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Abstract: The biodegradability of many fluorinated compounds is
limited due to the robustness of the C—F bond. Recently, experimental
studies suggested the potential involvement of cytochrome P450
enzymes in facilitating aromatic defluorination, raising questions
where this can be applied in biocatalysis. Our study offers an in-depth
computational examination into the oxidative defluorination process of
a drug molecule, mediated by cytochrome P450 Compound I. We
explored a large number of potential mechanisms, and identify two
competitive low-energy pathways that are initiated with an
electrophilic attack on the aromatic ring, and followed by either a 1,2-
fluorine shift or a ring-closure to form an epoxide intermediate. Both
of these intermediates are shown to react rapidly through
defluorination assisted by a solvent proton. Interestingly,
defluorination in the vicinity of a heme group may generate a stable
iron(l11)-fluoride complex, potentially leading to enzyme inactivation.

Introduction

Fluorinated compounds are widely used in the chemical industry
as a C—F bond gives it unique properties including often extended
lifetime, thermal stability and it makes the compound chemically
resistant. These properties make them highly suitable as an
insulator. Moreover, in agriculture, fluorinated compounds are
extensively used as herbicides and pesticides, while in medicine
drug molecules and biotherapies often contain compounds with
C-F bonds.™ In medicine, fluorinated compounds are used as
therapies as their enhanced polarity enables better membrane
permeability.!a  Due to their high stabilty and poor
biodegradability, however, these fluorinated compounds are
causing environmental pollution.

Generally, in inorganic chemistry, heavy metals are used as
catalysts for the activation of C—F chemical bonds.!? However, in
nature, under ambient conditions, the aromatic C-F bond
cleavage is challenging as a result of its strong bond energy of
the order of 126 kcal mol-2.Bl As such, research is underway to
find suitable oxidants for the cleavage of C—F bonds and indeed
in recent years, several biomimetic examples have been reported
of iron and copper complexes able to activate C-F bonds of
substrates. In addition, several enzymes in nature have been
identified that are able to cleave aromatic C—F bonds efficiently.®!
In particular, the aromatic amino acid hydroxylases, such as
tyrosine hydroxylase, phenylalanine hydroxylase, and tryptophan

hydroxylase all readily take fluorinated substrates and react
through defluorination.! Conversely, fluorinated substrates often
lead to a different site of activation as compared to the natural
substrate due to differences in substrate binding and electron-
donating or electron-withdrawing effects.
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Scheme 1. Activation of sunitinib by P450 1A2 enzymes and products obtained.

In addition to nonheme iron enzymes reacting through oxidative
dehalogenation with their substrate, there is scientific evidence
that also heme enzymes can be involved in these processes.
Firstly, the heme haloperoxidases utilize H,O, on a histidine-
ligated heme center and react with aromatic substrates through
C-X (X = F, Cl, Br) cleavage to form phenols.["! Secondly, either
wild-type or engineered cytochrome P450 enzymes have been
found to react with halogenated arenes through dehalogenation
reactions.® In particular, a recent study showed that the human
liver P450 isozymes P450 1A2 and P450 3A4 were found to react
with the sunitinib drug molecule via an oxidative defluorination
reaction (Scheme 1).' However, this defluorination step activates
the drug molecule and converts it into a quinoneimine, which is a
toxic metabolite. Details of the mechanism are unknown, and
several potential pathways were proposed including an
epoxidation reaction of the aromatic ring of sunitinib by P450 1A2
or 3A4 followed by rearrangement to give the phenol and
quinoneimine in equilibrium. To understand the process of
oxidative defluorination by P450 enzymes we decided to do a
computational study into sunitinib activation and its conversion
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into a quinoneimine as a model reaction for aromatic
defluorination by P450 isozymes. Our studies highlight the
catalytic potential of P450 isozymes for oxidative defluorination
reactions.

