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CONSPECTUS

he preceding decade has witnessed an immense surge
of activity in the bioinorganic chemistry of transition
metal enzymes and synthetic analogs that model their

operation. The wide range of research covers both exper- : vS En,
imental and theoretical investigations of structure and P450 Cpd I
reactivity patterns. Theory, and especially density func- /. Valence Bond
tional theory (DFT), has become a very useful tool, an Modelling

important partner of experiment in resolving structural
and mechanistic issues. This flare of activity has gener-
ated a great deal of knowledge on intermediates, transi-
tion states, barriers, rate constants, rate—equilibrium
relationships, stereoselectivity, and so forth.

This abundance of acquired knowledge has created the
need for establishing order, namely, the outlining of broad
generalizations, as well as the creation of a more-intui-
tive interface between experimental and theoretical data.
The valence bond (VB) diagram model, originally devel-
oped for organic reactions, is such a theoretical framework that has the potential to guide the requisite generaliza-
tions in the field of bioinorganic chemical reactivity. In this Account, we briefly describe the principles of construction
of VB diagrams for bioinorganic reactions, detailing applications in the booming research area of heme enzyme (specif-
ically cytochrome P450) reactivity, and particularly two archetypal reactions of these enzymes, alkane hydroxylation
and thioether sulfoxidation. For congruence with the lingua franca of bioinorganic chemistry, the VB model is formu-
lated to create bridges to (i) the molecular orbital (MO) description, (ii) the oxidation state formulation of transition
metal complexes, and (iii) widely used concepts such as the Bell—Evans—Polanyi (BEP) principle.

The VB diagram model reveals the origins of the barrier, describes the formation of transition states and reac-
tion intermediates, and allows the prediction of barrier heights and structure—reactivity relationships. Thus, from the
VB diagram model, we can rationalize the mechanistic selection during alkane hydroxylation compared with thioet-
her sulfoxidation, as well as the different behaviors of the spin states during the reactions with the active species of
P450, the high-valent iron oxo species called compound I (Cpd I). Furthermore, the VB model leads to expressions
that enable us to estimate barrier heights from easily accessible reactant properties, such as bond energies, ioniza-
tion potential, and electron affinities.

We further show that the model is not limited to these archetypal processes: its applicability is wider and more
general. Accordingly, we outline the potential applications of these principles to other reactions of P450 (such as ole-
fin epoxidation and arene hydroxylation) and to similar reactions of nonheme enzymes and synthetic models. The VB
diagram model leads to a unified understanding of complex bioinorganic transformations, creates order in the data,
and provides an important framework for making useful predictions.
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Introduction

P450s are hemoproteins that metabolize and biosynthesize
essential compounds' by use of a high-valent iron—oxo por-
phyrin cation-radical complex, Por™*Fe(IV)O, so-called com-
pound I (Cpd 1), shown in Scheme 1 along with some oxo-
transfer reactions it performs.

Thus, Cpd | is a “dream reagent” that can perform many dif-
ferent reactions.! However, this reagent has generated also
rich reactivity patterns.’™“23 Some of this richness derives
from the electronic structure of Cpd I,""“? which possesses two
closely lying spin states, a high-spin (HS) quartet state and a
low-spin (LS) doublet state.? As such, the ground state of Cpd
| is triradicaloid, prone to initiate radical-type reactions, which
involve competing reactions of the two spin states, referred to
as two-state reactivity (TSR).>* A typical TSR is alkane
hydroxylation, which transpires via the stepwise HS mecha-
nism and an effectively concerted LS mechanism illustrated in
Figure 1a.2*" By contrast, thioether sulfoxidations proceed by
concerted mechanisms generally with a large LS preference,
as shown in Figure 1b.>® What is the root cause for these
mechanistic choices is a question we intend to answer herein.

