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Selective hydrogen atom abstraction from dihydroflavonol is the key 
step in the flavonol synthesis enzyme and avoids by-products. 
Sidra Ghafoor,§, ‡ Asim Mansha,‡ and Sam P. de Visser*,

§ 
§ The Manchester Institute of Biotechnology and Department of Chemical Engineering and Analytical Science, The 
University of Manchester, 131 Princess Street, Manchester M1 7DN, United Kingdom 
‡ Department of Chemistry, Government College University Faisalabad, New Campus, Jhang Road, Faisalabad, 
Pakistan 

ABSTRACT: The plant nonheme iron dioxygenase flavonol synthase performs a regioselective desaturation reaction as part 
of the biosynthesis of the signaling molecule flavonol that triggers the growing of leaves and flowers. These compounds 
also have health benefits for humans. Desaturation of aliphatic compounds generally proceeds through two consecutive 
hydrogen atom abstraction steps from two adjacent carbon atoms and in nature often is performed by a high-valent 
iron(IV)-oxo species. We show that the order of the hydrogen atom abstraction steps; however, are opposite of those ex-
pected from the C-H bond strengths in the substrate and determines the product distributions. As such flavonol synthase 
follows a negative catalysis mechanism. Using density functional theory methods on large active site model complexes we 
investigated pathways for desaturation and hydroxylation by an iron(IV)-oxo active site model. Against thermochemical 
predictions, we find that the oxidant abstracts the hydrogen atom from the strong C2‒H bond rather than the weaker C3‒H 
bond of the substrate first. We analyzed the origin of this unexpected selective hydrogen atom abstraction pathway and 
find that the alternative C3‒H hydrogen atom abstraction would be followed by a low-energy and competitive substrate 
hydroxylation mechanism hence, should give considerable amount of by-products. Our computational modelling studies 
shows that substrate positioning in flavonol synthase is essential as it guides the reactivity to a chemo- and regioselective 
substrate desaturation from the C2‒H group leading to desaturation products efficiently. 

INTRODUCTION. 

Metalloenzymes have key functions to all living organ-
isms, including plants, animals and bacteria; and catalyze 
vital reactions as defense mechanisms, but are also in-
volved in biosynthesis and metabolism processes. There 
are many varieties of metalloenzymes in nature with vary-
ing numbers of metal ions and the number of those in the 
active site. Due to its large natural abundance a large 
number of metalloenzymes contain an iron center and of 
the mononuclear iron enzymes two classes exist, namely 
the heme and nonheme iron enzymes. The heme-iron en-
zymes range from peroxidases, catalases to monoxygen-
ases and are highly diverse.1-10 They all contain an iron 
embedded in a tetradentate ligated heme group, which 
leaves two binding sites (axial and distal to the iron) avail-
able in octahedral symmetry, whereby the axial ligand 
binds the heme to the protein and the distal site dioxygen. 
By contrast, nonheme iron dioxygenases have a more var-
ied iron coordination environment that is either octahedral 
or trigonal bipyramidal and often bind the metal through a 

facial 2-His/1-Asp protein linkage.11-13 The mononuclear 
nonheme iron enzymes have a broad range of functions in 
Biosystems that covers aerobic respiration, oxygen sens-
ing, electron and small molecule transport as well as ca-
talysis.14-18 Generally, the nonheme iron dioxygenases uti-
lize molecular oxygen on an iron center and their roles 
include the biosynthesis of natural products to the biodeg-
radation of toxic compounds.19-25 They typically react by 
oxygen atom transfer to substrates through aliphatic hy-
droxylation, aromatic hydroxylation as well as epoxida-
tion. 

A large subclass of the nonheme iron enzymes are the 
-ketoglutarate dependent dioxygenases, which utilize 
dioxygen and -ketoglutarate on a nonheme iron active 
site.26-29 In their catalytic cycle dioxygen reacts with -
ketoglutarate to form succinate, CO2 and a high-valent 
iron(IV)-oxo species. For taurine/-ketoglutarate depend-
ent dioxygenase (TauD) this iron(IV)-oxo species was one 
of the first that was trapped and characterized with UV-
Vis absorption, EPR and Mössbauer spectroscopic tech-
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niques.30,31 Moreover, kinetic studies of these iron(IV)-oxo 
species found them to react with substrate efficiently 
through, e.g., substrate hydroxylation with a rate-
determining hydrogen atom abstraction step.13-16,32   

In plants, nonheme iron dioxygenases have important 
functions related to signaling processes that trigger the 
growth of leaves and flowers, although some deal with 
stress responses.33-36 In particular, flavonoids are synthe-
sized by a cascade of enzymes that includes several non-
heme iron dioxygenases.26,33-41 Thus, flavanone-3-
hydroxylase (FHT) takes flavanone as a substrate and re-
gio- and stereoselectively hydroxylates the C3-position of 
the substrate to form dihydroflavonol (Scheme 1). Recently, 
we reported DFT calculations on a flavonone-3-
hydroxylase model and showed the selectivity to be de-
termined by substrate positioning in the active site that 
enables a stereo- and chemoselective reaction process 
that prevents side reactions.42 

 

Scheme 1. Conversion of flavanone into flavonol by FHT 
and FLS enzymes in plants. 

In the next stage of the flavonol biosynthesis an unusual 
reaction takes place, whereby the dihydroflavonol is acti-
vated by flavonol synthase (FLS) and dehydrogenated 
(desaturated) at the C2‒C3 bond to form flavonol products. 
Based on a combination of spectroscopic and crystal 
structure studies a mechanism was proposed, whereby the 
desaturation is performed by a high-valent iron(IV)-oxo 
species that sequentially abstracts two hydrogen atoms of 
the substrate:43,44 one from the C2 center and the other 
from the C3 center. However, it is not clear in what order 
these hydrogen atoms are abstracted and whether the 
product distributions are different. Moreover, typical 
mechanisms catalyzed by iron(IV)-oxo species that start 
with a hydrogen atom abstraction are substrate hydrox-

ylation.45,46 As far as we know, there exist no evidence of 
substrate hydroxylation side-products in wildtype FLS en-
zymes, i.e. the formation of C2,C3-dialcohol or C3,C3-
dialcohol products have not been observed. To under-
stand why hydroxylation reactions are prevented in favor 
of desaturation of dihydroflavonol, we decided to explore 
the reaction mechanism of dihydroflavonol activation by 
FLS leading to a variety of products as a result of desatu-
ration and hydroxylation through attack on the C2 as well 
as C3 positions of substrate.  