The cytochromes P450 are a large class of heme mon-
oxygenases that typically catalyze oxygen atom transfer reactions
to a substrate.!% They are common in the human body such as
the liver where they partake in detoxification reactions of
xenobiotics and hence are popular enzymes for studies on drug
toxicity.[*¥ In particular, the P450 1A2 isozymes play an important
role in the metabolism of a range of drug molecules in the liver.['?
In general, the P450s utilize dioxygen on an iron(lll)-heme and
with the help of two external electrons and protons generate an
iron(IV)-oxo heme cation radical (Compound I, Cpdl) as active
species. Cpdl reacts with substrates through aromatic or aliphatic
hydroxylation of C—H bonds or performs heteroatom activation to
convert sulfides into sulfoxides. Although most of the mechanistic
details of these reactions have been studied with models
previously,*? little is known about aromatic defluorination by the
P450s and whether it would have large-scale potential in
biotechnology. An early computational study reported
hexachlorobenzene dechlorination mechanisms for a minimal
cluster model of P450 Cpdl using a porphyrin without side chains
and the protein environment ignored.*4l The studies proposed an
electrophilic mechanism where the oxygen atom of Cpdl| attacks
one of the carbon atoms of the aromatic ring, which triggers a
chlorine 1,2-migration to form a quinone product. The work gave
some valuable insights into possible reaction mechanisms,
however, since the second-coordination sphere of the substrate
and heme were ignored in the models, the work may not be
representative of a complex reaction like sunitinib activation by
P450 1A2. Moreover, a defluorination process requires the
cleavage of a much stronger bond than a dechlorination reaction
and consequently a different mechanism may apply. Furthermore,
sunitinib is a large and bulky substrate that may not have enough
flexibility and mobility to bind under ideal conditions and enables
these halide migration steps. Therefore, we decided to explore a
large cluster model that takes the substrate binding pocket and
hydrogen bonding network into consideration. Our studies reveal
a novel pathway via the initial electrophilic addition followed by
either a 1,2-fluorine shift or the formation of an epoxide
intermediate. Both reaction products then with the assistance of a

HsO" ion from the solvent can defluorinate the substrate efficiently.

Results and Discussion

We started the work with a series of molecular dynamics
simulations on sunitinib-bound P450 1A2, see Supporting
Information for details. To this end, we took the 2HI4 protein
databank file (pdb),*s! which is a 1.95 A resolution monomer
structure of the human cytochrome P450 1A2 isozyme with a-
naphthoflavone bound. We removed o-naphthoflavone and
crystal waters from the pdb structure and added hydrogen atoms
under pH 7 conditions. Next, sunitinib was inserted into the protein
structure through docking in Autodock Vina;*%"l however, due to
its long size and charged tail, only a few stable sunitinib-bound
orientations were found and all have the charged group of the
substrate in the same location, namely in hydrogen bonding
interaction with the hydroxyl groups of Thriis, Seriz; and Thriza.
We chose the lowest energy conformation from the docking and
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set up an enzymatic structure for subsequent MD simulation, see
Methods for details. The MD simulation was run for 50 ns and
shows that the substrate is tightly bound in the substrate-binding
pocket and moves little in position during the MD simulation
(Supporting Information). As a matter of fact, most chains stay in
the same position during the full MD simulation. Moreover, the
root-mean-square deviation (RMSD) of the geometry during the
MD simulation converges rapidly (Figure S2, Supporting
Information). In all structures, sunitinib remains in the substrate-
binding pocket with the C—F bond pointing toward the heme.
Based on the last snapshot of the MD simulation we created large
active site cluster models that take the local environment of the
substrate and oxidant into consideration and decided to do a
quantum chemical study on the chemical reaction mechanism of
defluorination of sunitinib by P450 1A2. These large cluster
models take the second coordination sphere of the oxidant and
substrate into account and have been shown to accurately
reproduce experimental rate constants, product distributions and
reaction selectivities.'®! Figure 1(a) shows cluster model | that
was created for sunitinib activation studies. We truncated all side
chains of the heme to hydrogen atoms and describe the axial
cysteinate as thiolate. The full substrate was included and the a-
helix from Asnsi2 until Thrz; as well as some shorter peptide
chains surrounding the substrate. Overall Model | had 367 atoms.
We also tested a further expanded model (Model II) of 484 atoms
that included the protein chains of llessg and Glyaeo, the peptide
dimer Pheys-Val7, and side chains of Leusg, and Progss.
However, the optimized geometries were very close to those
found for Model I; hence most of the work was done with Model I.
It is generally believed that the iron(IV)-oxo heme cation radical
intermediate in the catalytic cycle of P450 enzymes, i.e.,
Compound | (Cpdl), is the active oxidant that reacts with the
substrate.!%19 |ndeed for P450cav Cpdl was trapped and
characterized and shown to react with substrate through
hydrogen atom abstraction.'®d Therefore, a Cpdl model
(structure A) was created with substrate bound, and a geometry
optimization was done using Model | in the doublet and quartet
spin state and Model Il in the quartet spin state. We initially
optimized structure A, without constraints, however, that led to
large distortions of the protein environment with respect to the MD
snapshots. We subsequently fixed seven o-carbon atoms of
protein chains as highlighted with a star in Figure 1(a) as well as
two nitrogen atoms of the heme to prevent heme rotation.
Optimized geometries of the A, and A, structures are shown in
Figure 1(b) and (c). The optimized geometries compare well to
cluster models and QM/MM optimized geometries of alternative
P450 Cpdl isozymes reported previously,”® and a short Fe-O
distance of 1.653 (1.650) A is obtained in the quartet (doublet)
spin state for Model | and 1.651 A for A,.. The Fe-S bond is long
as expected from the interaction of two second-row elements and
the calculated distances match previous results well.?7 An
overlay of the two optimized geometries of the doublet and quartet
spin reactants gives an almost perfect match with identical
geometries and substrate-binding positions. The optimized
geometry of the larger cluster model Il gives distances similar to
those for Model |; hence we continued the work with the 367-atom
model only.

