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CONS P EC TU S

O ver the past decades metalloenzymes and their synthetic
models have emerged as an area of increasing research

interest. The metalloenzymes and their synthetic models oxidize
organic molecules using oxometal complexes (OMCs), especially
oxoiron(IV)-based ones. Theoretical studies have helped re-
searchers to characterize the active species and to resolve
mechanistic issues. This activity has generated massive amounts
of data on the relationship between the reactivity of OMCs and
the transition metal's identity, oxidation state, ligand sphere, and
spin state. Theoretical studies have also produced information on
transition state (TS) structures, reaction intermediates, barriers,
and rate�equilibrium relationships. For example, the experi-
mental�theoretical interplay has revealed that nonheme en-
zymes carry out H-abstraction from strong C�H bonds using high-spin (S = 2) oxoiron(IV) species with four unpaired electrons on the
iron center. However, other reagents with higher spin states and more unpaired electrons on the metal are not as reactive. Still other
reagents carry out these transformations using lower spin states with fewer unpaired electrons on the metal. The TS structures for
these reactions exhibit structural selectivity depending on the reactive spin states. The barriers and thermodynamic driving forces of
the reactions also depend on the spin state. H-Abstraction is preferred over the thermodynamicallymore favorable concerted insertion
into C�H bonds. Currently, there is no unified theoretical framework that explains the totality of these fascinating trends.

This Account aims to unify this rich chemistry and understand the role of unpaired electrons on chemical reactivity. We show
that during an oxidative step the d-orbital block of the transition metal is enriched by one electron through proton-coupled electron
transfer (PCET). That single electron elicits variable exchange interactions on the metal, which in turn depend critically on the
number of unpaired electrons on the metal center. Thus, we introduce the exchange-enhanced reactivity (EER) principle, which
predicts the preferred spin state during oxidation reactions, the dependence of the barrier on the number of unpaired electrons in
the TS, and the dependence of the deformation energy of the reactants on the spin state. We complement EERwith orbital-selection
rules, which predict the structure of the preferred TS and provide a handy theory of bioinorganic oxidative reactions. These rules
show how EER provides a Hund's Rule for chemical reactivity: EER controls the reactivity landscape for a great variety of transition-
metal complexes and substrates. Among many reactivity patterns explained, EER rationalizes the abundance of high-spin
oxoiron(IV) complexes in enzymes that carry out bond activation of the strongest bonds. The concepts used in this Account might
also be applicable in other areas such as in f-block chemistry and excited-state reactivity of 4d and 5d OMCs.

Introduction
Nature uses oxoiron complexes in essential transformations1

for metabolism of living organisms. For example, oxoiron(IV)

moieties abound in heme enzymes,1a in R-ketoglutarate-

dependent dioxygenases, such as, taurine:R-ketoglutarate
dioxygenase (TauD), and pterin-dependent hydroxylases.1b

Fe2O2 diamond cores function in hydroxylases and in

desaturases.1b,c In Rieske dioxygenases,1b the implicated
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species is oxo-hydroxoiron(V). In other enzymes, it is supero-

xoiron(III).2 Scheme 1 shows transformations catalyzed by

these species. Hydroxylation and desaturation, for example,

are stepwise and are initiated by initial hydrogen atom

transfer (HAT); others like oxygen-atom transfer (OAT) are

concerted processes.

This richness, and the fact that nonheme enzymatic

oxoiron(IV) species generally possess high-spin ground

states, has propelled bioinorganic chemistry into creative

design of high-valent oxometal complexes (OMCs) that can

emulate or surpass Nature.1,3 This activity has generated

plenty of oxometal and nitridometal complexes,3d,e with

different spin states and reactivity patterns. Computational

chemistry has contributed essential insight into properties of

these reactive intermediates and their mechanisms, thus

leading to a fruitful experimental�theoretical interplay.4

There comes a time for generalizations.