In previous work on heme monoxygenases, i.e. the cyto-
chromes P450, we explored competitive substrate hydrox-
ylation versus desaturation of drug molecules.47 It was 
shown that, in general, substrate hydroxylation is favored 
due to the larger exothermicity of the hydroxylation reac-
tion. As such, we would expect substrate hydroxylation to 
be the dominant channel in flavonol synthase enzymes 
rather than desaturation. How and why FLS can perform a 
thermochemically unfavorable desaturation reaction is 
currently unknown and warrants a detailed computational 
study. To gain insight into the regioselective biosynthesis 
reaction of FLS, we performed a computational study on a 
large active site model of FLS. It is shown that substrate 
positioning is essential and guides the reaction to the 
strong C2‒H bond. This is important as it will lead to pref-
erential desaturation with a large conjugated -system. 

 

Methods. 

Our work continues from our previous study on fla-
vanone-3-hydroxylase.42 We took the crystal structure 
coordinates of FLS from the protein data bank, i.e. 2BRT 
pdb file,44,48 and followed set-up procedures as described 
in detail previously.49-51 The pdb structure contains the full 
protein (one monomer), with iron(II), -ketoglutarate and 
naringenin bound. Iron(II)-water was replaced by iron(IV)-
oxo and -ketoglutarate with succinate to create the pro-
posed high-valent oxidant in the reaction mechanism. We 
then removed naringenin from the pdb file and replaced it 
with dihydroflavonol, which was docked into the substrate 
binding pocket with Swissdock.52 An overlay of the five 
conformations with the largest binding energy is shown in 
Figure S1 (Supporting Information) and as follows in all of 
those the substrate is in roughly the same position with the 
phenol group parallel to the aromatic ring of Phe144. We 
chose a substrate binding orientation with the C2–H and 
C3–H groups of the substrate positioned in the vicinity of 
the iron(IV)-oxo group. Subsequently, hydrogen atoms 
were added to the pdb structure in Chimera based on a 
pH = 7 environment and followed by equilibration.53   
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Figure 1. (a) Active site model of FLS as studied in this work. (b) Space filling model of substrate bound into the binding pocket of 
FLS. 

Thereafter, a large cluster model was selected that in-
cluded the iron with its first-coordination sphere of ligands, 
the substrates and key amino acid residues of the protein, 
including the chain Asp234-Val235-Ser236-Ala237-Leu238-
Thr239, whereby the Ala and Leu residues were abbreviat-
ed to Gly in the model (see Figure 1a). The model contains 
iron(IV)-oxo, methylimidazole for His288, ethylimidazole for 
His233, a methylguanidine for Arg298 and ethylbenzene for 
residue Phe144. Our calculated FLS model had 170 atoms 
and was studied in the odd spin state, namely triplet and 
quintet, and has neutral charge. No geometry constraints 
were put on the model as substrate and protein are tightly 
bound in the pocket through a number of hydrogen bond-
ing interactions (Figure 1b). Also an overlay of starting and 
optimized structures showed little geometric movements of 
the protein residues in the optimized geometries and 
hence little changes with respect to the crystal structure 
starting point were found.  

Computational studies were performed using the Gauss-
ian-09 program package with density functional theory.54 
Geometry optimization, geometry scans and analytical 
frequencies were done using the unrestricted hybrid densi-
ty functional method UB3LYP.55,56 A double- quality basis 
set with 6-31G on all the atoms except Fe, which was de-
scribed with an LACVP basis set with core potential (basis 
set BS1).57-59 Local minima were characterized with a fre-
quency calculation that gave real frequencies only, while 
transition states had one imaginary frequency for the cor-
rect mode. For key transition states also intrinsic reaction 
coordinate scans were performed that led in one direction 

to products, while in the reverse direction optimized into 
the reactant complexes. The final structure of the IRCs was 
fully optimized (without constraints) for the radical inter-
mediates (5IM2, and 5IM3,) and a geometry with energy 
was obtained that was close to the one reported below, 
see Supporting Information. Single point energy calcula-
tions were done using the LACV3P+ basis set on iron (with 
core potential) and 6-311+G* on the remaining atoms (ba-
sis set BS2) to improve the energetics of the chemical sys-
tem. Solvent effects were included using the continuum 
polarized conductor model with a dielectric constant mim-
icking chlorobenzene.60 Free energies reported here con-
tain zero-point, solvent, entropic and thermal corrections 
(to 298K) as taken from the Gaussian frequency files. The 
methods used in this work were tested and validated pre-
viously and reproduced experimental rate constants, 
chemoselectivities and spectroscopic parameters well.61-63 
In one of those studies,61 experimentally obtained free en-
ergies of activation for substrate activation by iron(IV)-oxo 
complexes were compared to computation. These studies 
showed improved performance of B3LYP over B3LYP-D3 
for these types of systems. Nevertheless, we optimized 
several structures with B3LYP-D355,56,64 (Supporting Infor-
mation) and although the barriers are somewhat lower 
than those at B3LYP level of theory, the trends were the 
same. All transition states reported here had a single im-
aginary frequency for the correct mode, while local mini-
ma had real frequencies only. 

Kinetic isotope effects (KIE) were calculated from the 
Gaussian frequency files, whereby the vibrational fre-

Ser236

Thr239

Phe144

Arg298

Succ

Substrate

(a) (b)
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quencies, entropy and free energy of activation were re-
calculated with protiums replaced by deuterium. KIEs were 
calculated from the classical Eyring equation (KIEE, Eq. 1), 
while tunneling corrections to the KIE were obtained 
through the Wigner correction (KIEW, Eqs. 2 and 3).65 The 
KIEE is determined by the difference in the Gibbs free en-
ergy (G‡) of the protium and deuterium-substituted sys-
tem, where R represents the gas constant and T the tem-
perature of the system (298K). Although quantum tunnel-
ing effects can be very large for deuterium substituted re-
actions, previous work showed the Wigner model to pre-
dict KIEs in reasonable agreement with experiment.66,67 

To obtain the Wigner KIEW we took the Eyring KIEE and 
multiplied it with the tunneling correction Qt, which is de-
termined from the imaginary frequency in the transition 
state ( in cm‒1), Planck’s constant (h), the Boltzmann con-
stant (kB) and the temperature of the system. 