Both doublet and quartet spin states of >*A have an electronic
configuration with orbital occupation 8y.2? 't n*y,t an? azl,
whereby the ay, electron is up-spin in the quartet spin state and
down-spin in the doublet spin state.
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Figure 1. (a) Cluster Model | studied in this work. (b) Overlay of the Model | optimized geometries #A; and 2A;. Atoms labelled with a star were fixed during the
geometry optimizations. (c) Optimized geometries of “2A, and Ay with bond lengths in Angstréms.

These molecular orbitals represent the interactions of the metal
with its first-coordination sphere ligands. Thus, the occupied
orbitals include the nonbonding 822 orbital, which is a dominant
metal 3d orbital in the plane of the heme, and the two antibonding
orbitals for the interaction of 3dx./3dy, on iron with 2p,/2p, on
oxygen (m*c/n*y;). Two =* orbitals on the heme manifold are
labeled as ai, and az,, whereby the latter interacts strongly with a
lone pair orbital on the axial sulfur ligand and is highest in
energy.13220 The two spin states are close in energy (within 0.2
kcal mol™) as commonly found for Cpdl model complexes and
they have the same electronic configuration and orbital
occupation. Therefore, multistate reactivity patterns are expected
on competing doublet and quartet spin state surfaces.?!
Alternative electronic states were tested in the doublet and quartet
spin state but found to be well higher in energy, see Supporting
Information.

Next, the oxidative defluorination of sunitinib was studied for the
Ai model in the doublet and quartet spin states, whereby we
explored various potential mechanisms for either phenol or
quinoneimine formation, see Scheme 2. The work starts from
doublet and quartet Cpdl (*2?A;) with an electrophilic addition step
via transition state TS1 to form a C—O bond between the aromatic
ring of sunitinib and the oxo group in structure B. In the optimized
geometries of 24A, the nearest carbon atom of sunitinib to the oxo
group of Cpdl is the one containing the C—F bond at a distance of
4.24 A. Therefore, an electrophilic attack on that carbon atom was
explored. By contrast, the adjacent carbon atoms are at a
distance more of close to 5 A from the heme and their activation
will require large structural changes, hence these pathways were
not investigated here. Although structure B is shown as a radical
on the substrate in Scheme 2, we also considered the alternative
electromer with iron(lll) coupled to a substrate cation.

Subsequently, from structure B bifurcation pathways were tested,
namely for the substrate C—F bond cleavage and fluorine transfer
to iron to give intermediate C via transition state TS2, or 1,2-
fluorine-migration within the substrate via TS7 to give the quinone
product H. In addition, ring-closure via transition state TS5 to form
the epoxide intermediates F was explored. As the catalytic cycle
of P450 enzymes contains two proton relay steps, we assume a
proton shuttle channel into the active site is available for the
proton-assisted defluorination steps.!*% Therefore, both structures
F and H with the assistance of a proton from the solvent, i.e., HsO",
were studied for defluorination of the substrate to form the
quinoneimine products (G) and HF. In addition, product formation
pathways from the structures C were explored. Firstly, we added
an H;O* and water molecule to model C, i.e., C+(H,0)(H3;0%), to
study the next step for proton transfer to the oxygen atom to give
the phenol product D via transition state TS3. Secondly, a reaction
channel leading to quinoneimine products D’ were tested for
proton abstraction from the imine group from structure C. Thus,
three water molecules were added to structure C nearby the imine
group, i.e., model C+(H,0)s, whereby we investigated the proton
transfer from the substrate N-H group to water and the
subsequent desaturation to give quinoneimine via TS3’. Finally,
we tested fluoride release from the iron center in C to form
products E. Full details of the calculated mechanisms and
pathways and the optimized structures and constraint geometry
scans are shown in the Supporting Information, while we focus on
the main trends here.

