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ABSTRACT: Carbene-heme-iron-porphyrin complexes gener-
ated from cytochrome P450 (CYP450)-mediated metabolism of
compounds containing methylenedioxyphenyl (MDP) moiety
lead to the mechanism-based inhibition (MBI) of CYPs. This
coordination complex is termed as the metabolic-intermediate
complex (MIC). The bioinorganic chemistry of MDP carbenes
has been studied using quantum chemical methods employing
density functional theory (B3LYP functional with implicit solvent
corrections) to (i) analyze the characteristics of MDP-carbene in
terms of singlet—triplet energy difference, protonation, and
dimerization energies, etc.; (i) determine the electronic structure
and analyze the Fe-carbene interactions; and (iii) elucidate the
potential reaction pathways for the generation of carbene, using

=N\ Pathway - Il
\_f’ A More favorable
i ¢ s
Pathway -1 90 OhO —= Intll Proton transfer
(Reported) HH I-\r 1
MDP L
MIC =~— MDP H-OH -— —=  OH Stablle MiC
. —Fe- |
f; I
A —— Cpdl Intl  —=Intlll —= Proton shuttle

) Pathway- Il
'S Additional steps
P Less favorable
0}’.
1 MiC
—Fg—

Cop-Fed,? coordination Fed,,-C, backbonding
Mechanism-Based Inhibition of CYP450

Cpd I (iron(IV)-oxo-porphine with SH™ as the axial ligand) as the model oxidant to mimic the activity of CYP450. The results
show that MDP-carbenes are sufficiently stable and nucleophilic, leading to the formation of stable MIC (—40.35 kcal/mol) on
the doublet spin state, formed via interaction between oy p of carbene and empty d > orbital of heme-iron. This was aided by the
back-bonding between filled d,, orbital of heme-iron and the empty p orbital of carbene. The mechanistic pathway proposed in
the literature for the generation of MDP-carbene (CH hydroxylation followed by water elimination) was studied, and observed to
be unfavorable, owing to the formation of highly stable hydroxylated product (—57.12 kcal/mol). An intriguing pathway
involving hydride ion abstraction and proton transfer followed by water elimination step was observed to be the most probable

pathway.

B INTRODUCTION

Carbenes are known to form complexes with transition metals
such as iron, ruthenium, palladium, gold, etc. These metal
complexes are utilized as catalysts in organic and organometallic
chemistry." > A plethora of carbene-metal complexes have been
synthesized, involving the interactions between d-orbitals of
metals and p-orbitals of carbenes.* Several theoretical studies
employing density functional theory (DFT) have been carried
out describing the electronic structure and geometries of
carbene-metal complexes.” Frenking and co-workers have
reported the comparison of carbon—ruthenium and carbon—
iron complexes.” They also reported the electronic structure of
complexes of N-heterocyclic carbenes (NHCs) with iron,
osmium, ruthenium, and porphyrin.3 Penka et al. discussed the
bonding properties of NHCs coordinated to electron rich metal
centers such as nickel, platinum, and palladium.” Carbenes are
also being utilized in designing novel chemical species like
divalent C(0) species and divalent N(I) species.® Thus, the
inorganic chemistry of carbenes and their applications as
catalysts in synthetic reactions has progressed significantly in
the past few years.

The metal-carbene chemistry has also been reported to play
an important role in biological systems. The iron-carbene

-4 ACS Publications  © 2013 American Chemical Society

5097

complexes of porphyrins, azamacrocyclic ligands, etc. have been
reported, wherein the in situ generated carbenes are complexed
with iron.” Carbenes are also present naturally in biological
conditions such as in the thiazolium moiety of thiamine
pyrophosphate (TPP), vitamin B1 (thiamine) containing
coenzyme, which catalyzes biochemical reactions such as
glycolysis, protein, and carbohydrate biosynthesis.8 Carbenes
have also attracted interest in medicinal and therapeutic
applications.” Thus, several theoretical and experimental studies
highlight the inorganic, organic, and medicinal chemistry of
carbenes.' ™ However, the bioinorganic chemistry of carbenes
and their implications in toxicity have not been explored
thoroughly. Owing to their high nucleophilicity, carbenes show
toxic effects in biological conditions. Specifically, the carbenes
generated from cytochrome P450 (CYP450)-mediated metab-
olism of ligands containing methylenedioxyphenyl (MDP)
group lead to the inhibition of CYP450 activity and further
complications like drug—drug interactions and hepatotoxicity in
the human body.'
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Figure 1. Suggested reaction pathway for the generation of reactive carbene species.
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Figure 2. Structures of drugs and compounds under clinical evaluation containing MDP moiety and potentially leading to MBI of CYP450.

The MDP carbenes form a metabolic-intermediate complex
(MIC) with the heme-iron via coordination, leading to quasi-
irreversible inhibition of CYP450 (Figure 1).''~>* Inhibition of
cytochromes arising due to the reactive metabolite (RM)
generated by the biotransformation of the substrate itself is
known as the mechanism-based inhibition (MBI) of
cytochromes.”> >* The reactive species or RM is termed as
the mechanism-based inhibitor which binds within the active
site and interferes with the catalytic cycle of CYP450. MBI
results in a more profound and prolonged effect as compared to
reversible inhibitors, thus underlying its concern in drug
metabolism.'***7*

The MDP moiety forms an important constituent of several
drugs, pesticides, flavoring agents, and naturally occurring
compounds (Figure 2).'*7>* Drugs containing the MDP
moiety which are reported to form the reactive carbene
intermediate and MIC with heme-iron include tadalafil and
paroxetine. Tadalafil, a selective phosphodiesterase-S (PDE-5)
inhibitor, has been reported to inhibit the activity of CYP3A4,
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via the formation of MIC between carbene intermediate and
heme-iron.'”> Paroxetine, a selective serotonin reuptake
inhibitor, acts as the potent inhibitor of CYP2D6 by forming
an MIC of carbene-Fe."* Niperotidine is another example of a
drug containing MDP moiety, which was withdrawn from the
market owing to acute hepatitis.'"* The reactive metabolites via
the oxidation of MDP unit have been implicated behind this
toxicity;14 however, no confirmatory reports are available in this
regard.