Our group has used density functional theory (DFT) to

study such reactions.5 Scheme 2a shows the complexes

studied, arranged by ligand types. Scheme 2b depicts sub-

strates used for reactivity investigations. This study has

generated common insight, which is reviewed here with a

focus on the dominance of the spin-state identity in shaping the

reactivity landscape of these complexes.

In addition to factors that affect organic transformations,

in bioinorganic reactions, the number of unpaired electrons

on the metal center changes during the oxidation process,

thereby creating a highly variable exchange interaction that

favors some spin states and specific mechanisms as media-

tors of the transformation.6�8 Furthermore, these favored

states have transition states (TSs) with unique structural

characteristics.6�8 Accordingly, this Account articulates con-

cepts that generalize these reactivity patterns. The first

concept is the exchange-enhanced reactivity (EER),6,9 which

accounts for the high reactivity of certain spin states (e.g.,

S = 2 FeIVO species) and for the ubiquity of stepwise over con-

certed mechanisms, for example, in C�H/CdC activation.

Combining EER with orbital-selection rules6b,c leads to

SCHEME 1. Reactions of Oxoiron Complexes

SCHEME 2. Oxidants (a) and Substrates (b) Studied by DFT5
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stereochemical predictions for the TSs in different spin states.

Finally, the reactants' deformation energy in the TS10 shows

the origins of the EER effect on reaction barriers.

Alkane activation (Scheme 1) is a key reaction of OMCs; it

commences with HAT and generates a variety of products.

These mechanistic features are similar for other stepwise

processes (e.g., epoxidation), and therefore, focusing on

alkane activation will reveal general insight. Accordingly,

we introduce first the EER concept,9 using FeIVO HAT-

reactivity, and subsequently, we outline the EER scope for

other OMCs and oxidation reactions.

Alkane Activations by OMCs
Figure 1 shows archetypical cases of alkane activations re-

presenting the systems in Scheme 2, one describing two-state

reactivity (TSR) and the other single-state reactivity.11 Case 1

uses [N4PyFeIV(O)]2þ (2) as an octahedral example, with a

strong-field ligand, reacting with cyclohexane (S10).12 Dur-

ing HAT, in (a), the S = 1 ground state exhibits a high barrier,

while the excited S = 2 state mediates the HAT with

a low barrier, forming the ground state intermediate
5IH(Fe

IIIOH/R 3 ).
6a,b,d,13 Subsequently, in (b), 5IH bifurcates be-

tween rebound and desaturation. Since R 3 is weakly bound,

it can also dissociate,13 leading to a free radical that is

trapped by O2.
14 Case 2 typifies reactions of complexes with

weak ligand fields, using for example the reaction of 16with

ethane (S12).5,15 Here, S = 2 is the ground state that also

mediates theHAT at a lowbarrier. S =1 is higher lying.4c,8b,16

Note the following: (i) The reactive state is S = 2 for both

cases. (ii) The desaturation barrier nascent from FeIIIOH/R 3 is
close to the first HAT even though the thermodynamic driving

force is much larger for desaturation. The root cause of these

FIGURE 1. Alkane activation reaction profiles for oxidant/substrate pairs proceeding via HAT followed by rebound and/or desaturation (2H).
Case 1: 2/S10.13 Case 2: 16/S12.5,15
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two features is the EER in the HAT step versus the exchange

saturation in the follow-up step.15

These findings of a favored spin state abound, for exam-

ple, for oxoiron,5,17 nitridoiron,3d,18 oxochromium,19 and

oxomanganese20,21 complexes reacting with alkanes and

olefins.Whatmakes certain spin states favored over others?

Exchange-Enhanced Reactivity
The above trends are associated with exchange interac-

tions.22,23 Consider two electrons in two d orbitals. Whenever

these electrons have identical spins, the electron�electron

repulsion is reduced compared with opposite-spin electrons.