Additionally, being electron-deficient, Cpd I is prone to
undergo electrophilic-type reactions.'® %3 For example, the
rates of sulfoxidation correlate with the thioethers” oxidation
potentials.”® In other cases, like arene hydroxylation, the spe-
cies along the reaction coordinate possess hybrid radical/cat-
ion characters.?®° Topping these features is the fact that Cpd
| undergoes “two-electron reduction”, and hence it generates
intermediate electromers, for example, PorFe(IV)OH/R* and
Por*Fe(lll)OH/R* (Figure 1a), en-route to product.?® Altogether,
these features make the reactivity of Cpd | extremely versa-
tile, with multistate reactivity (MSR) scenarios,>®4 whereby
radicals, cations, and cation radicals, on different spin mani-
folds, may all play a role in a single transformation that can
either be stepwise (Figure Ta) or concerted (Figure 1b). It is this
kind of complexity that we wish to elucidate using the valence
bond (VB) diagram model,'°~"# which until recently>'37'¢
dealt exclusively with organic reactions.

To derive general principles, we treat the processes in Fig-
ure 1 as archetypes of the reactions in Scheme 1 and deduce
from first-principles the mechanistic choices, the spin-selec-
tion patterns, the alkane-hydroxylation reactivity dependence
on C—H bond energies'® compared with on oxidation poten-
tials for sulfoxidation, and the dependence of reactivity on the
axial ligand of Cpd I in synthetic models."®
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SCHEME 1

=N > =NEO
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Bridges
We begin with bridges between the VB language and the lin-
gua franca of bioinorganic chemistry.>'*

Oxidation States. This formalism tracks d-electron counts
of transition-metal complexes during redox processes. We dis-
cuss three examples, because later we shall illustrate how this
electron-counting mode is embedded in the VB model.

Scheme 2a shows oxidation numbers for Cpd I: the por-
phyrin has a o-oxidation number of 2—, the oxo is 2—, and
the thiolate is 1—. Since the molecule is neutral, the heme oxi-
dation state is V, which becomes Por**Fe(IV)O, based on spec-
troscopic evidence'“™® for a porphyrin z-cation radical. With
Fe(IV), Cpd I will have a d* electronic configuration, in accord
with all evidence.'>~®269

Scheme 2b depicts the iron-hydroxo electromers due to
H-abstraction by Cpd I. The resulting OH group has an oxida-
tion number of 1—, and hence the effective oxidation state of
the heme becomes IV. This can manifest as PorFe(IV)OH or
Por**Fe(ll)OH, with electronic configurations d* and d>,
respectively.

MO-VB Bridges. Figure 2a shows key MOs of Cpd I: The
Ore0TTre0 T re0? CONfiguration represents the bonding block
and accounts for a o-FeO bond and a mreo* 7 rep? Manifold, as
in 30,245 1417.18 having a bond order 2 and spin-up elec-
trons in 7"re0. These z* orbitals are considered also as “d”
orbitals, so that the d-block occupancy is 6%z*'n*0%,, 20" 2.
Finally, the porphyrin cation-radical is represented by the sin-
gly occupied ay,; the double-headed arrow represents spin-up
or spin-down.

Figure 2b outlines the correspondence of the MO and VB
representations of Cpd I, with the 620",°0",2° block placed in
parentheses. On the left, we show the bonding-block MO con-
figuration, oreo®mre0* 7 re0?. IN the VB representation, oreo is
drawn as a line, while the z-block is VB-represented by two
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FIGURE 1. (a) Stepwise TSR in alkane hydroxylation and (b) concerted sulfoxidation.

SCHEME 2
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resonating three-electron bonds, which span two perpendic-
ular planes, with two spin-up electrons on iron-oxo.>'#17-18
Finally, the open-shell a,," is represented by a cation-radical
symbol on porphyrin. These VB cartoons will be used
hereafter.

The reader may note that each of the resonance structures
in Figure 2b looks like Fe''—0O. Nevertheless, because their
superposition relays four of the electrons to mreo-bonding
orbitals, this leaves an Fe(d?) configuration that qualifies as
FeVO. However, during the reaction the electronic structure
gets localized and becomes Fe''—0Or.