Several compounds with MDP group have entered clinical
and preclinical evaluation: stiripentol, an antiepileptic drug,"* L-
753,037, a potent endothelin (ET)-A and ET-B-receptor
antagonist,'® HIV protease inhibitor."” MDP lignans such as
(=)-clusin, (—)-dihydroclusin, (—)-yatein, (—)-hinokinin, and
(-)-dihydrocubebin, isolated from Piper cubeba, lead to
inhibition of CYP3A4."® Sesamin and episesamin found in
sesame oil and sesamin supplements contain two MDP
moieties and lead to MBI, especially of CYP2C9."
Deoxypodophyllotoxin isolated from Podophyllum peltatum
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Figure 3. Structures of the (A) proposed substrates denoted as 1(H),—6(H), and (B) carbenes (1—6) utilized for the study.

and Podophyllum hexandrum shows antimitotic and antiviral
activity; which is also known to show MBI of cytochromes.*
Recently, isoquinoline alkaloids, bulbocapnine, canadine, and
protopine, present in herbal medicines were reported as the
mechanism-based inactivators of CYP2C19 via MIC forma-
tion.>!

The mechanistic details for the formation of carbene and
MIC leading to MBI are still elusive. A few computational
studies have been carried out to describe the formation of MIC
of Fe-carbene. Semiempirical methods were utilized to describe
the MIC for the safrole-based inhibitors.”> Automated docking
was preformed to describe the interaction between CYP3A4
enzyme and deoxypodophyllotoxin and its metabolite,
epipodophyllotoxin.*’

The reported computational and experimental studies point
to both the relevance as well as the limitations of MDP-
containing compounds. It is evident that several agents with
MDP group are in the early phase of testing; however, MDP
unit acts as a perpetrator and a significant risk for drug safety
due to potential adverse reactions and MBI Developing
effective screening methods for analyzing MBI of cytochromes
is in process.”" Several groups of scientists are involved in the
synthesis of compounds containing MDP moiety with the
ultimate goal of medicinal applications.” Tt is worth focusing
these efforts more toward the metabolically safe compounds
with MDP unit; this can be achieved when the mechanistic
details associated with RM formation due to MDP moiety
become available.

Several plausible reaction schemes for the formation of
MDP-carbenes have been proposed.'®”'***7” The hypothe-
sized common mechanism involves the formation of the
hydroxylated intermediate (I) as shown in Figure 1. Though
the first step of the proposed reaction sequence appears to be
quite possible, the elimination of water from this intermediate
(—CHOH) appears to be unlikely. This leads to doubts
regarding the acceptability of this proposed mechanism.

The purpose of this quantum chemical study is (i) to
investigate the nature and stability of the MDP-carbene species,
(ii) to compare the electronic structure of MDP-carbenes with
dichloromethylene (CCl,) and N-heterocyclic carbenes
(NHCs), (iii) to explore the characteristics of MIC of MDP-
carbene and heme-iron, (iv) to verify whether the proposed
mechanistic pathway (Figure 1) is realistic on the potential
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energy surface, and (v) to consider the alternative pathways for
the formation of MDP-carbene and MIC with heme-iron.
Understanding of the structural and energetic details involved
in the generation of reactive MDP-carbene can provide several
clues regarding the actual biotransformation process of MDP
containing compounds. This critical and elaborate theoretical
analysis would aid computational, medicinal, and metabolism
scientists to consider the perpetrator (MDP moiety) at the
early stages of drug discovery and development, and to design
leads, which can avoid MBI of CYPs.

B COMPUTATIONAL METHODOLOGY

DFT (density functional theory) was utilized to determine the
properties of MDP-carbenes and elucidate the reaction pathway
leading to the generation of MDP-carbene.’® Gaussian03 suite of
programs was used to carry out all the geometry optimizations and
estimate the absolute energies.”’ The B3LYP functional with 6-
31+G(d) basis set was used for all geometry optimizations of
carbenes.®> This method has been reported to provide reasonable
estimates regarding the characteristics of carbenes.**** For CYP
related studies, the B3LYP hybrid density functional was used with
LanL2DZ basis set on iron, and the 6-31+G(d) basis set for all
remaining atoms.>® This basis set was designated as BS1. A factor of
0.9806 was used to scale zero-point vibrational energies, and values
were used for the estimation of absolute energies of all species.*® The
energies were also estimated by single point calculations using the
TZVP triple-{ basis set® for iron and 6-311+G(d) basis set for all
remaining atoms, designated as BS2. Integral equation formalism
variant of polarizable continuum model (IEFPCM) was utilized to
mimic the protein environment and take into account the bulk polarity
effects (denoted as BS3) using a nonpolar solvent (chlorobenzene),
with a dielectric constant of 5.7.3* A simple model of iron (IV-oxo)
radical cation with heme-porphine and cysteine, SH™, as the axial
ligand (Cpd I) to mimic the active site of CYP was used in the
study.*®*® This model has been reported in previous studies, of CYP
biotransformation mechanisms, to be sufficiently effective to provide
reasonably accurate energy estimates.** The reactant and the product
complex geometries were optimized to ground state minimum. The
transition state geometries on all the reaction pathways were optimized
to a first order saddle point and verified to have one imaginary
frequency vibrational mode. The reaction profile was explored on both
the doublet and quartet spin states of Cpd I. Mulliken population
analysis was utilized to determine the spin densities, and charge
distribution was carried out using NBO method.*'
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Table 1. Singlet-Triplet Energy Difference (AEg 1), Isodesmic Reaction Energies (AE,’s), Gibbs Free Energy of Dimerization
(Egibbs.pim), Energy due to Proton Affinities (PA), and Complexation Energies with BH; (Egy,) in kcal mol ™' for the Studied