This reduction is expressed by the exchange interaction term,

Kdd, which varies with the spatial extension of the d-orbitals

and their delocalization onto the ligands.9,22,23

Figure 2 shows trends of Kdd values. Figure 2a shows that

Kdd gets larger as the transition metal changes from left-

to-right in a period, whereas stepping down a column

decreases Kdd.
22 Figure 2b shows Kdd(MOþ)/Kdd(M

þ), the

ratio of Kdd for an OMC to the bare-metal cation.9,23 In the

FIGURE 3. Electron-shift diagrams describing electronic reorganizations in the d- and σCH-orbitals, during HAT pathways for LFeIVO/R-H,
in S = 1 (a,c) and S = 2 (b,d).

FIGURE 2. (a) Kdd values for transition-metal cations (Mþ) in the 3d and 4d periods.22,23 (b) Ratios of Kdd for OMCs (MOþ) to Mþ.9,22,23
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first half of the first-row transition metals, where the d-type

orbitals aremore localized on themetal, the ratio is closer to

1, while in the latter half it drops. In the 4dmetals, Kdd(MOþ)/

Kdd(M
þ) is∼0.5.23 Clearly, exchange will matter more for 3d

metals, and may increase as the metal-oxo bond gets

elongated during the reaction. These trends carry over to

nitridometal complexes.

Counting Exchange Interactions During Bond Activa-

tion. A useful mnemonic for tracking the number of Kdd's

is the electron-shift diagram,6b�d,8b,9,13,16 exemplified in

Figure 3 for HAT whereby the oxidant changes from FeIVO

to FeIIIOH, and the alkane R�H to a radical R 3 . Hence, the
iron d-orbitals gain one electron during HAT. This can be

viewed as a concerted proton-coupled electron transfer

(PCET),9,13 whereby the electron of H 3 shifts to a d orbital,

while Hþ makes a bond to a lone pair on the oxo ligand.

Figure 3 shows generic HATpathways: In Figure 3a (S =1),

a β-spin electron shifts to the π*xz/yz d-orbital, leaving behind
2FeIIIOH, ferromagnetically coupled to an R-electron of the

radical (in φC). Figure 3b shows the same process for S = 2,

wherein an R-electron shifts to σ*z2, generating
6FeIIIOH

antiferromagnetically coupled to R 3 . Similarly, Figure 3c,d

shows the alternative S = 1 and S = 2 paths, wherein

the electron shifts to σ*z2 and π*xz/yz, respectively.

Inspection of the LFeIIIOH moieties shows that, in

Figure 3b, the PCET increases the number of exchange

interactions by 4Kdd units, while in Figure 3d it depletes the

exchange stabilization by 3Kdd units. Similarly, in Figure 3a,

the exchange stabilization decreases by 1Kdd, while in

Figure 3c it increases by 2Kdd. Therefore, in exchange-only

terms, the most favored process is Figure 3b. However, this

process involves also promotion energies within the d-block

orbitals, relative to the S=1processes. Therefore, the balance

of the exchange-energy change (ΔKdd) versus the orbital

promotion energy (ΔEorb) will determine the energy ordering

of the 3,5IH intermediates for the processes in Figure 3.

Computed Kdd values for FeO complexes are typi-

cally 9.3�13.6 kcal/mol,9 that is, ∼12 kcal/mol on average.

The values of ΔEorb(π*xz/yzf σ*z2/δxyf σ*x2‑y2) are sensitive

to the ligands; for N5-ligands, ΔEorb ∼ 50�60 kcal/mol,7c,9

while for weaker-field ligands, for example, 16, ΔEorb ∼
29�37 kcal/mol (see the Supporting Information), that is,

∼50 kcal/mol on average. For FeIIIOH/R 3 where the Fe�O

bond is long, ΔEorb decreases by 10�20 kcal/mol (see the

Supporting Information). Nevertheless, for simplicity, we use

the average values to predict the energy ordering for the
3,5IH intermediates in Figure 3.