 

KIEE = exp [(G‡
D – G‡

H)/RT] (1) 

KIEW = KIEE  Qt,H/Qt,D (2) 

Qt = 1 + (h/kBT)2/24 (3) 

 

RESULTS. 

Based on the crystal structure coordinates of FLS,44 a 
cluster model was created as described in Figure 1. A 
space-filling model of the substrate-bound reactant struc-
ture is shown in Figure 1b, which highlights key interactions 
of the substrate with protein. As can be seen, the substrate 
is tightly packed with -stacking interactions to a neigh-
boring aromatic ring of Phe144, while it undergoes hydro-
gen bonding interactions with the alcohol groups of the 
side chains of Ser236 and Thr239 with its phenol group, 
whereas the two phenol groups of the resorcinol ring are 
in hydrogen bonding distance to the salt bridge between 
succinate and Arg298. Overall, the substrate appears in a 
very rigid configuration so that little mobility and flexibility 
is expected. Nevertheless, the C2‒C3 bond of the substrate 
in this orientation is pointing directly to the iron(IV)-oxo 
group. 

We initially optimized the iron(IV)-oxo species (3,5Re) in 
the low-lying triplet and quintet spin states and subse-
quently investigated hydrogen atom abstraction from ei-
ther the C2‒H or C3‒H positions of substrate as identified 
with a pink circle in Figure 1a. These hydrogen atom ab-
straction barriers are labelled TS1HA,2 and TS1HA,3, respec-
tively, and lead to the iron(III)-hydroxo intermediates IM2 
and IM3 with a radical on carbon atom C2 or C3, respec-
tively. Thereafter, a second hydrogen atom abstraction via 
transition state TS2HA can take place to form desaturated 
products (PD) or alternatively OH rebound via transition 
state TSreb gives alcohol product complexes (PA). 

Before discussing the reaction mechanisms leading to 
these product complexes, let us first focus on the electronic 
configuration and geometry of the reactant complex. Op-
timized geometries of the triplet and quintet spin reactant 
complexes (3,5Re) are shown in Figure 2. Similarly to previ-
ous computational studies on analogous iron(IV)-oxo com-
plexes of nonheme iron enzymes68-84 and experimental 
EPR and Mössbauer measurements of related nonheme 
iron dioxygenases,30,31,85-87 the quintet spin state is the 
ground state. The 5Re complex has an electronic configu-
ration of *xy

1 *xz
1 *yz

1 *x2‒y2
1 with orbitals as shown in 

Figure 2b. These orbitals represent the metal-ligand inter-
actions and particularly between the iron and oxo group. 
The *z2 orbital is antibonding along the O‒Fe‒N(His232) 
axis and virtual in the reactant state; thus giving the metal 
a formal oxidation state of iron(IV). 

Because of this molecular orbital occupation, the Fe‒O 
distance is short in 5Re, i.e. 1.657Å. This value matches 
experimentally determined FeIV‒O bond distances meas-
ured for taurine/-ketoglutarate dioxygenase (1.62Å)86 
and -ketoglutarate dependent halogenase CytC3 (1.60 – 
1.62Å).88 In 3Re, on the other hand, the orbital occupation 
is *xy

2 *xz
1 *yz

1, while both * orbitals are virtual. As can 
be seen from the orbital drawing in Figure 2b, the *xy 
orbital has some interactions with the 2px and 2py orbitals 
on the oxygen atom and hence occupation of this orbital 
with a second electron will put more antibonding charac-
ter on the Fe‒O interaction resulting in its elongation. In-
deed a much longer Fe‒O distance of 1.784Å is observed 
in the triplet spin state. The triplet spin state is considerably 
less stable in energy than the quintet by G = 15.9 kcal 
mol‒1 in the gas-phase and, hence, will not play a role of 
importance. This result matches previous work on the 
iron(IV)-oxo species of nonheme iron dioxygenases where 
the metal is in a trigonal bipyramidal arrangement with 
well separated quintet and triplet spin state structures.64-70, 

89-93 By contrast, with iron in octahedral coordination envi-
ronment typically a triplet spin ground state is found with 
the quintet spin well higher in energy.94-97 

The optimized geometry of the reactant structures also 
highlights key interactions of the substrate with the protein 
that lock it into position. Thus, the phenol group of the sub-
strate forms hydrogen bonding interactions with the alco-
hol groups of Ser236 and Thr239. These distances (R1 and 
R2) are very short, namely 1.62 and 1.76Å, respectively, 
and, therefore, the bonding is strong. In addition, the aro-
matic ring of Phe144 is positioned parallel to the aromatic 
ring of the substrate phenol group and hence will stabilize 
the position of the substrate through -stacking interac-
tions.  
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Figure 2. Optimized geometries and electronic configuration of the iron(IV)-oxo reactant complex of FLS as calculated at 
UB3LYP/BS1 in Gaussian-09. (a) Optimized 3,5Re structures with bond lengths in angstroms. (b) Metal 3d-type orbitals of 5Re. 

The resorcinol hydroxyl groups of the substrate are also 
involved in hydrogen bonding interactions and are closely 
located to the salt bridge between succinate and Arg298 
causing further stabilization and lock the substrate in an 
overall tight configuration. Indeed little geometric changes 
in the substrate positioning are seen during the full reaction 
mechanism and the individual geometry optimizations. The 
substrate positioning also points the C2–H and C3–H hy-
drogen atoms towards the iron(IV)-oxo group and sets 
them up for a regioselective hydrogen atom abstraction 
from those two positions. Due to the rigidity of the sub-
strate in the binding pocket no other positions of the sub-
strate can be activated unless several strong hydrogen 
bonding interactions are broken. 