Carbenes

compd no. name of carbene AEg 1
1 dioxocarbene 69.85
2 unsaturated dioxocarbene 74.03
3 MDP carbene 69.59
4 diaminocarbene 7222
S NHC 83.20
6 benzdiaminocarbene 77.66
7 dichloromethyl carbene 17.73
8 ::C(NHCy),

AE; EGibbs-Dim first PA Egy,
83.92 —23.13 219.01 —41.25
87.83 —16.01 212.22 —40.28
81.33 —27.75 219.27 —41.61
94.18 —14.17 244.90 —50.34
108.12 4.81 242.96 —49.09
102.91 —25.45 244.04 —49.40
45.02 —109.94 197.83 —44.83

282.06 —55.25

B RESULTS AND DISCUSSION

This present work reports the characteristics of MDP-carbenes
and the elucidation of the actual reaction pathway leading to
the generation of this reactive intermediate. Carbenes can be
classified into two varieties: reactive and stable carbenes. The
stable carbenes are known to show nucleophilicity and form
coordination complexes with transition metals.** The MDP-
carbenes form MIC with heme-iron. Hence, it is intriguing to
understand the stability and nucleophilicity of MDP-carbenes
in comparison to known stable carbenes like N-heterocyclic
carbenes (NHC).>*** In this Article, the results are presented
in three sections: (i) stability and nucleophilicity of MDP-
carbenes and comparison with other carbenes, (ii) character-
istics and electronic structure of MIC of MDP-carbene and
heme iron, and (iii) plausible reaction pathways for the
generation of MDP-carbenes.

Electronic Structure and Reactivity of MDP-Carbene.
Several carbenes having structural similarity to MDP-carbenes
were studied as shown in Figure 3. Many such studies on the
electronic structure of carbenes are available in the
literature;**>****** however, these studies did not include
MDP carbenes implicitly. The study by Hollockzi et al.
included 1 and 2, while considering the organocatalytic activity
of NHCs.**® Various carbenes were generated via the isosteric
replacement of oxygen atom with nitrogen, such as
diaminocarbenes and N-heterocyclic carbenes (NHCs). The
stability of these carbenes was assessed in terms of their
singlet—triplet energy difference, isodesmic reaction with
methane, and dimerization energy. The nucleophilicity of
carbenes was explored in terms of their protonation affinities,
complexation with Lewis acids like BH;. Table 1 lists the
quantitative estimates of above-mentioned properties of MDP-
carbene 3 in comparison to other carbenes (1, 2, 4—7).

Singlet—triplet energy difference Eg1* was estimated by
calculating the difference of the zero point corrected energies of
the singlet and the triplet species of the carbenes. Eg1 for 1 has
been estimated to be 69.85 kcal/mol. AEg; for the
corresponding unsaturated system 2 is 74.03 kcal/mol. The
fusion of phenyl ring with 2 gives 3, wherein the AEgy value
gets reduced to 69.59 kcal/mol. These values are much larger
than the AEg 1 value for the reactive CCl, carbene (17.73 kcal/
mol), and comparable to the AEg; values of 4—6 NHCs
(72.22, 83.20, and 77.66 kecal/mol, respectively) indicating that
1-3 are highly stable carbenes. The marginally smaller AEg.
values for 1—3 in comparison to 4—6 may be attributed to lone
pair—lone pair repulsion (between methylene carbon and
oxygen atoms of the ring) in 1-3.
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The stabilization energies AE; of carbenes can be estimated
in terms of isodesmic equations (eq 1).**

carbene + CH, — :CH, + corresponding alkane 6))

The stable NHC carbenes tend to have high AE, values.>>® The
AE; estimated for 1 is 83.92 kcal/mol. This value is increased to
87.83 kcal/mol in the corresponding unsaturated system 2 and
decreases to 81.33 kcal/mol in the corresponding benzfused
system 3. Holloczki et al. reported similar values for 1 (84.7
kcal/mol) and 2 (88.2 kcal/mol).>*® The AE; in CCl, carbenes
is estimated to be 45.02 kcal/mol, indicating their highly
reactive and lesser stable nature. In comparison to the NHCs
4—6 (94—108 kcal/mol), the AE; values for 1—3 carbenes are
lower; therefore, 1—3 appear to be moderately stable.

The Gibbs free energy of dimerization (e% 2) provides a
more realistic measure of stability of carbenes.**

R,C + R,C - R,C=CR, @)

Stable NHC carbenes generally are characterized by low
dimerization energies (> —S0 kcal/mol), as in § (4.81 kcal/
mol), and reactive carbenes are characterized by very large
dimerization energies (<< —50 kcal/mol), such as in the case of
7 (—109.94 kcal/mol). The Gibbs free energy of dimerization
for 1, 2, and 3 are —23.13, —16.01, and —27.75 kcal/mol,
respectively. These values clearly indicate that carbenes 1—3 are
moderately stable and support the data obtained through
isodesmic reaction analyses.