5IH,σ in Figure 3b is favored by 7Kdd units over 5IH,π; in

Figure 3d, this amounts to∼84 kcal/mol and exceedsΔEorb-

(π*xz/yzfσ*z2). Similarly, relative to 3IH,π,
5IH,σ is stabilized by

10Kdd (∼120 kcal/mol), which exceedsΔEorb(π*xz/yzf σ*z2�
δxy f σ*x2�y2) ∼ 100 kcal/mol. By contrast, vis-�a-vis 3IH,π,
3IH,σ is stabilized by 3Kdd (∼36 kcal/mol), which is smaller

than ΔEorb (∼50 kcal/mol). Thus, the 2Sþ1IH species in HAT

processes of many oxoiron(IV) complexes will assume the

following order: E(5IH,σ) < E(3IH,π) < E(5IH,π) ∼ E(3IH,σ), in

agreement with theoretical results.13,16 As such, the ΔEorb/

ΔKdd balance determines the thermodynamic driving force of

HAT during alkane hydroxylation, and creates a favored state

that has specific spin and unique electronic structure.

These considerations apply also to the corresponding

TSs. Figure 4 shows the spin-natural orbitals (SNOs)13 of
5TSH,σ during HAT for 2/S2 and 16/S12.13,15 It is seen that

the d-orbitals gain an electron4c,6b and they contain ∼5

R-spin electrons (4.82�4.89), while a β-spin electron resides

in a φCHO orbital, in accord with the electron-shift diagram in

FIGURE 4. SNOs of 5TSH,σ species and their occupancies (in parentheses): (a) 2/S2 and (b) 16/S12. The negative occupation number signifies a
β-spin electron.
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Figure 3b. As such, the electron-shift diagram in Figure 3 is

portable and can predict trends in TS as well.

Since the Fe�O bond in TSH is longer than in the FeIVO

reactant, the ΔEorb(TSH) value decreases. As such, the TSH
species canbeorganizedbasedon thebalanceof theexchange

and orbital-promotion terms, which lead to the same order as

obtained for 2Sþ1IH, namely, that 5TSH,σ is the lowest energy

species, followed by 3TSH,π and then by 5TSH,π and
3TSH,σ.

Furthermore, 5TSH,σ (Figure 4a) is stabilized relative to the

reactant cluster 5RC by 4Kdd units (∼48 kcal/mol), while

3TSH,π is depleted relative to 3RC by 1Kdd (∼12 kcal/mol).

Thus, the barrier on the EER state (S = 2) will be smaller than the

barrier on the exchange-depleted state (S = 1).

Figure 5 shows computational results for these TSH spe-

cies calculated for 2/S213 and 1/S12.16 Clearly, the ΔEorb/

ΔKdd balance predicts the energy ordering and shows that

the exchange-enhanced 5TSH,σ species has the lowest en-

ergy, and that the barrier on the EER state is significantly

smaller than on the exchange-depleted state, S = 1. Sophis-

ticated ab initio calculations reproduce the lower energy of
5TSH,σ versus

3TSH,π.
16,24

Furthermore, the specific results in Figure 5 are generally

encountered in our group (Scheme 2)5,6,13,15,24 and else-

where,7,8,16 thus unequivocally supporting the preference of

the EER state. This may be the reason for the abundance of

nonheme enzymes which possess S = 2 oxoiron(IV) active

species. Experimental studies17,25 convincingly demon-

strated the superiority of S = 2 FeIVO centers.

Orbital-Selection Rules
The electron-shift diagrams lead to spin-dependent stereo-

chemical predictions of the TS trajectories.6b,13,15 Thus, a TS

will adopt the geometry/trajectory that maximizes the over-

lap of the two orbitals that participate in the electron shift

during the formation of the TS from the reactants.