Next, we studied the hydrogen atom abstraction path-
ways starting from 5Re for abstraction of an atom from the 
C2‒H and C3‒H bonds of the substrate. Electronically; 
however, there are several possible mechanisms on each 
of the spin state surfaces leading to multistate reactivity 
patterns as schematically depicted in Scheme 2. Thus, the 
hydrogen atom abstraction leads to transfer of one elec-
tron into the metal 3d-set of orbitals. Due to the close-lying 
configurations of the reactant and intermediate, i.e. 
iron(III)-hydroxo, states, several possibilities exist for this 
electron transfer from quintet spin reactants, namely by 
formation of a sextet spin iron(III)-hydroxo coupled with a 

down-spin electron on the substrate or alternatively a 
quartet spin iron(III)-hydroxo coupled to an up-spin elec-
tron on the substrate (Scheme 2). The former is designated 
the 5-pathway and the latter the 5-pathway.96-102 In the 
5-pathway an electron is transferred from the substrate 
into the virtual *z2 orbital that gives a fully exchange-
enhanced metal 3d-block with five unpaired electrons and 
leaves a down-spin electron on the substrate to give an 
electronic configuration: *xy

1 3dxz
1 *yz

1 *x2-y2
1 *z2

1 Sub
1. 

Generally, the elongation of the Fe-O bond in this step 
splits the xz/*xz couple back into atomic orbitals, hence 
the 3dxz is now occupied with one electron. It has been 
proposed that this always gives the lowest energy mecha-
nism for nonheme iron(IV)-oxo complexes.103 However, as 
shown previously, substrate and oxidant positioning as 
well as environmental perturbations can reverse the order-
ing and stabilize the 5-pathways instead.104 In the 5-
pathway the incoming electron from the substrate moves 
into the lowest of the metal 3d orbitals, namely the *xy 
that becomes doubly occupied and the electronic configu-
ration of the radical intermediate 5IM2 *xy

2 3dxz
1 *yz

1 
*x2-y2

1 Sub
1 with the substrate radical up-spin. We at-

tempted to calculate both reaction pathways (transition 
states and intermediates) for each of the hydrogen atom 
abstraction reactions. 

    

R1

R2

ROH2 ROH3

RFeO

RFeO ROH2 ROH3 R1 R2

5Re 1.657 2.247 4.339 1.615 1.762

3Re 1.784 2.234 4.379 1.619 1.765

*
xy



*
xz

 *
yz



2 2*
x y


 2*

z


(a) (b)
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Scheme 2. Electron transfer pathways during the hydrogen atom abstraction steps leading to 5- and 5 mechanisms. 

 

Figure 3. Potential energy landscape (with energies in kcal mol‒1) of dihydroflavonol desaturation to flavonol by the iron(IV)-oxo 
species of FLS. Energies are obtained at UB3LYP/BS1//UB3LYP/BS2 and contain ZPE and solvent corrections. Free energies are 
given in parenthesis and include thermal (at 298K), solvent and entropic corrections. Optimized geometries of rate-determining 
hydrogen atom abstraction transition states give bond lengths in angstroms and the imaginary frequency in cm‒1. 

5TS1HA2,

5TS1HA3, (5TS1HA3,)

i1107 (i1567) cm‒1

Fe-O: 1.731 (1.753)

O-H: 1.349 (1.287)

H-C3: 1.225 (1.282)

Fe-O-C3: 146 (130)

i1314 cm‒1

Fe-O: 1.758

O-H: 1.230

H-C2: 1.284

Fe-O-C2: 172
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The calculated free energy landscape of dihydroflavo-
nol desaturation by the iron(IV)-oxo species of FLS via the 
possible 5- and 5-pathways are given in Figure 3. We 
investigated initial hydrogen atom abstraction from the 
C2–H bond first and then followed by hydrogen atom ab-
straction from the C3–H position, but the reverse order of 
hydrogen atom abstraction steps was also tested. These 
pathways are labeled with a subscript 2 or 3 in the struc-
ture for the first hydrogen atom abstraction site, respec-
tively. Both 5 hydrogen atom abstraction barriers are 
lower in energy than the triplet spin reactants; hence the 
mechanism takes place on a dominant quintet spin state 
surface via single-state-reactivity. Indeed, the triplet spin 
pathways are high in energy and we find a barrier 
3TS1HA3, of G‡ = 29.7 kcal mol‒1, see Supporting Infor-
mation. As such we will focus on the quintet spin pathways 
only. 

The lowest energy transition state is for hydrogen atom 
abstraction from the C2-position and has a free energy of 
activation of 9.9 kcal mol‒1. The substrate C‒H bond is 
aligned to the Fe‒O bond and the TS has an Fe‒O‒C2 
angle of 172. As a 5-pathway involves transfer into the 
*z2 orbital, a linear configuration has been proposed to 
be ideal for these types of pathways.105,106 Consequently, 
the geometry of 5TS1HA2, is close to its ideal conformation 
for a 5-pathway. Geometrically, the transition state is 
central with almost equal C2‒H and O‒H distances: 1.284 
and 1.230Å, respectively. We tried to locate the 5TS1HA2, 
transition state through swapping of molecular orbitals in 
5TS1HA2,; however, during the energy convergence it con-
verted back to the -pathway transition state. Therefore, 
the 5-pathway is a high-energy pathway and will not 
play a role of importance. 

The alternative hydrogen atom abstraction pathways 
from the C3‒H position of substrate have barriers of G‡ = 
12.0 (20.5) kcal mol‒1 via 5TS1HA3, (

5TS1HA3,). Accordingly, 
the 5-pathway is high in energy and with a free energy 
difference of almost 10 kcal mol‒1 this implies that the 5-
pathway will be dominant. Indeed, a geometry optimiza-
tion of the radical intermediate 5IM2, failed to converge 
and relaxed to the lower energy 5IM2, structure instead. 
Geometrically, the Fe‒O‒C3 angle is considerably bent: 
146 for 5TS1HA, and 130 for 5TS1HA,. A small angle of 
around 120 ‒ 130 is typically observed in -type reaction 
channels as an electron transfer into a * orbital takes 
place and the orbital overlap with the donor is best in this 
orientation.105,106 Interestingly, both transition states are 
relatively central with C3‒H and O‒H distances that are 
close. 