It has been proposed that the formation of MIC of carbenes
with heme-iron occurs owing to the nucleophilic nature of
MDP carbenes.'”'"'*!'¢ The nucleophilicity criteria for
carbenes can be established on the basis of proton affinity
energies, and energy for complexation with BH,.>****
Absolute proton affinity (APA) of a molecule (B) is calculated
using eq 3

APA = —AH,45 = Hy4(B) + Hygg(H") — Hyge(BH™)

©)
—AH,q is the negative of enthalpy change, which includes
changes in total energy, zero-point energy (ZPE), vibrational
energy while going from 0 to 298.15 K, and rotational and
translational energy, as well as a work term (RT = 0.592 kcal/
mol). For HY, the translational energy term is not equal to zero
(H,9s H" = 3/2RT = 0.899 kcal/mol at 298.15 K), and a work
term is represented as RT = 0.592 kcal/mol.** It was observed
that the first proton affinity energy for 1-3 (212—220 kcal/
mol) was lower than that for 4—6 (242—245 kcal/mol).
Holloczki et al. reported similar pattern for the proton affinities
for a variety of carbenes, possessing nitrogen, oxygen, and sulfur
atoms in the order N > S > 0.>* The energy due to
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Figure 4. BS3-optimized geometries of the reactants, methylenedioxyphenyl, MDP moiety; Cpd I; and MIC-3: MIC of MDP-carbene and heme-
iron. The values are shown for doublet and (quartet) spin states of Cpd I. All the bond distances are in A and bond angles in degrees (°). The
average distance of Fe—N bonds in heme-porphine is also shown for each species. Color code: red, oxygen; sky blue, carbon; white, hydrogen; blue,

nitrogen; gray, iron; yellow, sulfur.

complexation with BHj is the difference between the energies
of carbene-BH; complex and the energies of the isolated
carbene and BH; molecule.®**** The energies due to
complexation of 1—3 with BH; (—40 to —42 kcal/mol) were
found to be lower than that of NHCs 4—6 (—49 to —51 kcal/
mol), similar to the proton affinity energies. The energy of
—41.61 kcal/mol for MDP-carbenes provides an indication of it
being sufficiently nucleophilic. All the parameters listed in
Table 1 establish that the MDP-carbenes are moderately stable
and reasonably nucleophilic. Carbenes 3 and 6 are quite similar
in terms of 7 delocalization. Carbene 3 is clearly less stable and
nucleophilic than 6, presumably because of lone pair (O)—lone
pair (C) repulsion in 3 and greater electronegativity of O

Characteristics and Electronic Structure of MIC. The
MIC of MDP-carbene and heme-iron, MIC-3 (Figure 4), was
observed to be highly stable. The reaction leading to the
formation of MIC-3 (equation in Figure 4) is exothermic by
—40.35 kcal/mol using BS3 basis set, under solvent (¢ = 5.7)
conditions (IEFPCM).

Table 2 shows the energies (at BS1 and BS3 basis sets) for
the formation of MIC for all the studied carbenes. The carbene-

Table 2. Energies for the MIC (in kcal/mol) and Iron-
Carbene Distance (in A) for the Iinvestigated Carbenes
Calculated at BS1 and BS3 Basis Set

AEy;c (keal/mol)

carbene MIC BS1 BS3 Fe--:C distance (A)
1 MIC-1 —-37.96 —44.97 2.04
2 MIC-2 —40.92 —47.34 2.04
3 MIC-3 —33.28 —40.35 2.03
4 MIC-4 —58.86 —61.60 2.04
S MIC-5 —72.78 —76.27 2.03
6 MIC-6 —65.57 —68.22 2.04

iron coordination (C:--Fe) distances for the respective MICs
are also shown. MIC-1 and MIC-2 are stable with the energies
of —44.97 and —47.34 kcal/mol, respectively. MIC for NHCs
4—6 are highly stable with energies ranging from —61 to —76
kcal/mol.
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A significant difference in the stability of MIC-3 on the
doublet (—40.3S kcal/mol) and quartet (—5.91 kcal/mol) spin
states of Cpd I was observed. The MIC formed on the quartet
spin surface was observed to be less stable, owing to the
excitation observed from the carbene center where, the singlet—
triplet carbene transition occurred within the carbene unit,
rather than excitation within the metal d-orbitals. The
vibrational analysis of MIC-3 using DFT calculation indicates
a significant vibrational frequency (C—O stretching: 1229.39
cm™') for the interaction between 3 and heme-iron (see
Supporting Information, Figure SS). The experimentally
reported C—O stretching frequencies lie in the range 1000—
1300 cm™, while the corresponding C—O stretching frequency
in the isolated MDP carbene was lower (1128.65 cm™),
indicating a significant influence of the proximity to heme-iron
in MIC-3. In MIC-3, the C::--Fe coordination bond distance
was observed to be 2.03 A, indicating a strong coordination
complex. It is interesting to note that the Fe—S distance is
reduced from 2.57 to 2.26 A in MIC-3. Also, the Fe—C—O
plane is perpendicular to that of Fe—SH plane in MIC-3. These
facts indicate that Fe—C and Fe—S bonds are stabilized by the
orthogonal iron d-orbitals and the balance in the o- and d-
orbital interaction between MDP carbene and Fe is readjusted
upon bonding with the carbene.