Based on Figure 3, in S = 1 the electron shifts from σCH to

π*xz/yz, and hence, 3TSH,π is predicted to prefer a sideways

orientation that maximizes the σCH�π*xz/yz overlap. How-

ever, during the formation of 5TSH,σ, an electron shifts from

σCH to σ*z2. Therefore,
5TSH,σ is predicted to assume an

upright orientation that maximizes the σCH�σ*z2 overlap.

The overlap cartoons are displayed in Figure 6a.
FIGURE 5. 2Sþ1TSH,σ/π energy ordering for (a) 2/S213 and (b) 1/S12.16

The lowest energy profiles are depicted underneath.

FIGURE 6. (a) Orbital-overlap cartoons predicting the orientations of 3TSH,π and
5TSH,σ based on Figure 3. (b) TS geometries5 for HAT reactions

of oxidant/substrate pairs.
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Figure 6b shows that the computed geometries follow the

prediction. Thus, while being soft, still the FeOH angle in
3TSH,π is 113�142�, whereas for 5TSH,σ it is 164�177�. These
common features6�8,16,24,25 illustrate that exchange enhance-

ment endows the TS with specific stereochemistry, typical of

the electronic reorganization required to form this TS.

EER and Deformation Features of TSs. Figure 6b also

shows key bond lengths. Thus, generally, the 5TSH,σ species

are “earlier” than 3TSH,π, exhibiting less C�H/Fe-O bond

breakage and less O�H bond making. Apparently, exchange

enhancement stabilizes 5TSH,σ by enabling it to assume

an earlier geometry compared with the exchange-depleted

3TSH,π species. Hence, the generally observed6,13,15,21,26 Ham-

mond effect27 for the geometry of 5TSH,σ originates in the

exchange-enhanced stabilization of this TS.

Figure 7 shows energetic manifestation of the Hammond

effect by plotting the deformation energy of the reactants in

the TS, ΔEdef, against the corresponding gas-phase barrier,

ΔE‡. The reactions include various oxidants and substrates,

taken from Scheme 2.5,6d,13,15,21 The line in Figure 7 has a

slope of unity, such that a TS that has a higher deformation

energy than the corresponding barrier lies above the line,

while the opposite holds for TSs below the line. Black boxes

represent the EER states (S = 2 for all FeIVO cases and S = 1 for

MnVO), while blue circles represent the exchange-depleted

states. It is seen thatmost of the cases lie close to or above the

line, namely, ΔEdef g ΔE‡. This in turn means that the barrier

generally derives from the deformation energies of the reactants in

the TS rather than from any interaction between them.

Figure 7 leads to two conclusions: First, since most reac-

tions maintain ΔEdef g ΔE‡, there is then no need to invoke

also steric effects to explain the barriers. This means that

steric repulsions aremanifested here as greater TS-deformation

energies. The only case where steric effects appear expli-

citly is the reaction of [(TMG3tren)Fe
IV(O)]2þ, 11, with S2 in

S = 2 (red box, Figure 7),6d which despite the available

exchange-enhanced interaction, still has a barrier higher than

ΔEdef. The presence of steric hindrance28 for 11 was demon-

strated by Que et al.,29 using 12, which reacts faster than 11

due to the greater access to the substrate. Second, Figure 7

shows that exchange-enhanced stabilization enables the corre-

sponding reactions to establish TSs at a lower deformation energy

FIGURE 8. (a) S = 1,2 energy profiles for intramolecular HAT in 6-Fe. (b) SNOs and their occupations (in parentheses) for 5TSH and 3TSH.
30

FIGURE 7. Plot of ΔEdef in
2Sþ1TSH species of various reactions versus

the corresponding gas-phase barriers, ΔE‡.
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cost compared with the corresponding cases for the exchange-

depleted TSs.