Hydrogen atom abstraction barriers generally encounter 
a large kinetic isotope effect (KIE) when the transferring 
hydrogen atom is replaced by deuterium. To find out what 
the KIE would be for the hydrogen atom abstraction path-

way via 5TS1HA2, and 5TS1HA3,, we reevaluated the vibra-
tional frequencies and entropies using a mass of deuterium 
for the transferring atom in 5Re, 5TS1HA2, and 5TS1HA3,. 
Using the Eyring and Wigner models at 298K we estimat-
ed the kinetic isotope effects. Values of 7.4 and 6.1 are 
found for the Eyring KIEs for 5TS1HA2, and 5TS1HA3,, re-
spectively, whereas the Wigner tunneling correction raises 
these values to 10.0 and 8.8. As such, our calculated KIE 
values implicate classical KIE contributions that are domi-
nated by the Eyring correction to the free energy and some 
effect of tunneling enhances the KIE further as estimated 
from the Wigner KIEs. Moreover, there appears to be little 
difference in the KIE values for C2–H or C3–H hydrogen 
atom abstraction and consequently the KIE cannot distin-
guish the two pathways. Our calculated KIEs match previ-
ously calculated values of analogous processes well.107 

After the transition states the structures relax to a radical 
intermediate 5IM2 or 5IM3; however, the energetic ordering 
of the intermediates is reversed with respect to those of the 
hydrogen atom abstraction transition states. The most sta-
ble one is 5IM3, and is G = 18.4 kcal mol–1 more stable 
than reactants. By contrast, the lowest hydrogen atom 
abstraction barrier TS1 connects to 5IM2,, which is G = 
16.3 kcal mol–1 more stable than the reactants complex. A 
geometry scan for the subsequent hydrogen atom abstrac-
tion from the C3‒H position of substrate by the iron(III)-
hydroxo intermediate 5IM2, was performed (Supporting 
Information Figure S12) and gave a small barrier of less 
than 1 kcal mol‒1 leading to dehydrogenated products. As 
such the first hydrogen atom abstraction via 5TS1HA2, is 
rate-determining and will lead to dehydrogenation effi-
ciently with a very short lifetime of the radical intermedi-
ate. A similar mechanism for the hydrogen atom abstrac-
tion via the 5-pathway from the C2‒H position of sub-
strate was found, where the first hydrogen atom abstrac-
tion is rate-determining and followed by a small barrier of 
less than 1 kcal mol‒1 for the second hydrogen atom ab-
straction.  

Interestingly, the energy profile starting with hydrogen 
atom abstraction from the C3‒H position of substrate is 
very different and although the first step is rate-
determining with a free energy of activation of 12.0 kcal 
mol‒1, actually, a significant second hydrogen atom ab-
straction barrier via 5TS2HA3, is found that is 11.5 kcal mol–1 
above the energy of 5IM3,. This will affect the observed 
kinetics of the reaction and; moreover, means the radical 
intermediate has a finite lifetime and could rearrange or 
give rise to side-reactions, for instance, leading to sub-
strate hydroxylation instead. To find the competitive sub-
strate hydroxylation pathway, we then calculated OH 
rebound to form the alcohol products. 
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Figure 4. UB3LYP/BS1 optimized geometries of radical intermediates 5IM3 and 5IM2 as obtained in Gaussian-09. Bond lengths are 
in angstroms and group spin densities () in au. 

The constraint geometry scan (see Supporting Infor-
mation Figure S10) gives a maximum of around 12 kcal 
mol–1 for this pathway. Therefore, hydrogen atom abstrac-
tion from the C3–H position leads to competitive hydrox-
ylation and desaturation via similar reaction barriers. 

To understand the differences in second hydrogen atom 
abstraction pathways between initial C2‒H and C3‒H hy-
drogen atom abstraction, we show in Figure 4 the opti-
mized geometries of the radical intermediates 5IM2, and 
5IM3,. The Fe-O bond lengths are 1.873 and 1.897Å for 
5IM2, and 5IM3,, respectively, while the O-H distances 
are 0.976Å for both of them. Moreover, the first-
coordination sphere ligand distances are relatively close. 
The spin on the FeOH group is 4.42 in 5IM3,, while it is 
4.35 in 5IM2,. Therefore, the structures show no dramatic 
differences and hence provide no clear explanation why 
the second hydrogen atom abstraction barrier is so much 
larger in the C2‒H pathway. The only difference between 
the two pathways is that in 5IM3, a benzylic hydrogen 
atom is abstracted, whereas in 5IM2, a tertiary C‒H bond 
is activated. To understand the order and nature of these 
hydrogen atom abstraction pathways, and why the sec-
ond hydrogen atom abstraction barriers vary so strongly, 
we decided to calculate C‒H bond strengths in the sub-
strate of the neutral and radical complexes. 

 

DISCUSSION. 

In this work dihydroflavonol activation by the nonheme 
iron enzyme FLS is explored to give desaturation to form 
flavonol products. Our calculations predict an overall re-
giospecific dehydrogenation of substrate as the main re-
action pathway in agreement with experimental observa-
tion.44 The work shows an interesting reactivity pattern, 
where the kinetics favors C2‒H hydrogen atom abstraction 
over C3‒H hydrogen atom abstraction but the reverse is 
found for the thermodynamics of the reaction. Thus, the 
hydrogen atom abstraction barrier from the C2‒H position 
is favored over that of the C3‒H position, but the relative 
energies of the radical intermediates give a more stable C3 
radical than a C2 radical (Figure 3). This is a unique exam-
ple of the so-called negative catalysis, whereby a low-
energy pathway is prevented in favor of another reac-
tion.108,109 Clearly, the enzyme was designed with the aim 
to react regiospecifically with substrates. Indeed, experi-
mental reports on studies of substrate activation by FLS 
enzymes showed considerable substrate specificity.38,110 In 
particular, mutations of the substrate binding pocket of 
FLS, e.g. where the Phe144 was mutated, led to reduced 
activities and substrate conversion. Quite a number of 
studies have been reported that investigated substrate 
turnover using alternative (non-natural) substrates or sub-
strate analogs.111-115  

   

5IM3,
5IM2,

FeOH Sub

5IM3, 4.42 ‒1.00

3IM3, 2.83 ‒1.00

5IM2, 4.35 ‒0.84

O-H-C3 = 135

O-H-C2 = 156
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Figure 5. B3LYP/6-311++G** calculated C–H bond dissociation free energies (G in kcal mol–1) of dihydroflavonol substrate. 

Thus, with alternative substrates often substrate hydrox-
ylation rather than desaturation was observed. Moreover, 
Schofield et al111 using these substrate analogs devised that 
substrate activation happens on the C3-position. In 
agreement with these studies, our work shows that under 
ideal conditions, whereby substrate approach is not 
blocked through second-coordination sphere effects, its 
activation should take place on the C3-position.  