VB Modeling of Archetypal Processes

To understand reactivity patterns, we need a model that
shows how reactants evolve to products, the manners
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FIGURE 2. Cpd I: (@) MO representation; (b) MO—VB
correspondence.

whereby the transition states (TSs) are generated, and the
factors that determine barrier heights. This insight is
achieved by the VB diagram model,'°'2 which, for any ele-
mentary step, involves two principal curves anchored at the
ground states of reactants and products (¥,, W) and their
two excited/promoted states (W,", ¥,"), which are “electronic
images” of the respective ground states with which they cor-
relate. The correlation is based on the electron-pairing and
oxidation-state identities between an “image state” in one
end and the ground state in the other. The intersecting VB
state curves mix, avoid the crossing, and generate thereby
the TS and the barrier for the reaction. Such a generic dia-
gram is Figure 3.



Product
FIGURE 3. VB diagram describing the barrier (AE¥) formation in an
elementary step. G’'s are promotion energies, B is the resonance
energy of the TS, and AE,, is the reaction energy. Here and
elsewhere, the bold curve describes the result of VB mixing and
avoided crossing.'°""2

L
Reactant

Alkane Hydroxylation

Figure 4 shows the VB diagram for alkane hydroxylation.
It involves two principal curves, anchored at the ground states
(W, Wp) and their two promoted states (¥,", ¥,"), for the direct
O-transfer to R—H. This process is, however, catalyzed by an
intermediate-state curve (W) that cuts through the higher-en-
ergy ridge for direct oxo transfer and splits the process into
H-abstraction followed by radical rebound to form the ferric
alcohol product. In the present forms, the diagrams show no
spin-state information, which becomes indispensable only dur-

5,14

Held
i R H
wg) oY « laalV S
_;Jc_@.) By _[.I,:_(+.) .?“m
SH SH —l’|c—-
SH

I i i

; R-H activation Re rebound

Valence Bond Modeling of Cytochrome P450 Oxidations Shaik et al.

ing rebound, and therefore, we put a question mark near the
rebound transition state species, TSyep.

Y, describes R—H beside the VB-represented Cpd 1.>'* In
Y*, R—H donates one electron to porphyrin**, and the H
establishes an O*—'H bond-pair with the oxo of Cpd I. As
argued for Scheme 2b, O*—H localizes Cpd | to Fe"—0O* and
has an oxidation number —1. Since the oxo in ¥, is 0%~ con-
sequently, in W,* the iron center gains an electron (from 0%")
and becomes Fe'", as indicated in the cartoon near W,*. Taken
together, W," involves formal “two-electron reduction” of the
heme, as in the final product, ¥y. These features and the R—O
bond formation during rebound make W,* an “electronic
image” of the product ¥, and hence W," is stabilized along
the reaction coordinate and correlates to Wy. Similar consid-
erations apply to the correlation of Wy to W,.

The intermediate—VB curve, anchored in W/", participates
in the H-abstraction step. In Figure 4a, W (IV) involves an elec-
tron shift from iron to porphyrin**. In addition, there is triplet
unpairing of the C—H bond, while H* and *O are coupled into
a bond pair, which eventually becomes the O—H bond in Por-
FeVOH/R". On the product side, W/(IV) correlates to an excited
state of the product having Fe(lV) and three electrons in the
R---O linkage. The intermediate curve in Figure 4b is
anchored in W(lll), which involves C—H ftriplet unpairing.
Thus, in both diagrams, the mixing of the three curves leads
to a biphasic energy profile, a H-abstraction phase followed by
radical rebound.

This is the place to comment about spin-state differences
using 2W,* and “W* in Scheme 3. Thus, in both states we have
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FIGURE 4. VB diagrams describing mechanistic scenarios during alkane (R—H) hydroxylation with intermediacy of (a) PorFe(IV)OH/R®, and (b)

Por*Fe(lllOH/R". The covalent component of ¥,* is not shown.
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SCHEME 3
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a PorFe(lllO*—HR* species, which arises by electron transfer
from the alkane to porphyrin**, while coupling O* and *H to a
bond pair. However, whereas the PorFe(lll) moiety of 2W,* has
a 6%72x*! d-block configuration, 4W,* is typified by
o2 lxlo* 21, Thus, W/ involves also a 7* — ¢"2 promotion
within the d-block. The *W,"/2®¥,* difference is simply in the
spin direction of the porphyrin cation radical. Since the VB
crossing during the H-abstraction phase does not involve the
24y* states, the spin-state profiles remain close in energy dur-
ing H-abstraction,'* and the spin-preference appears prima-
rily during rebound where the state crossing involves #2W,*,