Is EER a Strong Rule?
Intramolecular decay of FeIVO complexes like 6�930 pro-

vides a test of the strength of the EER concept, because the

structural constraints prevent the formation of 5TSH,σwith an

upright orientation. Thus, if the σCH�σ*z2 orbital interaction

(Figure 6) is the key factor of 5TSH stability, we may expect

that 5TSH,σ will have to revert to the higher 5TSH,π species,
16

as indeed reported for some cases.7b,8c If however, the

exchange is dominant, we may expect then to find 5TSH,σ�
type species despite the constraint of —Fe�O�H to ∼100�.

The energy profiles for intramolecular HAT in 6-Fe in

Figure 8a show that 5TSH lies below 3TSH by 6.5 kcal/mol.

Figure 8b reveals that 5TSH contains ∼5 R-spin electrons in

the d-orbitals and one β-spin electron on the C�H�O

moiety. This electronic structure follows the predictions

of the electron-shift diagram (Figure 3b) for 5TSH,σ. Similarly,
3TSH is the exchange-depleted 3TSH,π species. This is one of

many cases, which behave similarly.30 As such, 5TSH,σ
that maximizes the exchange on iron materializes de-

spite the severe structural constraints. This in turn means

that the exchange-enhanced stabilization overrides the

overlap constraints. EER is a strong rule; it stabilizes the

corresponding TS even when the overlap with the σ*z2
orbital is poor.

Scope of EER
While the EER state for FeIVO complexes is high-spin S = 2,

the high-spin S = 5/2 state of FeOþ (17) has a high HAT

barrier.11 By contrast, the S = 5/2 state of Por•þFeIVO (18),

which consists of S = 2 FeIVO coupled ferromagnetically

to S = 1/2 Por•þ, exhibits tiny HAT barriers.6c RuIVO

complexes, 4-Ru, 6-Ru, and 13-Ru, show generally S = 1

SCHEME 3. d-Orbital Occupancies in Several S = 5/2 Complexes

FIGURE 9. Axial-ligand effects on barriers of the EER states for (a) 6-AN/
S2 and 6-SR/S25,26 and (b) 1/S14 and 5/S14.24
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reactivitywith highbarriers;3c,31,32 the corresponding S=2 is

much too high to matter.5,31 Let us therefore elaborate on

the scope of EER.

Axial Ligand Effects. Baerends et al.7a predicted the HAT-

barrier dependence on the σ*z2-orbital energy, upon axial-

ligand variation. The electron-shift diagram (Figure 3b) pro-

vides a similar rationale for the dependence of barriers on

the axial ligand of nonheme FeIVO reagents. Thus, as 5TSH,σ
is generated by shifting an electron to σ*z2, the height of the

S = 2 barrier is expected to increase as the axial ligand

becomes a more powerful electron-donor that raises σ*z2.

Figure 9 shows that changing the axial ligand in 6 from

CH3CN to CH2CH2S
� raises the S = 2 HAT barrier,5,26 and

a change from NH3 in 1 to the more basic HO� ligand in 5

raises the barrier by 12.2 kcal/mol.24 Thus, powerful electron

donors as axial ligands diminish the EER advantage.

Exchange Saturation. Not every high-spin state enjoys

EER. Scheme 3 shows electronic structures for reagents with

S = 5/2 states. Scheme 3a shows the ground S = 5/2 state

of the diatomic FeOþ; Scheme 3b shows the S = 5/2 moiety

of L5Fe
IIIOH, which is part of the 5IH,σ intermediate (Figure 1)

or can model the reactive species of lipoxygenase;33

Scheme 3c shows the [(H3Buea)Fe
IIIO]2� complex,34 14;

and Scheme 3d shows an FeIIINR type reagent.35 These

are contrasted in Scheme 3e with the S = 5/2 excited state

of the P450 reagent (Por•þ)(SH)FeIVO.6c It is seen that, in

Scheme 3a�d, the S = 5/2 species contains FeIII with a half-

filled d-orbital block,which is exchange-saturated. Addition of

an electron during an oxidation step will cause a loss of 4Kdd
in the corresponding TS, and therefore, these species are