Molecular orbital analysis was carried out for 3, S, heme-iron-
porphyrin, MIC-3, and MIC-5. The HOMO and LUMO of 3,
S, and heme-iron-porphyrin were observed to identify the
orbitals participating in complexation. Thereafter, the orbitals
of MIC-3 and MIC-§ were analyzed. On the basis of the
interacting orbitals and respective energies in eV, the orbital
interaction diagram of Figure S was drawn. Figure S (left-hand
side) shows the orbital interaction diagram for the donor—
acceptor interactions between 3 and heme-porphine, giving rise
to MIC-3. From the interaction diagram, it can be clearly seen
that the ¢ lone pair of MDP carbene is involved in ¢ bonding
with the empty d; orbital of iron center. The a,, of heme-
porphine is observed to stabilize this ¢ bonding. The
interaction of a,, orbital with ¢ orbital of carbene leads to
higher energy (—4.98 eV) HOMO (singly occupied). The filled
d,, orbital of heme-iron is involved in 7 back-bonding
interaction (—7.98 eV) with the unoccupied p orbital of

dx.doi.org/10.1021/ic400010d | Inorg. Chem. 2013, 52, 5097—5109
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Figure S. Orbital interaction diagram for interactions between MDP carbene and heme-porphine leading to MIC-3 (on left-hand side), and
interactions between NHC and heme-porphine leading to MIC-S (on right-hand side). The ordering of the orbitals follows the calculated
eigenvalues in electron volts (eV). Dotted red line indicates orbital interaction between ¢ and d,, dotted purple line indicates orbital interaction
between o and a,,, and dotted black line indicates 7 back-bonding interaction between d,, and empty p orbital.

Scheme 1. Proposed Reaction Pathway-I with Mechanistic Details for the Generation of Reactive Carbene Intermediate, and

Formation of MIC with Heme-Iron®

Pathway - | (Hypothesised pathway in literature)
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“RC, reactant complex of MDP [3(H,)] and Cpd I; TS I, transition state for H-abstraction by Cpd I; Int I, intermediate; PC I, product complex of
hydroxylated product and heme-porphine; PC II, product complex of MDP-carbene (3); water and heme-porphine, MIC-3-H,O. The bold lines
along with Fe represent the heme-porphine group, with SH™ as the axial ligand.

carbene. The interactions were found to be similar for both a
and f spin components of the iron-porphyrin. The second
order interaction energy, E(Z), for the coordination of MDP
carbene to heme-iron was estimated to be 51.0 kcal/mol. The
mixing between oyp of carbene and d; of heme-iron was
observed to be strong, as evident by 49.06% p-contribution and
39.11% d-contribution (NBO analysis). E? for 7 back-bonding
interaction was estimated to be 3.70 kcal/mol in the
stabilization of MIC-3. The back-bonding contribution has
been reported to be dependent on the metal, ancillary ligands,
and the geometric environment.** The back-bonding contribu-
tion for various NHCs has been reported to be ranging from S
to 20 kcal/mol.* All these interactions (¢ donation and 7 back-
donation) are contributing to the Fe—:C coordination and
providing stability to MIC-3.

On the right-hand side of Figure S, the orbital interaction
diagram of NHC (5) and heme-porphine leading to the highly
stable MIC-S is shown. The energy of the LUMO of MDP
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carbene 3 is considerably lower than that of NHC . Therefore,
a marginally stronger 7 interaction is seen in MIC-3 than in the
corresponding MIC-S. The energy gap in MIC-5 between the
bonding and antibonding molecular orbitals for iron-d,,-
m*carbene interaction is higher (7.54 eV) than in MIC-3
(5.81 eV). The energy gap between the bonding and
antibonding molecular orbitals for oyp carbene and d. heme-
iron is nearly similar in both the complexes, MIC-3 (5.06 V)
and MIC-$ (5.23 eV). Thus, the above orbital analysis implies
the formation of stable MIC for both MDP carbenes and
NHCs (Table 2).

This orbital analysis supports the reported experimental
studies that the MDP containing compounds are quasi-
irreversible inhibitors of CYPs implying that the inhibition
can be reversed under suitable conditions. Thus, the drug—drug
interactions occurring due to CYP inhibition by the MDP
carbene-iron coordination have been reported in a few
cases.''™?* On the other hand, the NHCs-based carbene-iron

dx.doi.org/10.1021/ic400010d | Inorg. Chem. 2013, 52, 5097—5109
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complexes (MIC 4—6, Table 2) are quite strong, and may
prove to be extremely toxic and perilous.

Elucidation of Reaction Pathways for the Generation
of MDP-Carbenes. After understanding the electronic
structure of MDP-carbene and that of MIC-3, the reaction
pathway for the generation of carbene and MIC formation was
explored using density functional theory. Initially, the pathway
proposed in literature (Pathway-I) was studied in detail to
account for its feasibility in the generation of MIC with heme-
iron. MDP denoted as [3(H),] was used as the model substrate
and Cpd I as the model oxidant for the study. The results are
reported using the basis set BS3, taking into account bulk
polarity effects and zero point corrections, unless otherwise
specified.

Pathway-I: CH Hydroxylation Followed by Water Elimi-
nation. The Pathway-I for the formation of MDP-carbene is
shown in Scheme 1. Pathway-I involves the initial step of
hydrogen abstraction by Cpd I, which is a known reaction for a
variety of substrates in heme and nonheme enzymes.***>** The
hydrogen abstraction from the methylene carbon of 3(H),
generates substrate radical, 3(H)*, and Cpd I-H via homolytic
cleavage. On the other hand, heterolytic cleavage of 3(H),
results in the formation of 3(H)* and Cpd I-H™.