Radical Rebound. The rebounds start from the midpoints
of Figures 4a,b and convert the iron-hydroxo/radical interme-
diates to ferric alcohols. The corresponding diagrams for the
LS and HS rebounds of PorFe(IV)OH/R® are shown in Figure
5.'* To underscore the spin-state differences, the VB cartoons
come here with MO diagrams, revealing occupancy changes
in the d-type orbitals during rebound.
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In Figure 5a, 2W,* is 2[PorFe(ll)OH"/R*] due to one elec-
tron transfer from the radical (R°) in the ground state to the
d(z*) orbital of the PorFe(IV)OH species. Along the C—0 bond-
formation coordinate, 2®,* correlates to the ground state of
the ferric alcohol complex (*®,), while 2¥(IV) rises to become
an excited state 2W*(IV). Similarly, *®,* (Figure 4b) involves
electron transfer from R° to d(¢*,2), forming #[PorFe(llI)OH/
R*], which correlates to the ferric alcohol complex (*¥). The
VB mixing of the corresponding state curves generates the
LS/HS-rebound energy profiles.

The reason for the spin-state selectivity during rebound
originates in the respective promotion-energy gaps in Figure
5. Thus, Gys is larger than G,s by an orbital-excitation energy
term, which is significant. As such, the HS rebound will have
a barrier, while the LS process would be barrier-free.''* Anal-
ogous diagrams will correspond to Por*Fe(lllOH/R". However,
here the “W,* state is generated by one-electron transfer from
R* to d(o*,2), while another electron shifts from d(z*) to the por-
phyrin-hole orbital, therefore resulting in poor VB mixing*'2
and a higher barrier compared with the “PorFe(IV)/R*
electromer.

In summary, the VB model shows that LS alkane hydroxy-
lation is effectively concerted with a barrier-free rebound while
HS hydroxylation is stepwise. Furthermore, since the promo-
tion gap for rebound is much smaller than for H-abstraction
(see later), the rebound barriers are small compared with the
H-abstraction barriers. Thus, the VB diagram retrieves the
mechanistic scenario®® of alkane hydroxylation (Figure 1a).
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FIGURE 5. VB diagrams describing the rebound energy profiles for (a) 2[PorFe(IV)OH/R’] and (b) 4[PorFe(IV)OH/R’].
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FIGURE 6. VB diagrams for sulfoxidation by Cpd I in the (a) doublet and (b) quartet states. For simplicity, Cpd | is represented by one VB structure.

VB Modeling of Sulfoxidation

The mechanistic scenario of alkane hydroxylation is dominated
by the intermediate state curve (Figure 4). In sulfoxidation, how-
ever, there is no such low-lying intermediate state, and there-
fore the process involves VB mixing of just the two principal
curves, resulting in a direct oxo transfer, as shown in Figure 6.

The promoted states are similar to those discussed for
alkane hydroxylation. For example, 2W,* in Figure 6a involves
one electron transfer from the sulfur lone pair to porphyrint,
while coupling S** and O* into a bond pair (O*—*S*). This cou-
pling modifies the oxidation number of the oxo to 1—, thus
reducing the iron oxidation state to Fe. As such, 2¥," and 2%,
have identical bond-pairing and oxidation numbers, and
hence, the two states correlate along the reaction coordinate.
The VB diagram for the quartet-state process (Figure 6b) is
similar, with the exception that *®,* involves also a promo-
tion of an electron within the d-block from the =" orbital to
o*2.° Thus, sulfoxidation involves synchronous electron trans-
fer and O- - - S bond making; the quartet process involves also
simultaneous promotion within the d-block.

Reactivity Patterns

Based on Figure 3, the simplest expression for the barrier of
an elementary step is eq 1:

AE*=fG —B (1)

Here the height of the crossing point (AE/) is expressed as
a fraction (f) of the promotion energy at the reactant side (Gy),
and B is TS resonance energy.