not expected to be highly reactive. Indeed, FeOþ(S = 5/2)

is unreactive.11 L5Fe
IIIOH is not as reactive as L5MnIIIOH (d4,

S = 2).33 Exchange saturation is also the reason why the

thermodynamically favorable second HAT by FeIIIOH lead-

ing to desaturation (Figure 1) has almost the same barrier as

the first HAT which is nascent from the EER S = 2 state.5,15

Similarly, [(H3Buea)Fe
IIIO]2� activates only substrates with

weak C�H bonds,34 and the S = 5/2 state of FeIIINR

complexes35 is also a sluggish H-abstractor. By contrast,

the S = 5/2 state of (Por•þ)(SH)FeIVO is intrinsically reactive6c

because the d-orbital block of its FeIVO center is not ex-

change-saturated and will exhibit EER.

Figure 10 shows that the HAT barrier for the reaction of

the exchange-saturated [(H3Buea)Fe
IIIO]2� complex with

CHD34 is considerably higher than those for the EER states

in Figures 1 and 5, wherein FeIVO complexes activate much

stronger C�H bonds.

Generalization to other OMCs
As seenabove,manifestationsof EERdependon thed-electron

count on the metal.

High d-Electron Count. FeIV with d4 has maximal EER

advantage in S = 2 with four unpaired electrons. Com-

plexes with dn configurations where n > 4 will experience

low reactivity due to exchange depletion.22,36 There-

fore, EER in Co and Ni37,38 will be observed if com-

plexes can be prepared3e with oxidation states of V and

VI, respectively.

Low d-Electron Count. High-valent early transition-

metal complexes have too few d-electrons to confer EER.9

For example, LCrVO complexes have d1 configurations, and

hence EER, will not be manifested during the bond-activation

step. The exchange stabilization will commence during re-

bound, when LCrIVOH is converted to LCrIII(ROH) and the

d-orbital block is enriched by two d-electrons.9,19 The mini-

mum number of d-electrons for which the bond-activation

step still exhibits EER is d2 as typically found in MnVO

complexes.

Figure 11 summarizes the HAT reactivity of 19-X,

[Cz(X)MnVO], with DHA, S1.21 Figure 11a shows that the

S = 1 (δ1π*xz/yz
1) state enjoys EER, starting above S = 0 but

becoming the ground state for TSH and IH due to gain of 3Kdd
relative to the S = 0 species. It is the S = 1 state that leads to

the observed39 dramatic axial-ligand effect on reactivity.

Figure 11b shows that DFT calculations21 reproduce the

experimental barrier-lowering effect of the electron-rich ligands.

Groves's20b pioneering study provided evidence for the impor-

tance of this excited state. Eisenstein et al.20a emphasized its

oxyl-radical character.

Second and Third RowComplexes. RuIVO is an example

where the Kdd shrinkage (Figure 2) and increased orbital-

energy gaps disable EER.31,32 Figure 12 shows that the S = 2

state for RuIVO is high-lying throughout the bond activation

FIGURE 10. DFT computed HAT barrier (kcal/mol) for 14-Fe/S2.5
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phase. Note that S = 2may exhibit EER in photochemistry of

RuIVO complexes.

Concerted 2e-Processes. The above discussions apply

also to olefin epoxidation, which, like alkane activation,

involves two consecutive one-electron steps. By contrast,

OAT (Scheme 4) is a concerted two-electron process26 that

conserves the number of exchange interactions and does

not enjoy EER. Indeed, it is observed17a,25,31 that HAT by

oxoiron(IV) complexes benefits from the advent of the S = 2

state, whereasOAT to phosphines shows little benefit, if any.

In fact, OAT responds to the electrophilicity of the oxoiron-

(IV) reagent.26,31 The same holds true for MnVO com-

plexes.40 The reason that FeIVO reagents abstract hydrogen

rather than inserting into C�H bonds is that the latter 2e-process

does not enjoy EER.