Our computational studies support the experimental 
work and show that the substrate is tightly bound in the 
pocket so as to enable the activation of the strongest of the 
two C‒H bonds at C3 and C4. To understand the reaction 
mechanism and reaction rates and why these orderings 
change along the reaction mechanism, we decided to do 
a thermochemical and valence bond analysis of the transi-
tion state and intermediate structures along the reaction 
pathway. These thermochemical cycles and valence bond 
analysis were previously done to explain reactivity pat-
terns by enzymatic and biomimetic oxidants and explained 
selectivities.116,117 

We started with calculating the bond dissociation free 
energy (BDE) of various C‒H bonds in the substrate (Sub‒
H) with the help of Eqs 4 and 5. 

 

 Sub‒H  Sub• + H• (4) 

 ‒BDECH = GEq 4 = GSub + GH – GSub‒H (5) 

 

These BDEs were evaluated by calculating and optimiz-
ing the individual structures in the reaction mechanism ac-
cording to Eq 4 at UB3LYP/6-311++G** level of theory. 
The free energies of these species were taken from the 
individual frequency calculations at 298K and the bond 
dissociation free energies were calculated for the C‒H 
bond strengths of the C2‒H and C3‒H bonds in the sub-
strate and hydrogen atom abstracted radicals. The ob-
tained BDE values for the different C2‒H and C3‒H bond 
strengths are given in Figure 5, whereby the hydrogen 

atom abstraction from substrate is defined as BDE1 and the 
hydrogen atom abstraction from the radical is BDE2. 

As can be seen from Figure 5 the free energy of activa-
tion of the C2‒H bond is 70.9 kcal mol‒1, while it is 64.8 
kcal mol‒1 for the C3‒H bond. These two hydrogen atom 
abstraction steps are followed by another hydrogen atom 
abstraction leading to desaturation of the C‒C bond to 
form flavonol products. Of course, the sum of the two hy-
drogen atom abstraction bond strengths, i.e. BDE1C2 + 
BDE2C3 versus BDE1C3 + BDE2C2, is the same as both reac-
tion pathways start from the same reactant and give the 
same product, which means the energy difference be-
tween reactants and products must be equal. As follows, 
the energy to break a C‒H bond in dihydroflavonol is 
costly, but abstracting a second hydrogen atom via BDE2 
requires a very little amount of additional energy, namely 
BDE2C3‒H = 22.2 kcal mol‒1, while BDE2C2‒H = 28.3 kcal 
mol‒1. These low BDE2 values are the result of the for-
mation of a strong -bond between atoms C2 and C3, 
which is highly stabilized and in conjugation with a large 
-system. The thermodynamic results from Figure 5 imply 
that in the gas-phase with an unperturbed system, a hy-
drogen atom abstraction from the weakest C‒H bond, i.e. 
the C3‒H bond, would be expected as the dominant reac-
tion pathway. Indeed, calculations of the reaction mecha-
nism (Figure 3 above) indicate that the radical intermedi-
ate 5IM3, is lower in energy than 5IM2, in agreement with 
the relative stability of the substrate radicals. As such the 
DFT calculations on the enzymatic model follow the ther-
modynamics of the calculated bond strengths. 

Based on the relative difference of the C2‒H and C3‒H 
BDE1 values; therefore, the weakest C‒H bond should give 
the lowest hydrogen atom abstraction barrier as the over-
all reaction for hydrogen atom abstraction from an 
iron(IV)-oxo species can be written as the difference in 
energy of the C‒H bond of the substrate that is broken 
with the O‒H bond strength of the oxidant that is formed 
as described in Eq 6 – 8.118-121 We calculate a BDEOH value 
of G = 86.5 kcal mol–1 for the isolated iron(III)-hydroxo 
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complex. In combination with the BDE1C2H and BDE1C3H 
values of G = 70.9 and 64.8 kcal mol–1, respectively, 
give predicted driving forces for the first hydrogen atom 
abstraction step of G = –15.6 and –21.7 kcal mol–1. These 
predicted values are close to the Gibbs free energies of 
5IM2 and 5IM3 shown in Figure 3 and hence, the overall 
hydrogen atom abstraction follows the strengths of the 
bonds that are broken and formed in the process. 

 

 FeIV(O) + Sub–H  FeIII(OH) + Sub• (6) 

 FeIII(OH)  FeIV(O) + H• + BDEOH (7) 

 GEq 6 = BDE1CH – BDEOH (8) 

 

Consequently based on the thermodynamics of hydro-
gen atom abstraction the most favorable pathway should 
be C3‒H activation of substrate by the iron(IV)-oxo oxi-
dant. Indeed, the most stable radical intermediate is 
5IM3,, which is below 5IM2, by G = 2.1 kcal mol-1. How-
ever, as can be seen from Figure 3, the lowest hydrogen 
atom abstraction barrier is for hydrogen atom abstraction 
from the C2‒H bond rather than from the C3‒H bond. This 
implies that substrate positioning and activation does not 
follow the thermodynamically favorable and energetically 
expected pathway in flavonol synthase, but is guided by 
the second-coordination sphere of residues. As such, the 
enzyme preferentially abstracts a hydrogen atom from the 
strong C2‒H bond rather than the much weaker C3‒H 
bond. 

The hydrogen atom abstraction steps via 5TS1HA3, and 
5TS1HA2,, by contrast, follow the reverse ordering of BDE1 
values and consequently do not follow the Polanyi princi-
ple that links reaction exothermicity with barrier height or 
rate constant.118-121 Thus, a systematic study of hydrogen 
atom abstraction reactions by iron(IV)-oxo complexes 
gave a linear correlation of the hydrogen atom abstraction 
barrier height with the BDECH of the bond of the substrate 
that is broken during the process.122-124 Clearly, the enzy-
matic reactivity differs from what would be expected in an 
ideal situation where substrate can approach the oxidant 
unperturbed. The second-coordination sphere effect and 
the substrate positioning clearly reverse the order of the 
barriers from the trend based on BDEs. In a similar vein, 
we recently showed that in prolyl-4-hydroxylase substrate 
and oxidant positioning guides the reaction to C4‒H hy-
droxylation even though C5‒H hydroxylation is thermody-
namically favored.90,125 It was shown that bulky aromatic 
residues, e.g. Tyr140 and Trp243 position the substrate 
through stereochemical repulsions of the aromatic groups 
as well as through hydrogen bonding interactions in the 
active site.  

 

Figure 6. Overlay of the optimized geometries of 5TS1HA3, (in 
wine red) and 5TS1HA2, (in amber) as obtained in Gaussian-
09 at UB3LYP/BS1. Selected bond angles (in degrees) are 
given in the Table. 