Another expression is eq 2, which makes explicit the effects
of the two promotion gaps and f factors using average quan-
tities, and the contribution of the thermodynamic driving force,
AErp:] 2,19

AE* =foGo + 0.5AF,, + 0.5AF,*/Gy — B;
Go="HG +G), fo="hif+f) 2

When an intrinsic contribution is defined as AE}y; ~ fuGo — B,
eq 2 becomes'®

AE* = AE, + 0.5AE,, + 0.5AF, */G, (3)

This is similar to the Marcus equation, while providing an
explicit expression for AE#. The thermodynamic driving force
in egs 2 and 3 embodies the rate-equilibrium relationship
known as the Bell-Evans—Polanyi (BEP) principle.*® In eq 1,
the BEP effect is implicit in the f factor, which varies with reac-
tion exothermicity.'"'2

Alkane Hydroxylation

H-Abstraction. Equation 1 is designed for “reaction families’,
wherein f and B are quasi-constant.''"'2 The promotion energy
for H-abstraction (Gy) is the gap from the reactant state W, to
W (IV) in Figure 4a. For both spin manifolds, Gy involves
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FIGURE 7. Alkanes 1—15 and computed DFT data (in kcal/mol), shown as AE%,/Dcu(BDEcy). AE%, are spin-state averaged barriers, here and
elsewhere calculated with a triple-¢ polarized basis-set with ZPE correction.

decoupling of the C—H bonding electrons into a triplet,''
which can be expressed as in eq 4:

Gy~ 2D, = 2(BDEg, + |REg.) (4)

Here REg- is the relaxation energy of the radical R*; hence,
D¢y is a vertical bond-dissociation energy.'#4222

The resonance energy of the TS in H-abstraction processes
was previously derived as'#'°

B = '/,(BDE,) (5)

BDEyy is the bond dissociation energy of the weaker of the
two bonds (C—H/FeO—H) that are broken and formed during
the reaction. For Cpd | and the range of alkanes whose reac-
tivity we wish to model, these B values range between 41 and
45 kcal/mol. Finally, the factor f was theoretically derived to
be ! /3'14,19

To avoid individual parameters for each reaction, we seek
common f and B that are close to the above theoretical val-
ues and that can account for the general pattern of the DFT
barriers for H-abstraction, albeit less accurately than having
“precise individual parameters”. As we showed,'* H-abstrac-
tion reactions behaved as a “reaction family” and their barri-
ers could be estimated by the following expression, with f and
B being close to the expected values from theoretical
analyses:'?

AEj;=0.6D, — 46.78 (kcal/mol); G,=2Dy, (6)
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FIGURE 8. VB barriers (eq 6) plotted against averaged DFT bartriers.

To demonstrate its utility, we applied eq 6, as is, to esti-
mate barriers for the alkanes in Figure 7, which were studied
in our group.'*'®222< The entire data set has R> = 0.833 (see
also Figure S1, Supporting Information). More importantly,
excluding 1, 8, and 14, which deviate the most from the DFT
barriers, produces a set of VB barriers with a mean deviation
of £0.90 kcal/mol compared with DFT (Figure 8). As such, eq
6 appears to predict quite well the computed barriers, and the
series behave as “a reaction family” with small scatters in the
fand B quantities.

It is instructive to consider some of the most-deviant cases
in the light of the VB model. H-abstraction from methane (1)
is the most endothermic in the series, which means that a
larger f value (f > 0.3) would have been required to repro-
duce this barrier.'"'2



CHsw-CHzH CHan(-CH27H CHayCHp=H - CHay | CHp—H

o] CN NO,
Qcr=0.50 Qer=048 Qcr=0.44 Qcr=0.41
8 14 12 13
CH,—H
CH5CHo—H
QCT =0.31 QCT =034
9 2

FIGURE 9. Charge transfer values (Qcr) from alkanes to Cpd I in
the corresponding TSy species.

For N,N-dimethylaniline (DMA, 8), eq 6 predicts a barrier of
9.63 kcal/mol, while the DFT barrier is 5.27 kcal/mol. By con-
trast, eq 6 predicts well the barriers for the para-CN- and para-
NO,-substituted DMAs (12, 13) and for toluene (9), all having
similar BDEqy's to DMA.?2¢ DMA (8) has a low ionization
potential, and hence, its charge-transfer state (W," in Figure 4a)
is low-lying and close to the intermediate state curve, which
is responsible for H-abstraction. Consequently,'®~'2 the charge-
transfer state mixes strongly into TSn(8) and induces a strong
polar effect in the H-abstraction process.