Mechanistic Considerations. Spin crossover11,41,42a af-

fects reactivity. Scheme 5 shows a generic HAT reaction

with two states.6b,26 Scheme 5a describes a case where the

small initial spin-state gap results in fast spin pre-equilibrium.6-

b,26,42b Consequently, the reaction proceeds via 5TSH, and the

spin crossover confers EER catalysis of HAT. Scheme 5b

describes large spin-state gaps where the spin crossover will

occur en route to 5TSH. Aswas shown in an extensive study,41a

such a late spin-crossover event is typified by a depleted

FIGURE 12. S = 1/S = 2 relative energies (kcal/mol) for 6-Ru(X).31

SCHEME 4. Electron-Shift Diagrams for OAT26

SCHEME 5. Spin Crossover Scenarios:6b,26 (a) Spin Pre-Equilibrium (b)
Crossover En Route to the 5TSH with Spin-Inversion Probability (SIP) < 1
Marked As Dashed Arrow

FIGURE 11. (a) DFT21 energy profile for HAT in 19 (X = none)/S1, with electron-shift diagrams for S = 0 and S = 1. (b) Computed ΔG‡ values versus
experimental ones for 19-X (X = none, F�, CN�)/S1.
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spin�orbit coupling and poor spin-inversion probability41a

(SIP). This will downsize the EER effect.6b,26

Our5,6b,21,26 minimum-energy crossing-point (MECP)42a

calculations reveal the two scenarios (see the Supporting

Information). For example, in the reaction 19/S1, the MECP

coincides with the TS geometry of the EER state.21 However,

for the reactions described in Figure 9a, 6-AN exhibits a

high-energy MECP en route to 5TSH, while 6-SR with the

small spin-state gap may follow a pre-equilibrium scenario.

The findings that the calculated5,26 HAT barrier for 6-SR is

larger than that for 6-AN, whereas experiment shows that

6-SR is more reactive,43 led us to conclude26 that the HAT

reactions of 6-SR proceed with SIP = 1, while those of 6-AN

with SIP < 1 due to depleted spin�orbit coupling.41a Clearly,

rigorous treatments of the spin crossover issues will be

necessary to reveal when does EER fully manifest and when

is it downsized by poor SIP.

Prospects
The EER concept and orbital-selection rules provide a frame-

work for understanding of bioinorganic oxidation reac-

tions. Thus, we show that exchange controls the thermo-

dynamic driving force, the reaction barrier, and the TS

structure. It also rationalizes the prevalence of stepwise

mechanisms over concerted insertions into C�H/CdC bonds,

and the ubiquity of high-spin oxoiron(IV) complexes in

enzymes.1,3a�3e Since the relative exchange stabilization

is responsible for the relative stability of the various

intermediates during the HAT step (e.g., Figure 5), EER will

generally coincide with the Bell�Evans�Polanyi (BEP) princi-

ple, which was demonstrated byMayer44 and others6b,8b,21,34

to rationalize HAT reactivity. However, by itself, this principle

cannot account26 for the variety of reactivity patterns dis-

cussed here, for example, the TS structure or the preference

of HAT despite the thermodynamic preference of C�H inser-

tion, and so forth.

The concepts described above are portable and allow

making predictions on less studied areas. For example, the

use of oxo-lanthanide and oxo-actinide complexes may

reveal if f-orbitals can constitute a sink for theadded electron

during oxidation and thereby leading to EER. Similarly, high-

valent CoVO and NiVIO complexes are promising EER candi-

dates. Finally, 4d and 5dOMCsmay reveal EER in the excited

state, thus extending the horizons of the concept.

Supporting Information. Additional references, tables of

Kdd, ΔEorb, and ΔEdef values, a figure of MECP calculations,

and Cartesian coordinates. This material is available free of

charge via the Internet at http://pubs.acs.org.
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