Let us start the mechanistic investigations that focus on the
results of the conversion of #2A, into #2C, and the various
electromers involved in the process. Density functional theory
(DFT) calculated potential energy profile for the conversion of A
into C is given in Figure 2. Several C-O bond activation transition



WILEY-VCH

0 o}
HN (
CHR HC o NS HN" N—cHR
A
R= ¢ NTTH
N H
F H CHs H0
H.0
O‘H 2
42183 F
i \
phenol protonation —FeIL 42p
& + Hs0* :ls
; +H,0 ~
F\W_Cysﬁs O HN CHR 2 o]
425 42181 N FON
electrophilic J
addition 0 H,0
L]
0 F 4,2 F 42T183" ||: Hzo
II:e'V'"” sz, _||:e'L —3m.0" —Fel 42
| defluorination | ~ 'n92 é
S mi o
S\ . =~ deprotonation ~
42 “C
42185 42187 " CHR
epoxidatio ,2-migration N
HN o F )
CHR + Io)
HN 4,2
\ CHR TS4 —Fel . a2g
fluorine release S’
Hzo ~
F o
—gn 4PTse L H teTss
| + Ha0* + Hy0*
S (I S\
_Te_
4,2
F S\ 4,2H
4,2G

Scheme 2. Reaction mechanisms studied in this work. Protein residues in the model have been hidden.

states were characterized; however, the two lowest in energy had
an iron(lV) group and closed-shell heme coupled to a substrate
radical with barriers of AG¥ = 12.3 kcal mol in the doublet spin
state and AG¥ = 15.0 kcal mol™ on the quartet spin state. Both
states have electronic configurations of 8x.y2? Tt Tyt a1? az?
nsupt, Whereby the nsy, orbital represents a w-orbital on the
substrate manifold. The nsu, Orbital is occupied with an up-spin
electron in the quartet spin state and a down-spin electron in the
doublet spin state, while the n*, and n*,, orbitals in both cases
are occupied with one up-spin electron. These two states relax to
the iron(1V)-type radical intermediates 2By that are at AG = -1.0
and 2.7 kcal mol~ with respect to the reactant complexes in the
quartet and doublet spin states, respectively.

An analysis of the group spin densities and orbital occupations
was done to assign electromeric states for all transition states and
local minima along the mechanism. Thus, the group spin densities
in “TS1wv show a decrease in the heme and axial ligand to 0.45,
whereas “A had a spin of 0.98 on the sum of those groups. At the
same time, the spin density on the Fe—O moiety remains above 2
for TS1v and “Bw. Similar patterns are seen for 2TS1y and 2By

that give a negative spin on the substrate while retaining a spin of
about 2 on the Fe-O group. We also located alternative radical
intermediates with an iron(lll) oxidation state and a radical on the
heme through an unpaired electron in the a,, orbital, namely
electronic states #?TS1y. In 4TS1u spin is lost on the Fe—O group
and the spin on the heme and axial ligand stays above a value of
1. As such, the *TS1y structure corresponds to an electronic
configuration of 8xp-y2? m*«.? Tyt a1u® @zt Tsun®. These iron(lll)-type
TS1 structures are high in energy and were found to be above
>29 kcal mol™ in energy with respect to the reactant complex.
Therefore, at room temperature, we do not expect these to take a
role of importance in the reaction mechanism. Using minimal
cluster models, the iron(IV)-type radical intermediates are usually
lowest in energy,?? but examples have been identified where the
second-coordination sphere effects and substrate positioning
restrictions and bring the iron(lll) and iron(IV) states close in
energy.?22% Interestingly, 2“By, structures are not the lowest
energy B-type intermediates along the reaction mechanism as the
electromers 24B., were located as well and had a AG = -10.4
(doublet) and -12.9 (quartet) kcal mol-* with respect to reactants.
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Figure 2. Sunitinib defluorination reaction via electrophilic pathways by a large CYP 1A2 cluster model of 367 atoms as calculated with DFT approaches. Energies
are UB3LYP/BS2//UB3LYP/BSL1 values in kcal mol™ corrected with zero-point energies, while free energies at 298 K are in parenthesis. Optimized transition state

structures give bond lengths in A and the imaginary frequency in cm.