There are a few probes that reveal this mixing,**'* one of
them is the charge transfer (Qcy) from the alkane to Cpd I in
the TSy. Comparison of the NBO-computed values in Figure 9
reveals that DMA (8) transfers the largest amount of charge
compared with other substrates. Such a Qcr value reveals the
expected strong mixing of the charge-transfer state into the
TSy species, due to the conjugation of the nitrogen lone-pair
of 8 into the cationic center.*®'* This mixing is weaker for the
p-CN and p-NO, DMAs (12, 13), and absent for toluene (9)
and ethane (2). Thus, the deviation of 8 from the barrier pre-
dicted by eq 6 is caused by the larger resonance energy fac-
tor, B (51.14 vs 46.78 kcal/mol), which reflects stronger VB
mixing in the corresponding TSy species. An augmented B
applies also to the deviation of 14 (B = 49.65 vs 46.78 kcal/
mol).

Let us emphasize in summary that our goal here was to
model the DFT barriers,"*22 which exhibit trends qualitatively
similar to relative reactivity deduced from experiment'“? using
internally consistent D¢, values. It is entirely acceptable to use
experimental BDEqy's with egs 1 and 6, assuming that REg. val-
ues can also be extracted from experimental data, as done by
Sanderson.>? Thus, while eq 6 is clearly not a panacea, it is
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useful, and together with the VB diagram model, it provides

insight into major factors that determine the barrier.
Radical Rebound. At the rebound junction (Figure 5), the

promotion-energy gaps are rather small and given by eq 7a:

2Greb = IPp. = EApeop — € (7a)

Grep = IPg. — EAreon — C + AEpeou(m — 07,)  (7b)

IPp- is the radical-ionization potential, EAreon is the elec-
tron affinity of the iron-hydroxo complex, C is the Coulomb
stabilization energy in #?[PorFe(lll)OH~/R*], while AEreon(t*—0")
is the orbital-excitation term. This last term (26 kcal/mol)
appears only for G, and constitutes a large fraction of the
total gap. Consequently, without this quantity, the doublet-
state rebound would generally be barrier-free.

Using *Gep With eq 1 for the barrier, we can outline
rebound-reactivity scenarios. Thus, in a series of radicals with
one iron-hydroxo complex, G, is governed by changes in
IPg-: the smaller the IPg., the lower is the rebound barrier. This
trend was discussed before'? for a series of experimental sys-
tems including 6 and 7.'%2* Thus, since IP(6g) > IP(7g) by ca.
11 kcal/mol,'® 6 exhibits some radical-rearrangement prod-
ucts, while 7 shows none.?*2> One can further predict that
changes of cysteine to electron-withdrawing ligands (CF3SOs)
will diminish the rebound barriers, since these changes
increase EAreon in €q 7b,'® while decreasing AEreon(r™—0"52)
due to o*,> orbital-energy lowering."* Finally, replacing iron by
the stronger-binding ruthenium will increase the correspond-
ing AEgon(t"™—0",2) quantity and lead to a large rebound bar-
rier.?® A similar rationale predicts'® that different P450
isozymes will possess different rebound barriers and exhibit
thereby variable extents of radical-rearranged products.

Reactivity Patterns in Sulfoxidation

Sulfoxidation by Cpd I exhibits reactivity reminiscent of single-
electron transfer (SET) reactions, but without traces of thioet-
her cation radicals, thus implying a direct oxo-transfer
mechanism with some SET character.”® To probe these trends,
we computed” P450 sulfoxidation of the para-substituted thio-
anisoles (SRR’) in Scheme 4, which were reported to exhibit a
correlation of rates with the thioanisole redox potentials.”