Quantitative estimation of enthalpies for homolytic and
heterolytic cleavage of all the proposed substrates (Figure 3) of
model carbenes was carried out and compared with that of
methane molecule (Table 3). A comparison between hydrogen

Table 3. Comparative Analysis of the Homolytic and
Heterolytic Cleavage of Methane and Studied Substrates,
1(H),—6(H),, Using Cpd I (Doublet Spin State) as the
Model Oxidant”

S no. reaction enthalpy (kcal/mol)
Homolytic Cleavage
1 CH, + Cpd I - CH;* + Cpd I-H 30.51
2 1(H), + Cpd I - 1(H)* + Cpd I-H 21.99
3 2(H), + Cpd I — 2(H)* + Cpd I-H 20.19
4 3(H), + Cpd I - 3(H) + Cpd I-H 22.17
5 4(H), + Cpd 1 > 4(H)* + Cpd I-H 15.99
6 5(H), + Cpd I — S(H) + Cpd I-H —2.06
7 6(H), + Cpd I — 6(H)* + Cpd I-H 7.56
Heterolytic Cleavage
8 CH, + Cpd I > CH," + Cpd I-H" 8725
9 1(H), + Cpd I - 1(H)* + Cpd I-H~ -7.19
10 2(H), + Cpd I > 2(H)* + Cpd I-H™ -5.89
11 3(H), + Cpd I — 3(H)* + Cpd I-H™ 023
12 4(H), + Cpd 1 > 4(H)" + Cpd I-H~ —42.94
13 S(H), + Cpd I — 5(H)* + Cpd I-H™ —65.33
14 6(H), + Cpd I > 6(H)* + Cpd I-H" —47.93

“The relative energies, in kcal/mol, are calculated at BS3 basis set.

abstraction data versus hydride ion abstraction data in Table 3
clearly indicates that 1(H),—6(H), prefer to follow a
heterolytic cleavage pathway. Table 3 shows that, in 3(H),,
heterolytic cleavage involving hydride ion transfer (0.23 kcal/
mol) is much more favorable than the homolytic cleavage
involving hydrogen radical transfer (22.17 kcal/mol). In
comparison, heterolytic cleavage for methane is highly
improbable, owing to a highly endothermic reaction (87.25
kcal/mol).

Figure 6 shows the 3D structures of the reactant complex
(RC), intermediate (Int I), transition state (TS I), and product
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complex (PC I) on both the doublet and quartet spin states
involved in Pathway-I. The discussion for Pathway- I is with
respect to the more favorable doublet spin state of Cpd I. Cpd
I and 3(H), initially form a reactant complex, RC, where the
methylene hydrogen atom of MDP shows an interaction (2.23
A) with the oxo group (O=Fe) of Cpd I. The Fe=0 distance
is observed to be 1.62 A, and the Fe—O—H bond angle was
observed to be 157.8°. The reactant complex RC is slightly less
stable by 0.5S kcal/mol than the isolated reactants, 3(H), and
Cpd 1, as shown in the energy profile (Figure 7). The rate
determining step on Pathway-I is observed to be the hydride
ion transfer (Figure 7), with an activation barrier of 8.92 kcal/
mol, via transition state TS I. The Fe=0 bond length increases
to 1.70 A in TS I from 1.62 A in RC. The methylene hydrogen
(C—H) approaches the oxo group, facilitating the H-abstraction
process, as observed by the decrease in bond distance (H—O)
from 2.23 to 1.34 A. Also, in TS I, a colinear arrangement of
O—H-C can be clearly observed. Thus, the lower activation
barriers (<9 kcal/mol) on the doublet spin state of Cpd I
suggests that the hydride ion transfer reaction is facile for this
substrate.

The hydride ion transfer results in the formation of
intermediate Int I, slightly endothermic by 0.50 kcal/mol. Int
I is found to be much more stable than the corresponding
isolated species, i, 3(H)® and CpdI-H by —21.67 kcal/mol.
This high stability prompted us to study the possibility of
heterolytic cleavage (Table 3) in 3(H),, and Int I was observed
to be a complex of 3(H)* and CpdI-H™. Similar hydride ion
transfer mechanism by iron(IV)-oxo porphyrin has been
reported for several dihydronicotinamide adenine dinucleotide
(NADH) analogues, 10-methyl-9,10-dihydroacridine (AcrH,),
1-benzyl-1,4-dihydronicotinamide (BNAH), etc.*

In Int I, C—H distance is significantly elongated (2.15 A),
and a significant increase in spin density on oxygen atom (0.23)
attached to heme-iron in Int I is observed, as compared to 0.07
in the transition state. This also supports the 3(H)* and CpdI-
H™ character of Int I. In the next step of the reaction, Int I
directly leads to the formation of a stable hydroxylated product,
PC I (Figure 7) on the doublet spin state through a barrierless
rebound process. The C—O bond distance is observed to be
141 A in PC I, indicating the formation of the hydroxylated
product. The increase in Fe—O distance in PC I (2.37 A) as
compared to Int I (1.78 A) implies that the transfer of electron
density from Fe—O bond to C—O bond, leading to the
formation of hydroxylated product. Similar results have been
reported for CH-hydroxylation in methane and propane.*” PC
I is observed to be stable by —57.12 kcal/mol on an exothermic
reaction. The next step leading to the carbene generation is
endothermic by 16.76 kcal/mol on the doublet spin state of
Cpd L It is not clear how and why highly stable PC I shall be
involved in an endothermic reaction. The direct water
elimination from PC I to yield MIC-3-H,0 was studied;
however, all attempts to trace this water elimination step using
quantum chemical methods failed.

Therefore, Pathway-I does not seem to be the acceptable
pathway for the formation of MIC complex from MDP, owing
to the very high stability of PC I and its unlikely conversion to a
less stable carbene intermediate. As a consequence, Pathway-I
cannot be considered as the possible option leading to the
MDP-carbene formation.