The 2B intermediate has electronic configuration 3y.y2? m*>
2t a1? aze? msup’, and an iron(lll) with a closed-shell heme and
a cation located on the substrate. Hence, the formation of 2By
from 2A, corresponds to a double electron transfer from the
substrate to Cpdl during the C-O bond formation. This structure
has a spin of 1.15 on iron, negligible spin density on the oxygen
and fluorine atoms, and little spin on the substrate (<0.10). The
“Bcat intermediate has electronic configuration 8y.0? et .t
6*2ot an? ax? msup’, representing an iron(lll) with a closed-shell
heme and a cation located on the substrate. It has a spin density
of 2.54 on the Fe—O group, while some spin is also located on the
heme and thiolate ligands (p = 0.46) due to the single occupation
of the o*, orbital, which is a mixed 3dz.(Fe) with 3p.(S)
antibonding orbital. Clearly environmental perturbations from the
second coordination sphere stabilize the 2*Bcy Structure and
make them the most stable B-type intermediates even though the
radical-type transition states #2TS1ly are lowest for the
electrophilic addition. In particular, the transition states leading to
the cationic intermediates are >AG 29 kcal mol! above
reactants and hence these barriers are well higher in energy than
the radical-type transition states >*TS1,,. However, it is possible
that during the lifetime of 2B,y states an internal electron transfer
takes place, thereby converting the structures into 2*Bga. Thus,
2TS1ca has a spin of 1.19 on iron, a spin of —0.61 for the sum of
the heme and axial thiolate ligand, and a spin of 0.40 on the
substrate. Consequently, substantially more electron transfer has
taken place in 2TS1c than in 42TS1yy as indicative of a transition
state en route to 2B Despite the fact that 2By is low in energy,
its corresponding transition state for the double electron transfer
through C-O bond formation is high in energy; and we located
2TS1ca at AGF = 29.4 kcal mol. Nevertheless, the calculated
C-0 bond activation barriers for #?TS1y compare well with those
previously reported for aromatic hydroxylation reactions by P450
Cpd! which also gave close energy barriers for the doublet and
quartet spin states.?! We did attempt to swap molecular orbitals
and find lower energy transition state structures for alternative

radical pathways on the iron(lll) surface and characterized *TS1i.
However, even though “TS1u is electronically different from
4TSl and 2TS1ca (see spin densities in Supporting Information
Table S3) it still is well above the reactants complex by AG* = 30.6
kcal mol2.

Geometrically, the transition states (Figure 2) have elongated
Fe-O bonds to 1.748 A in “TS1yy, 1.805 A in 2TS1ca, and 1.741 A
in 2TS1y, while the substrate has approached 1.880 A in 4TS1y,
1.931 A'in 2TS1cy and 1.925 A in 2TS1yy. Although the C—F bond
has been displaced from the plane of the aromatic ring, the
distance is virtually the same as in the reactants complex. The
imaginary frequency in the C-O bond activation transition states
is relatively large, i.e., i590 cm™ for “TS1yy, 1618 cm™ for 2TS1ca,
and i522 cm™ for 2TS1y. Typical values for aromatic
hydroxylation C-O bond formation transition state imaginary
frequencies are in the range between 200 — 600 cm.[24.25]
Subsequently, from the B-type structures we explored a reaction
mechanism for a C—F cleavage barrier via transition state TS2 to
form the defluorinated sunitinib product C, where the fluorine has
transferred from substrate to the iron and formed a stable Fe—-F
bond. Optimized transition state structures TS2 are shown in
Figure S12, Supporting Information. Both structures have an
imaginary frequency representing the C—F-Fe stretch vibration
with magnitude i295 cm for 4TS2y and i304 cm™ for 2TS2ca. As
such, both vibrations represent the transfer of fluorine atoms from
the substrate to iron. The Fe-F distance has elongated to 2.309
and 2.080 A in the quartet and doublet spin state transition states,
while the oxygen atom originating from Cpdl is now at a distance
of 3.189 and 4.082 A from iron, respectively. The Fe—F-C angle
is considerably bent at 115° in 4TS2y and 153° in 2TS2,
probably due to substrate constraints in the substrate binding
pocket. From the TS2 structures, the calculations relax to
structure Civ which is characterized as an iron(lV)-fluorine with
radical on the substrate and configuration n*.! 7*,,' @2 nsupt
configuration. The electronic configuration of #2Cy, is similar to
that of +2By. On both spin states a considerable barrier is found
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for this defluorination transition state, which is not surprising as a
strong C—F bond is broken. Thus, on the quartet spin state, 4TS2y
is located at AG* = 13.9 kcal mol™ above the reactant complex,
whereas the 2TS2q, structure is at AG* = 14.9 kcal mol. Despite
the fact that “Bca is the lowest energy B-type structure, its
defluorination barrier is high and located at AG = 21.4 kcal mol.
As 2B, is more stable than the reactants by AG = 10.4 kcal mol,
this implies the TS24 barrier is 25.3 kcal mol~ with respect to
2Bat, While the *TS2.4 barrier is 34.3 kcal mol™* with respect to
“Bear. These high energy barriers highlight that the defluorination
step via TS2 will be slow and rate-determining rather than the
initial C-O bond activation as usually seen in aromatic
hydroxylation reactions.?*?! Therefore, we searched for
alternative pathways of sunitinib defluorination at the heme center
of P450 1A2. For both doublet and quartet spin, we also
characterized the iron(lll)heme(cation radical) states with orbital
occupation m*.? m*;! ax! msuw® configuration, but these states
were higher in energy than the iron(lV)-states for the quartet spin
state by 4 kcal mol. We attempted to swap molecular orbitals
and find the 2Ccy intermediate with configuration m*.? %, as?
nsub’ With either an anionic substrate or cationic substrate moiety;
however, during the self-consistent field calculations, these states
converged back to °Cy instead. Consequently, 2C. is well higher
in energy than 2Cyy.