SCHEME 4
O .&-CHjs
N7 >N S c
~ -
( ~Fel +> +
NN
HS X

X=H, MeO, Me, NO,
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The DFT results®®® revealed a concerted reaction (e.g,, Fig-
ure 1b) with a lower LS surface® and barriers that correlated®
with the ionization potentials (IPsgr) and the oxidation poten-
tials of the thioanisole. Figure 6 reveals that the reasons for these
reactivity patterns derive from the promotion gaps, in egs 8a and
8b, where EAyq is the electron affinity of Cpd I:

Gis = IPsgp — EAcpq) (8a)

Grs = Pspr = EAqpa 1 + Ao — 072) (80)

Application of the barrier expression in eq 1 shows? that
the sulfoxidation of thianisoles behaves as a “reaction fam-
ily”, with constant f = 0.2 and B = 13.5 kcal/mol, which are
theoretically acceptable values for reactions that involve syn-
chronous SET and bond making.”*® The barrier expression
is given by eq 9:

AE} 5= 0.2G,gs — 13.5 kcal /mol (9)

This magnitude of B rules out an outer-sphere SET, where
B — 0, since such a TS would have lost 13.5 kcal/mol of sta-
bilization energy. This conclusion accords with the lack of thio-
ether cation radicals in these reactions,® unless the reaction
were done with enzymes that deny the thioanisole access to
Cpd 1.%°

Figure 10 plots the predicted AE{g against AEfer values for
both HS and LS states (R?> = 0.984). Furthermore, combining
egs 8a and 9 shows that the difference between the HS and
LS barrier is given as follows:

AE}s — AEfg = 0.2AE ol — 0%,) (10)

Using the calculated AEgeo(m"—0"22) value predicts a barrier dif-
ference of 5.6 kcal/mol, in agreement with the DFT results.®

The BEP Principle

Since H-abstraction reactions'> 162239735 exhibit recurring cor-
relations between rate constants and BDEcy or BDEgeon, it is
important to establish when such correlations reflect genu-
ine BEP effects.?° For a data set with various Cpd I's and
18 1 NO, (HS)

16
14
12
10

AE',(eq.9), keal/mol

4 6 8 10 12 14 16 18
AE' ., keal/mol

FIGURE 10. A plot of VB barriers (eq 9) vs DFT computed ones.>
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alkanes,'*'63° the barrier expression eq 2, which treats sym-
metrically the reactant and product ends, allows an appreci-
ation of the role of the reaction driving force. Figure 11 shows
the VB diagram for H-abstraction, with promotion gaps noted
at both sides."®

Neglecting the quadratic term, eq 2 can be rewritten as
follows:"?

AEyg = folDey + Dreg—pl + 0.5AF,,—B (11)

Dcn/Dreo-n are vertical bond energies at the diagram extremes
(Figure 11). Although we know that with such a variety of
alkanes 1—15 (Figure 7)'*%22<and L—Cpd | species (16—18,
Figure 11),'® we cannot expect constant f, and B, still it is
instructive to keep the same parameters as above, and use fo
= 0.3 and B = 46.78 Kkcal/mol, to estimate all the correspond-
ing barriers.'*222< Figure 12 shows these barriers plotted
against DFT values. Considering the variety of reactions and
the assumption of constant fo and B, the scatter is expectedly
significant (R> =0.729). Other modifications in eq 11 are

f
/Tat' p R

°ne IP'I([V) 3 H
L] : 0
L] ] L 1] .+ . | .
— F|c — — e —
|
L L
} i
Reactant ——H-abstraction——  Intermediate
/—‘""\ ?H!’RI
NN NZITON
G2 + R = (P
<l N LN

] [

L L
R-H = cyclohexane

L = SH, OAc, Cl, CF;S03
15 16 17 18

FIGURE 11. VB diagram for H-abstraction from alkanes by Cpd |
species with variable ligands, L.
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FIGURE 12. VB barriers (eq 11) plotted against DFT barriers.
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FIGURE 13. A BEP plot for 1-18.

placed in the Supporting Information (Table S5), including a
BDE-only version (R?> = 0.821, Figure S2).