To understand the environmental effects of the protein, 
i.e. the second coordination sphere, on the rate determin-
ing transition states 5TS1HA2, and 5TS1HA3,, we created an 
overlay of the two optimized transition state structures and 
display those in Figure 6. As can be seen most of the pro-
tein and oxidant atoms are in the same position in the two 
structures. This means that the structure is very rigid and 
most groups are linked together through strong hydrogen 
bonding interactions. The phenol group of the substrate is 
linked in hydrogen bonding interactions to the alcohol 
groups of the Ser236 and Thr239 amino acid side chains, 
whereas the resorcinol ring of the substrate is located 
above the succinate ligand of iron and hydrogen bonds to 
the salt bridge with the Arg298 residue. These interactions 
anchor the substrate in position and position it with the C2‒
C3 bond adjacent to the iron(IV)-oxo species.   

   

5TS1HA3, / 5TS1HA2,

5TS1HA2,
5TS1HA3,

C-H-O 178 157

C-O-Fe 172 146

O-Fe-NHis 176 177

Substrate

Ser236

Thr239 Phe144

Arg298
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Figure 7. VB description of bonds that are broken and formed during the hydrogen atom abstraction and subsequent desaturation 
and OH rebound pathways. Valence electrons are identified with a dot and a line between two dots represents a doubly occu-
pied orbital. 

A detailed comparison of the two transition state struc-
tures 5TS1HA2, and 5TS1HA3, shows that the C‒H bond is 
aligned to the Fe‒O bond in 5TS1HA2, with an angle for the 
C-H-O group of 172. By contrast in 5TS1HA3, the angle is 
considerably bent with a value of 146, which implies 
there are considerable constraints on the hydrogen atom 
abstraction step. In addition, the C‒O‒Fe and O‒Fe‒NHis 
angles are also close to linearity (172 and 176, respec-
tively) and hence the system is set-up for ideal electron 
transfer along a 5-pathway. Thus, in the 5-pathway an 
electron transfer takes place from the CH bond of the sub-
strate into the *z2 orbital along the Fe‒O axis. Often, 
therefore, 5-type transition states give an almost linear 
Fe‒O‒C angle,105,106 as seen for 5TS1HA2,.  

However, in the C3‒H hydrogen atom abstraction tran-
sition state the angle is not under the ideal electronic and 
geometric conditions due to substrate positioning. In par-
ticular, there is a bent in the Fe‒O‒C3 angle of 146, but 
also the O‒H‒C angle has deviated from linearity at 157 
and the O‒H distance is elongated in the TS. The only oth-
er noticeable difference between the two transition state 
structures is a 90° rotation of the axial histidine ligand of 
iron. 

These geometric differences and particularly the bend-
ing of the structure from the ideal linear angles for C‒H‒O, 
C‒O‒Fe and O‒Fe‒NHis groups destabilize the 5TS1HA3, 
transition state structure and lift it above the transition state 

for 5TS1HA2,. Consequently, the enzyme abstracts the 
stronger C2‒H atom from substrate preferentially even 
though a weaker C3‒H bond is present nearby. But due to 
stereochemical constraints through substrate positioning 
and orientation, the oxidant does not have good access to 
this position. 

To understand why the enzyme abstracts a hydrogen 
atom from the strongest one of the two C‒H bonds first, 
we decided to investigate the reaction pathways leading 
to substrate desaturation and hydroxylation. Interestingly, 
the initial hydrogen atom abstraction from 5TS1HA2, is fol-
lowed by a barrierless desaturation and a high energy 
rebound alternative cannot compete with this process. On 
the other hand for the pathway starting with C3‒H ab-
straction via 5TS1HA3, we find a stable radical intermediate 
that is followed by a relatively high second hydrogen atom 
abstraction barrier via 5TS2HA3 that is G‡ = 11.5 kcal mol‒1 
above the radical intermediate. The competitive radical 
rebound transition state for the formation of C3‒OH prod-
ucts is estimated to be 12 kcal mol‒1 above the radical in-
termediate. Therefore, the pathway that passes 5IM2 
should lead to chemoselective desaturation, whereas a 
mixture of products is expected for the mechanism passing 
5IM3. 

We designed a valence bond (VB) reaction scheme 
(Figure 7) to explain the electron transfer processes during 
the substrate desaturation and hydroxylation pathways as 
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started from the reactant configuration in the quintet spin 
state. As discussed above, the quintet spin reactant (5Re) 
has an electronic configuration xz

2 yz
2 *xy

1 *xz
1 *yz

1 
*z2

1, whereby the xz/*xz and yz/*yz couples represent 
a two-center-three electron bond along the Fe–O bond. In 
Figure 7 the doubly occupied valence orbitals are given as 
a line separated by two dots, while the unpaired electrons 
are shown as a dot. In the hydrogen atom abstraction 
step, the -orbital for the C–H bond in the substrate (C3H) 
breaks and splits back into atomic orbitals. One of those 
remains on the substrate as the radical (in Sub), while the 
second one pairs up with an electron on the oxo group to 
form the new OH bond. In the process the two-center-
three-electron xz/*xz bond breaks and donates one 
electron into OH, while the other two move into the 3dxz 
and *x2–y2 orbitals. 

 Next, we explored the electronic differences for com-
petitive OH rebound versus desaturation processes 
through a valence bond analysis of the orbitals. Thus, the 
radical intermediates 5IM2 and 5IM3 have an orbital occu-
pation *xy

1 3dxz
1 yz

2 *yz
1 *z2

1 *x2-y2
1. In the next stage of 

the reaction for both desaturation and hydroxylation, the 
yz

2 *yz
1 three-electron bond breaks as well and one of 

the electrons stays on oxygen, while the other two end up 
in the metal 3d-system in 3dyz and *xy. Therefore, both 
desaturation and hydroxylation steps will be dependent on 
the energy to break the yz

2 *yz
1 three-electron bond and 

the energy to promote an electron into the *xy orbital, 
which we designate Eex,FeOH. However, the electron that 
stays on oxygen either pairs up with the incoming hydro-
gen atom to form a new OH orbital in the desaturation 
step or forms a CO orbital by pairing up with the substrate 
radical in OH rebound. The energy differences of these 
bonds formed, i.e. the OH bond in water or the C‒O 
bond in the alcohol will determine the relative energies of 
the desaturation versus rebound transition states. 