Since the pathway reported in literature seems unrealistic, it
becomes fundamentally interesting to explore the alternative
pathways. To the best of our knowledge, no alternative
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pathways have been pro osed or studied in literature or
experimental studies.'"**™*® Three alternative pathways have
been proposed as shown in Scheme 2: (i) Pathway-II, hydride
ion abstraction followed by proton transfer and subsequent
water elimination; (ii) Pathway-III, proton shuttle pathway via
porphyrin nitrogen followed by water elimination; and (ii)
Pathway-IV, direct generation of carbene via simultaneous
abstraction of two methylene hydrogen atoms, one H-
abstraction by Fe=O0 and the other by the nitrogen atom of
porphyrin as in proton shuttle pathway, followed by water
elimination.

Pathway-Il. Figure 8 (right-hand side) shows the energy
profile for this pathway on the doublet spin state of Cpd I. It
can be observed that the first step of Pathway-II remains
similar to that of Pathway-I; however, the intermediate Int I
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leads to the generation of a more stable intermediate (Int IT) as
shown in Figure 9. The major difference between Int I and Int
Il is the C*--H—O(Fe)~ in Int I versus the C*—H:-O—
(H)(Fe)~ interaction in Int IL

In this transformation, instead of C:--O interaction, a C—
H---O interaction predominates the reaction. All the attempts
to locate a transition state between Int I and Int II did not yield
any viable transition state structure; thus, the generation of
3(H)" leading to the formation of Int II is a spontaneous and
exothermic reaction with the product enthalpy of —20.46 kcal/
mol on the doublet spin state. Int II can be treated as an
intermediate during rebound of 3(H)*, where the H-atom of
3(H)* is directly involved in the rebound process. Int II can
directly lead to the formation of MDP-carbene (PC II) via a
transition state involving proton transfer (negative imaginary
frequency, 539.13 cm™'), requiring a very small activation
barrier of 0.12 kcal/mol (nearly a barrierless step) on the
doublet spin surface (Figure 8). PC II (Figure 9) comprises 3
and water bound to heme-porphine, where the carbene shows
the interaction of its lone pair with the H-atom of water bound
to heme-iron.

The increase in Fe—O distance (2.14 A, doublet) in PC II
implies that the water molecule formed via TS II can be easily
displaced by the MDP-carbene (3), resulting in the formation
of MIC-3-H, O, where a coordinate bond interaction between
the MDP-carbene and heme-iron is observed. The transition
state for the displacement of water molecule attached to heme-
iron by 3 was elucidated (TS-we in Figure 9). The energy
barrier for this reaction was observed to be 11.69 kcal/mol on
the doublet spin state of Cpd I. It can be observed that the
C:---Fe and Fe:-H(OH) bond distances are nearly similar (3.36
and 3.38 A) indicating the feasibility of this transition state and
displacement of the water molecule attached to heme-iron by
the MDP-carbene. The complex, similar to PC II, has been
reported for the binding of azole inhibitors in the active site of
cytochrome.*® Balding et al. reported the approach of azole
inhibitor toward heme,*® and later displacement of water
molecule from the heme by the inhibitor, as observed in our
study (MIC-3-H,0). The MIC-3-H,0 shows the MDP-
carbene bound to heme-iron, with a hydrogen bonding
interaction with the water molecule in the active site cavity of
cytochrome. This displacement of water molecule by 3 actually
blocks the dioxygen binding, resulting in the inactivation of
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Scheme 2. Proposed Reaction Pathways- II, -III, and -IV with the Mechanistic Details for the Generation of Reactive Carbene

Intermediate, and Formation of MIC with Heme-Iron®
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Figure 8. Potential energy surface for the reaction Pathway-II and -III on the doublet spin surface of Cpd I at BS3 basis set. The energies are in

kcal/mol relative to the isolated reactants, MDP and Cpd I

heme center. The H-bonding interaction in MIC-3-H,0
between the oxygen atom of MDP ring and the hydrogen of
the eliminated water is weak (2.72 A, doublet and 2.64 A,
quartet). In PC II, the energies of doublet (—34.96) and
quartet (—33.01) spin states are very close; however, the
reaction occurs preferably on the doublet state, since the MDP-
carbene-bound inhibitor complex (MIC-3) is the lowest in
energy on this spin state.
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Pathway-Ill. Figure 8 (left-hand side) shows the calculated
reaction energy profile for Pathway-III on the doublet spin
state of Cpd I. This pathway involves a similar hydride ion
transfer step, as discussed in the previous reaction pathway.
However, Int I may lead to another stable intermediate (Int
III) with an exothermicity of 20.27 kcal/mol. Int III (Figure 9)
differs significantly from Int II, with respect to the orientation
of 3(H)", especially the position of the second methylene H-
atom. Int III, similar to Int II, possesses a cationic character on
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the substrate, 3(H)*, upon the electrostatic interaction of
methylene hydrogen with the porphine nitrogen. This H-atom
shows proximity toward porphyrin nitrogen (2.14 A, doublet,
and 1.98 A, quartet), and the plane of the MDP ring is
perpendicular in orientation to the plane of the heme-
porphyrin. Hence, the geometrical features of Int III are
suitable for proton transfer from 3(H)* to the N-atom of
porphyrin ring, similar to the reported proton shuttle
pathway.”®* The transition state geometry for the proton
shuttle, TS III, is shown in Figure 10. The N—H—C bond angle
in TS III is observed to be ~175-180°, favoring the H-
abstraction by porphyrin nitrogen (proton shuttle to the
porphyrin nitrogen). The H-atom clearly shows transition from
carbon of substrate to the porphyrin nitrogen, as observed by
the bond distances (N---H: 1.08 A, doublet). The Fe—O—C
bond angle (118.8°) does not show considerable change with
respect to Int ITI (112.8° and 120.2°), as shown in Figure 9.
This indicates that, indeed, TS III is feasible on this reaction
pathway. This step requires an energy barrier of 16.02 kcal/mol
on the doublet spin state. A significant buckling of the
porphyrin ring, due to the protonation of the porphyrin
nitrogen, was observed in TS IIL. The pyrrole ring shows a
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Figure 10. Schematic representation for the preference of Pathway-II
leading to MIC-3 in comparison with Pathway-IIIL