Next, we searched for pathways to convert intermediates C into
final quinoneimine or phenol products. Firstly, we attempted a
direct release of F~ from the iron center in 42Cy to form 42E
(Scheme 2). To this end, we ran constraint geometry scans
whereby all degrees of freedom were minimized except the Fe—F
distance that was elongated from the optimized value in C to a
value of around 2.3 A. However, these scans were found to have
high barriers via “?TS4 of well over 25 kcal mol* with respect to
24Cy (see Supporting Information Figure S9). As such, fluorine
release from iron in structure C will not likely happen easily. We
then attempted several alternative mechanisms by focusing on
sunitinib protonation and deprotonation in structure 4?C instead.
Thus, either sunitinib can pick up a proton from the environment

to give a phenol product (pathway via TS3 leading to D) or
alternatively releases the proton from the N-H group to a water
molecule to form the quinoneimine product (pathway via TS3’ to
give D). Therefore, for the phenol-formation pathway, we took the
optimized geometries of +?C,y and manually added an HzO* and
water molecule to the model in hydrogen bonding distance to the
ketone group of sunitinib, designated structure Ce¢(H,O)(HszO").
Thereafter, a proton transfer scan was run to transfer one of the
protons of H3O* to the oxygen atom of the sunitinib substrate.
However, this scan continuously went up in energy and never
crossed a barrier leading to a local minimum (Figure S6,
Supporting Information). As a consequence, the phenol formation
pathway is impossible from structure 42C and the channel via TS3
does not exist. From the same structure also a proton transfer
from HzO* to fluorine was attempted, however, no stable local
minimum for fluorine release from the iron center was found
(Supporting Information, Figure S7).

Subsequently, we added water molecules nearby the N-H group
of sunitinib substrate instead (structure Ce(H,0)3) and followed
the pathway via TS3’ to give quinoneimine products. Also, this
pathway did not lead to a local minimum for D’ and resulted in a
continuous increase in energy, as shown in the Supporting
Information Figure S8. Consequently, the pathway via TS3’ and
D’ can be ruled out as a possible reaction mechanism.

To find a more viable mechanism for oxygen atom transfer and
defluorination of sunitinib by P450 1A2 isozymes, we then
explored a pathway starting with substrate epoxidation, and its
energy landscape is shown in Figure 3. Similarly to the
mechanism discussed in Figure 2, the epoxidation mechanism
starts with C—O bond activation to form the B structures but then
continues with ring-closure to form the epoxide intermediate *2F
via transition state TS5. We located transition states at the doublet
and quartet spin states, see Figure 4, whereby the doublet spin
barrier is AG* = 6.6 kcal mol~* above the energy of 2B, While the
4TS5 barrier is AG* = 3.7 kcal mol above “Bca. Overall, these
ring-closure barriers are well lower in energy than the competing
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defluorination barriers via TS2 and hence epoxidation will be a
fast reaction pathway for P450 activation of sunitinib. It should be
noted that two isomeric epoxides can be formed, namely bridging
carbon atoms C3 and C, or bridging C, and Cs atoms. Calculations
were run for ring-closure geometry scans in both directions and
either scan gives a low barrier pathway. Consequently, isomeric
epoxide intermediate structures can be formed.

Optimized transition state structures for epoxidation ring-closure
42TS5 are shown in Figure 3. Both doublet and quartet spin
transition states have an imaginary frequency for the C-C-O
bend motion with magnitudes of i220 (quartet) and i230 (doublet)
cm™. The C-C-0 angle in both transition states is 84°, while the
bond forming C-O distance is at 1.929 (quartet) and 1.918
(doublet) A. The epoxide is not bound to iron anymore with neither
the oxygen nor the fluorine atoms as both distances in the two
transition states are well longer than 3 A. The epoxide product
complexes 4?F have unpaired spin density solely based on the
iron heme groups with no radical character on the substrate
remaining. As the TS2 barriers for direct cleavage of the C-F
bond are high in energy, we investigated the defluorination of the
epoxide products by adding an Hz;O* molecule to the substrate
binding pocket nearby the fluorine atom in #2F. Upon geometry
optimization, however, the fluorine atom abstracts a proton and is
released from the sunitinib structure. Therefore, the C—F bond in
the epoxide intermediate is weak and is easily cleaved to form the
strong H-F bond. No barrier was found to fluorine release from
the epoxide intermediate. In conclusion, the #2B., structures
when formed, rapidly rearrange the substrate to the epoxide and
followed by a barrierless defluorination assisted by an HzO* ion
give guinoneimine products.

