1 geometry of °R3 with the crystal
structure coordinates of 2BRT (in green).

the iron(IV)-oxo species to abstract hydrogen atoms from the substrate
and only one hydrogen atom of the C*~H group can be selectively
abstracted.

Interestingly, the rebound barrier in the mechanism of naringenin
activation by FHT is relatively high in energy, i.e. 4.9 kcal mol ~* above
SIM1. However, the hydrogen atom abstraction is still the rate-de-
termining step in the catalytic cycle. The origin of the relatively high
rebound barrier is probably because of a tight substrate bound or-
ientation in the active site. Indeed, in analogous nonheme iron enzymes

K20

with tight substrate-bound pocket often the rebound barrier is high in
energy due to geometric constraints [34-38,84,85]. However, we do
not expect that the radical will leave the substrate binding pocket as it
is bound by a number of hydrogen bonding interactions and it will;
therefore, require a substantial amount of energy to break these bonds.

Overall, the rate-determining step for the reaction of the iron(IV)-
oxo species with substrate is the hydrogen atom abstraction via >TSy,,
hence it will be affected by isotopic substitution leading to a kinetic
isotope effect. Thus, we re-evaluated the free energies of activation by
replacing the transferring hydrogen atom by deuterium as well as re-
placing the other hydrogen atom bound to C® by deuterium, see
Table 1. As can be seen the secondary KIE is very small
(KIEgyring = 1.08), which means that only the transferring hydrogen
atom contributes to the isotope effect. The primary isotope effect
is in the range of the typical isotope effects seen for nonheme iron
enzymes and biomimetic model complexes [68,86] with values of
KIEggring = 7.73 and KIEwjgner = 10.85. These KIEs imply a significant
amount of quantum mechanical tunnelling and considerably faster rates
for hydrogen than deuterium.

Finally, constraint geometry scans for C>~H hydrogen atom ab-
straction and ortho-phenol hydroxylation were performed but due to
geometric constraints on substrate positioning and the shape and size of
the substrate binding pocket, neither of these pathways were found to
be energetically feasible.

In summary, we find a stepwise substrate hydroxylation mechanism
on a low-lying quintet spin state surface. Alternative spin states were
calculated but found to be considerably higher in energy and will not
play a role of importance. As such flavanone-3pB-hydroxylase reacts via
single-state reactivity on a dominant quintet spin-state surface. The
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Table 1
Calculated KIE effects on *TSy, using the Eyring and Wigner models.
D,Hy" H.Dy’ D.Dy"
KlEkgring” 7.73 1.08 8.49
KIEwigner 10.85 1.09 12.01

@ For FeO—H,-C®HyR substitution of hydrogen by deuterium: subscript a
refers to the transferring atom and subscript b to the non-transferring atom on
position C* of the substrate.

b Calculated using Eq. (1).

¢ Calculated using Eq. (2).

rate-determining step; however, is the initial hydrogen atom abstrac-
tion from the G3—H position of substrate that is relatively low in energy
and hence should proceed fast. Alternative hydrogen atom abstraction
channels were also tested. In particular, we tested abstraction of the
tertiary C—H atom at the C? position of substrate as well as the other
hydrogen atom at the C® position. However, due to their positioning
these hydrogen atom abstraction processes require a major reorienta-
tion of the substrate, which led to high energy pathways. Therefore, the
selectivity of this protein is thanks to substrate binding and positioning
in the substrate binding pocket.

4. Conclusions

In this work a cluster model study on the enzyme flavanone-3f-
hydroxylase is reported and the hydroxylation of naringenin explored.
We find a stepwise reaction mechanisms where dioxygen binding gives
an iron(IlI)-superoxo species that is converted into an iron(IV)-oxo
through activation of a-ketoglutarate. This process takes place on a
quintet spin ground state and is followed by a hydrogen atom ab-
straction and OH rebound process to form hydroxylated product. The
work shows that ideal substrate and oxidant positioning is required to
give efficient substrate hydroxylation.
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Fig. 6. Potential energy landscape for sub-
strate hydroxylation by an iron(IV)-oxo
species using a model of the active site FHT.
Structures optimized at UB3LYP/BS1 in
Gaussian-09 and (free) energies are given at
UB3LYP/BS2 with solvent, thermal and
zero-point corrections in kcal mol~'. Bond
lengths of optimized geometries are in ang-
stroms and angles in degrees. The imaginary
frequency in the transition state is given in
em ™!
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