deviation of 29.53° from the mean plane of the rest of the
porphyrin (Figure 10). A similar buckling was observed by our
group in the proton shuttle during the hydroxylation of
methylamine, ultimately leading to the generatlon of nitroso
intermediate and MIC formation with heme-iron.”® Shaik and
de Visser have reported a similar buckling in the proton shuttle
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mechanism of benzene hydroxylation.*” Thus, the proton
shuttle step can lead to the formation of the MDP-carbene
intermediate and heme-porphine with iron-hydroxo group and
protonated porphyrin nitrogen (PC 1) as shown in Figure 9.
Thus, Pathway-III involves an endergonic reaction for the
formation of PC I' (similar to Pathway-I). PC I’ is stable by
—7.56 kcal/mol (doublet) and can easily undergo water
elimination (TS IV) via an almost barrierless reaction (Figure
8). The N—H—O bond angle in TS IV is observed to be 146.6°
(doublet), indicating the likelihood of proton transfer to
oxygen atom attached to heme-iron. The N—H bond distance
in TS IV is elongated to 1.11 A, while the H—O bond distance
decreases to 1.50 A on the doublet spin state. This step
ultimately leads to the stable MIC of MDP-carbene and heme-
iron (MIC-3) via the displacement of water molecule by the
MDP-carbene (TS-we) as discussed for Pathway-IL

Pathway-IV. An additional path involving simultaneous
activation of both the C—H bonds of 3(H,) was considered, in
which one H atom is transferred to Fe==0 center and the other
H atom is transferred to N atom of heme-porphine ring. Figure
S4 shows the energy profile for this pathway, where the rate
determining step involves the simultaneous abstraction of two
hydrogen atoms from 3(H), by Fe=O and porphyrin
nitrogen. This requires a very large activation barrier (~41
kcal/mol), thus undermining the suitability of this pathway for
the formation of MDP-carbene.

Thus, the detailed study of all the reaction pathways
emphasized that carbene formation involves a hydride transfer
mechanism rather than a hydrogen radical pathway. It can also
be inferred by the reaction energy profiles that Pathway-II is
the most plausible reaction pathway leading to the formation of
the MDP-carbene (3), and MIC of MDP-carbene with heme-
iron (Figure 10). The mechanistic pathway involving proton
shuttle to porphyrin ring may be an alternative option in which
the overall reaction barrier remains the same as in Pathway-II;
however, it involves the formation of an endothermic
intermediate via a significant energy barrier.

B CONCLUSIONS

The drugs containing methylenedioxyphenyl (MDP) group are
known to cause mechanism-based inhibition of CYP450, via the
formation of carbenes and consequently metabolic-intermediate
complex (MIC) with prosthetic heme-iron. A detailed study on
a variety of carbenes structurally similar to MDP-carbene was
undertaken, and the results were compared with nitrogen
analogues (O replaced by N) of the same carbenes. The
stability, nucleophilicity, and reactivity of all these carbenes was
assessed in terms of several parameters studied using quantum
chemical methods. The results indicated that MDP-carbenes
are characterized by sufficient stability and reactivity in specific
comparison to highly stable N-heterocyclic carbenes and
reactive CCl, carbenes. It was also observed that MDP-
carbenes show comparative nucleophilicity as N-heterocyclic
carbenes (NHCs). The stability of the MIC of MDP-carbene
and heme-iron was assessed, where the carbene-iron coordina-
tion (2.03 A) was observed to arise from the interaction
between oyp of carbene and empty d orbital of heme-iron,
aided by back-bonding interaction between d,, and empty p
orbital of carbene. The MIC of MDP-carbene and heme-iron
was observed to be highly stable, as indicated by the
complexation energy of —40.35 kcal/mol. This binding of
MDP-carbene with heme-iron renders the heme center inactive,
thus leading to cytochrome inhibition via MIC, which was
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observed in reported UV spectral studies. The atomistic details
of the metabolic reaction pathways leading to the formation of
the reactive metabolite, MDP-carbene and MIC, were studied.
The basis set BS3 incorporating solvent effects and zero point
corrections was employed to study the reaction between MDP
and model oxidant, Cpd I (doublet and quartet spin states) to
explore the potential energy surface toward the generation of
nucleophilic MDP-carbene. The reported pathway (in liter-
ature, Pathway- I) involving the formation of a hydroxylated
product was discarded owing to the high exothermicity and
stability (~57—62 kcal/mol) of this hydroxylated product
(—CHOH), and it generates less stable carbene via an
unfavorable endothermic reaction. The initial step in the
pathway involved a heterolytic cleavage leading to hydride ion
transfer (0.23 kcal/mol) as compared to the homolytic cleavage
(hydrogen radical transfer, 22.17 kcal/mol). It was also
observed that all the substrates, 1(H,)—6(H,), studied follow
a favorable heterolytic cleavage pathway.

Three alternative pathways were proposed and explored: (i)
Pathway-II, hydride ion abstraction followed by proton transfer
and subsequent water elimination; (ii) Pathway-III, proton
shuttle via heme-porphyrin ring; (iii) Pathway-IV, direct
generation of carbene via simultaneous activation of two C—
H bonds by Cpd I followed by water elimination. Pathway-II is
the most likely pathway on the whole potential energy surface,
owing to the greater stability of intermediates and more
favorable activation barriers, as compared to other pathways.
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