Equation 11 gives insight into reactivity as an interplay of
an intrinsic contribution, fo[Dcy + Dreon] — B, and the thermo-
dynamic contribution, 0.5AE,. Thus,'® the barrier originates in
the first term, while the BEP term (0.5AE,,) is a modulator. For
the entire set, fo[Dcy + Dreo-n] — B = 14.25 + 2.76 kcal/mol,
which is quasiconstant. If it were strictly a constant, then the
thermodynamic driving force, eq 12, would have to be the
sole modulator of the barrier variations:

AE,, = BDEqy, — BDEgeq_y (12)

Figure 13 shows a BEP plot for the entire data set (1—18).
While as expected, the scatter is significant (R> = 0.680), still
the data exhibit a general follow-up of the BEP principle.2°

Let us focus on a trend observed recently in synthetic Cpd
I's.'634 When we use the Cpd | series in Figure 11 and
abstract the equatorial H from cyclohexane,'® the VB expres-
sion for the barrier becomes

AEjz~A — 0.5BDE;q_1; A=f,G, — B+ 0.5BDE,
(13)

Since A in this series is quasiconstant, the barrier is
expected to decrease in the series as BDEr.o-n becomes larger,
as manifested in Figure 14 (R*> = 0.756).'%3>

Valence Bond Modeling of Cytochrome P450 Oxidations Shaik et al.

Similarly, for a series of Cpd I species and a given thioet-
her,3 the corresponding reaction energy is eq 13, while the
barrier is given by eq 15:

AE,, = BDEg.—o — BDEo_gpe (14)

AEiy~A+ 0.5BDE;_o; A=f,Gy—B — 0.5BDEy_cpe
(15)

Assuming quasi-constant A, the barrier should correlate with
BDEfe—o, as generally revealed by Figure 15 (R? = 0.741).

Inspection of Figures 14 and 15 reveals that the axial
ligand L applies generally opposing effects on BDEg.—o and
BDEreo-1. Thus, the powerful -donor substituents weaken the
Fe=0 bond of Cpd | but strengthen the FeO—H bond. As such,
in accord with observations,'®343> electron donating axial
ligands enhance the reactivity toward H-abstraction and direct
oxo-transfer reactions. These are bona fide BEP effects, which
carry over to other systems.>33> However, being a modula-
tor, the BEP effect will breakdown whenever the principal fac-
tors, G or B, vary adversely.'"'2 Such cases are apparent in
Figures 13—15. For example, in sulfoxidation a donor ligand
raises G by lowering the EAcyq; value thus canceling the ther-
modynamic advantage (L = OAc vs SH, Figure 15). Other
cases have been reported in H-abstraction by oxo-ruthenium
nonheme reagents.'®

20 -

keal/mol

av*
=
1

3 - - .
m— Fo i + CeHis

+
+

AE
=N

& e
(L=SH, OAc, Cl, CF3503) SH
T ] T T 1
80 82 84 86 88 90
BDE, ., ;- kcal/mol

FIGURE 14. DFT barriers vs BDEo-n for H-abstraction from
cyclohexane.
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FIGURE 15. DFT barriers plotted against BDEge—o for sulfoxidation
of thianisole by L—Cpd 1.
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Prospects

Application of the VB diagram to archetypal reactions that are
catalyzed by Cpd | of P450 leads to a unified understanding
of complex bioinorganic transformations, creates order in the
data, and lends itself to making predictions and interfacing
between experimental and theoretical data.

The principles discussed herein can be generalized to other
P450 processes. Thus, the sulfoxidation treatment is applica-
ble to oxo-transfers to amines.®® Similarly, the alkane
hydroxylation treatment is applicable to double-bond epoxi-
dation and arene hydroxylation, with modifications: the inter-
mediate state curves here involve triplet unpairing of the
m-systems, and the charge-transfer state curves will be low-
lying with significant mixing into the bond-activation TSs,
thereby leading to hybrid reactivity.®

Nonheme reactivity>” was shown'® to follow similar lines.
One challenge, however, is a first-principle derivation of the
enhanced reactivity of higher spin-state reactions.?®39 Still
greater challenges will be met in the application of the VB
model to P450 processes, which involve proton-coupled elec-
tron transfer, C—C bond coupling, etc.2®
Supporting Information Available. Methods of calculations,
BDEs of FeO—H and Fe=O0, activation energies for C—H cleav-
age of cyclohexane, results of DFT calculations, estimated fo,
B, and barriers by VB and DFT theories, and Cartesian coor-
dinates of various ligand species. This material is available free
of charge via the Internet at http://pubs.acs.org.
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