Early studies on small model complexes suggested that the
oxidation of haloaromatic compounds by the P450s is triggered
through a 1,2-halogen transfer reaction.** To test this mechanism,
we explored possible 1,2-fluorine shifts in 2B, and the obtained
potential energy profile is shown in Figure 4. On the quartet spin
state surface, a small barrier via “TS7 of AG* = 4.3 kcal mol™?
above “B.y transfers the fluorine to the neighboring carbon atom
to form 4H with large exergonicity (*H is AG = -33.6 kcal mol™
below “A). On the doublet spin state, the fluorine transfer barrier

is somewhat higher in free energy than on the quartet spin state,
namely 2TS7 is 6.2 kcal mol™ above 2B Both barriers are well
lower in energy than the defluorination barriers from Figure 2 (via
42TS2) and of a similar order of magnitude as the epoxide
defluorination barrier in Figure 3 (via #2TS5). Consequently, the
epoxide defluorination will be competitive with 1,2-fluorine
migration. Nevertheless, both pathways converge to the
guinoneimine products via barrierless subsequent transition
states and the assistance of an HsO* group.

Optimized transition state structures ?TS7 are shown on the
right-hand side of Figure 4. The imaginary frequencies are small
ati222 and i254 cm?; however, for the same process by an oxo-
bridged diiron porphyrin system, a value of i122 cm™ was
observed.?®l The transitions are relatively central with the
donating C—F bond at 1.852 and 1.865 A and the accepting C-F
bond at 2.077 and 2.031 A in #TS7 and 2TS7, respectively. After
42TS7 the system relaxes to ketone intermediates ?H. We then
added an H3sO*" molecule to the model and studied defluorination
and the formation of HF and quinoneimine products via transition
state TS8. This reaction has a large exergonicity and a small
transition state leading to products G. From G, we calculated the
deprotonation of the N—H group of the substrate to give the final
guinoneimine product K; however, this barrier was negligible.

To explain and understand the electron transfer processes during
the reaction mechanism, we devised a valence bond (VB)
diagram on the valence orbitals and electrons in Figure 5. These
VB diagrams explain the electronic configuration of structures and
the bond breaking, bond forming and electron transfer processes
that happen in the reaction mechanism.?l This Figure shows
electrons with a dot and the spin direction with an up or down
arrow, while a line ending with a dot on each end represents a
doubly occupied bonding orbital between those two atoms. Thus,
Cpdl has an orbital occupation n*,* 7*,,! ax/' and a closed-shell
substrate set of orbitals (nsup). The Cpdl valence orbitals can be
seen as two 2-center-3-electron bonds along the Fe—O axis in the
xz and yz molecular planes. The electrophilic addition of Cpdl to
the aromatic ring forms a C—-O molecular orbital (cco) between
one of the n,, electrons along the Fe—O bond with an electron
from the aromatic ring. The n., and n*,, orbitals along the Fe—O
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bond have three electrons in Cpdl: one pairs up with a 2p electron
of the aromatic ring to form the oco bond, the second one is
transferred to the a, orbital, while the third one remains as a lone
pair orbital on iron in 3dy, in the 4?By electronic state as
highlighted in blue in Figure 5. The alternative 2B, states have
the 3dy, orbital doubly occupied and the ay, orbital singly occupied
instead. A fifth electromer of structure B, i.e., ?Bca, has the
substrate doubly oxidized to a cation (rsu,® configuration) coupled
to a metal-heme configuration of 3d,.? 7%, ax>.

We attempted to find the same set of electromers for structures B
and C; however, the binding of fluorine to iron rather than an oxo
group dramatically changes the orbital energies, resulting in a
Compound ll-type configuration with two singly occupied r*
orbitals coupled to a closed-shell heme set of orbitals. In particular,
the lone pair 3dy, orbital reforms the m./n*,, interaction along the
Fe—F bond. In addition, there is considerable mixing of the fluorine
orbitals into the ay, orbital. As such, the electronic configuration
for Civ has orbital occupation n*x! ©*y;! @z msuw! While Cy has
orbital occupation n*? m*yt ax! msw!. The multiple orbital
interactions between fluorine and the iron and heme groups will
create a strong Fe—F bond, which indeed we find to have a large
bond energy for cleavage. This configuration of the structures 42C
leaves a phenoxyl radical on the substrate. We made attempts to
swap molecular orbitals to obtain a substrate anion, but the self-
consistent-field calculations converged back to the electronic
state for #2C described in Figure 5.