Previously,47,50 we established correlations that deter-
mine the rebound barrier (E‡

reb, Eq 9) and the desatura-
tion barrier (E‡

desat, Eq 10) based on the molecular orbitals 
that are broken and formed in the process. The VB draw-
ings in Figure 7 show the orbital and electron changes in 
the process from radical intermediate to desaturation and 
hydroxylation products. In the case of desaturation this is 
determined by the breaking of the yz

2 *yz
1 three-electron 

bond (Eex,FeOH), the energy to break the CH orbital of the 
substrate (ECH), the energy to form the OH orbital in the 
iron(II)-water complex (EOH) and the energy to form the 
new -bond in the product (E). On the other hand, the 
OH rebound barrier is dependent on the energy to break 
the yz

2 *yz
1 three-electron bond (Eex,FeOH) and the strength 

of the CO orbital that is formed (ECO). 

 

E‡
reb   (Eex,FeOH – ECO)/3  (9) 

E‡
desat  (ECH – EOH + Eex,FeOH – E)/3 (10) 

 

We estimated values for each of the contributions in Eq 
9 and 10 based on the orbital energies in the radical in-
termediates and the isolated product complexes. The en-
ergy of the -bond in the substrate that is formed was es-
timated from the singlet-triplet energy gap in the product 
flavonol as E = 50.2 kcal mol–1 for the pathway from 
5IM2,, while it is E = 31.4 kcal mol–1 for the pathway from 
5IM3,. The difference between the two values comes from 
a large geometric change for the desaturation from the 
C3-radical and the rearrangement energy was included in 
the E value. Subsequently, we calculated adiabatic BDE 
values for the strength of the C‒H bond in the radical in-
termediate (BDE2) and find energies of cleavage of the C3–
H bond in the radical on C2 as EC3-H = 34.0 kcal mol–1, 
while the strength of the C2–H bond in the structure with a 
radical on C3 is EC2-H = 40.5 kcal mol–1. Next, we calculat-
ed the strength of the C‒O bond of the alcohol that is 
formed (BDECO), from the energy difference of the alcohol 
minus that of the radical and an isolated OH radical. Val-
ues for the strength of the C2–OH and C3–OH bonds are 
EC2-O = 79.0 and EC3-O = 73.0 kcal mol–1, respectively. In 
addition, we calculated the strength of the O‒H bond in 
the Fe(II)(H2O) complex and obtained a value of EOH = 
85.2 kcal mol–1, respectively. Finally, the orbital rear-
rangement for the breaking of the yz/*yz bond was esti-
mated from the molecular orbitals in 5IM2 and 5IM3 as 
Eex,FeOH,2 = 95.8 kcal mol–1 and Eex,FeOH,3 = 102.9 kcal mol–
1. 

 

E‡
VB,reb,C2   (Eex,FeOH,2 – EC2-O)/3  (11) 

E‡
VB,desat,C3  (EC3-H – EOH + Eex,FeOH,2 – E)/3 

  (12) 

E‡
VB,reb,C3   (Eex,FeOH,3 – EC3-O)/3  (13) 

E‡
VB,desat,C2  (EC2-H – EOH + Eex,FeOH,3 – E)/3 

  (14) 

 

The VB estimated barriers heights for OH rebound and 
desaturation processes from 5IM2, and 5IM3, were calcu-
lated from the bond strengths of the orbitals broken and 
formed in the processes (Eqs 11 – 14) and are summarized 
in Figure 8. The pathway from 5IM2, has a barrierless de-
saturation and an OH rebound barrier of E‡

VB,reb3 = 5.6 
kcal mol–1. This implies that the pathway via 5IM2, will give 
dominant desaturation and little hydroxylation. By con-
trast, the pathway through 5IM3, gives a rebound barrier 
of E‡

VB,reb2 = 10.0 kcal mol–1 and a desaturation barrier of 
E‡

VB,desat,C3 = 8.9 kcal mol–1. As such the two barriers are 
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close in energy and the processes competitive. Conse-
quently, the VB modelling predicts regioselective desatu-
ration via 5IM2,, whereas a mixture of products from de-
saturation and hydroxylation is expected via 5IM3,. The 
reason for this is that the desaturation pathway via 5IM3, is 
destabilized due to a stronger C–H bond that needs to be 
broken, but also due to geometric changes in the FeOH 
group (see overlay in Figure 6 above) the strength of the 
FeOH interaction has increased. On the other hand, the 
bond strength of the C3–OH interaction is larger than that 
of the C2–OH one, but not large enough to overcome the 
difference in desaturation between the two pathways.  

 

Figure 8. Estimated rebound and desaturation barriers from 
5IM2, and 5IM3, from VB with values in kcal mol–1. 

Thus, the DFT calculations presented in this work show 
that the hydrogen atom from the strong C2‒H bond is ab-
stracted first rather than from the weaker C3‒H bond. As a 
consequence, the desaturation step, i.e. the second hy-
drogen atom abstraction, will come from the cleavage of 
a much weaker C‒H bond. That means the radical inter-
mediate will have a short lifetime and react to desaturation 
products rapidly; thereby, avoiding reaction pathways 
leading to by-products such as OH rebound to form alco-
hols. Therefore, it may very well be that the enzyme was 
designed in such a way that the substrate is positioned 
with the C2‒H bond closest to the iron center to trigger an 
initial C2‒H hydrogen atom abstraction and deliver a 
chemoselective substrate desaturation reaction with lim-
ited by-products. Indeed, our DFT calculations show a 
competitive substrate hydroxylation pathway from 5IM3, 
alongside a high-energy second hydrogen atom abstrac-
tion reaction. 

 

CONCLUSION. 

In this work a DFT study on the mechanism of flavonol 
synthase enzymes is described. We show that the desatu-
ration reaction is triggered by a rate-determining hydro-
gen atom abstraction step from the strongest of the two C–
H bonds in the substrate. This is achieved through careful 
substrate positioning in the active site and locking it in 
place with strong hydrogen bonding interactions. The re-
action is followed by abstraction of a much weaker C–H 
bond that leads to rapid formation of the desaturated 
product. By contrast, had the reaction taken place with 
abstraction of the weaker C–H bond first then considera-
ble amount of hydroxylated product would have been 
obtained. Therefore, substrate and oxidant positioning is 
an important feature in nonheme iron dioxygenases that 
guides the substrate selectivity.  
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