The epoxide intermediate has no radical character on the
substrate moiety and is formed from the 2By intermediate through
the breaking of the 2-center-3-electron bond along the Fe—-O axis

(my, T*yz) into atomic orbitals. This transfers two electrons in the
newly formed C-O bond of the epoxide and leaves one electron
on the metal in 3dy,. In the quartet spin state, the two electrons
from 3d,, are split and end up in the 3dy, and 3d,, atomic orbitals.
Any subsequent pathway from either the epoxide intermediate or
the reaction from 4?Bcy via 1,2-fluorine shift does not further
change the electronic configuration of the heme and results from
either proton or F~ transfer processes.

To gain insight into why a 1,2-fluorine shift is feasible and what
structures can cleave the C-F bond the easiest, we calculated
bond dissociation energies (BDEs) for the homolytic and
heterolytic C—F bond cleavage in various intermediates. Thus, we
extracted the substrate moiety from the reactant complex and
performed a DFT single-point calculation at the B3LYP/BS2 level
of theory. Thereafter, we calculated it again but without F* (for the
homolytic cleavage) or without F~ (for the heterolytic cleavage)
from the substrate leading to a radical or cation, respectively.
Figure 6 displays calculated homolytic and heterolytic C—F bonds
for the isolated substrate, the B-type intermediates, the epoxide
intermediates, the quinoneimine intermediates as well as the
iron(l)-fluoro complex. In the reactants, the BDE for homolytic
cleavage of the C-F bond is 125.6 kcal mol, whereas heterolytic
cleavage requires 162.5 kcal mol. These are strong chemical
bonds and hence direct C-F bond cleavage will be difficult.
However, upon C-O bond formation as in B, the carbon atom of
the C—F bond changes from sp? hybridization to sp® hybridization.
This considerably weakens the C—F bond strength and its BDE is
reduced to 82.6 kcal mol~ for homolytic cleavage and 80.1 kcal
mol~* for heterolytic cleavage. These values implicate that both
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homolytic and heterolytic cleavage of the C—F bond are possible
and as the C—F bond strength is weakened in “B¢y the bond can
be broken when a stronger bond is formed in the process. As the
Fe—F bond is of similar energy (AE = 77.9 kcal mol* for homolytic
cleavage) as the C—F bond in “B., and there is a major electronic
rearrangement upon the conversion of the *Bcy into *Cy (see
Figure 5) as a result this step incurs a relatively high reaction
barrier for defluorination.

We then calculated the C—F BDEs in the epoxide and quinone
structures F and H. In both structures, the C-F bond is weaker
than in the reactant structure with heterolytic cleavage energies
of 109.8 and 90.5 kcal mol?, respectively, calculated. These
values implicate that 1,2-fluorine transfer in B¢y to form “H is a
favorable pathway as it will give a structure with a stronger C-F
bond by about 10 kcal mol. Indeed, a comparison of the relative
energy values of “H and “B.y from Figure 4 gives an exothermic
reaction for the 1,2-fluorine shift. Both structures “F and “H have
a stronger C—F bond than the Fe—F bond in “Cjy and consequently.
will release these products rather than transfer the fluorine to the
iron center. The epoxide and quinoneimine structures can release
fluorine in a reaction with a proton in the protein or solution.

Conclusion

To understand the mechanism and feasibility of aromatic
defluorination by cytochrome P450 enzymes, we performed a
detailed DFT study using a drug molecule (sunitinib) as a model
substrate and explored a range of possible reaction mechanisms.
We utilized a large cluster model comprised of 367 atoms and
conducted extensive density functional theory -calculations,
commencing from Compound | in both doublet and quartet spin
states. The defluorination mechanisms under investigation all are
initiated with an electrophilic addition step, and progress to an
oxo-bridged complex (B), whereby various electronic states and
conformations were considered. The most energetically stable B-
type intermediates were found to be of the iron(lll)-type, featuring
a cation on the substrate. Subsequent exploration of mechanisms
from these intermediates covered direct defluorination, 1,2-
fluorine shift, and ring-closure to form an epoxide. The latter two
pathways exhibited low energy barriers, making them plausible in

an enzymatic environment. The C—F bond in both intermediates
showed significant weakening relative to the initial complex,
indicating a potential route for defluorination via HsO* interaction.
Furthermore, the likelihood of a stable iron(lll)-fluoro complex
forming within the substrate binding pocket was identified, albeit
with a bond strength inferior to that of the substrate C—F bond,
thus negating the chance of substantial Fe—F bond formation. As
C-Cl, C-Br, and C-I bonds are substantially weaker than an
aromatic C—F bond, our results implicate that also other aromatic
carbon-halogen bonds can be broken by P450 isozymes,
although they may react with a different mechanism.
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