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The paper addresses the surging topic of H-abstractions by closed-shell molecules, such as MnO4
�, a-

methylstyrene, ketones, metal-oxo reagents, etc. It is found that in the normal hydrogen atom transfer

(HAT) regime, closed-shell abstractors require high barriers for H-abstraction. Under certain

conditions a closed-shell abstractor can bypass this penalty via a proton-coupled electron transfer

(PCET) mechanism. This occurs mainly in the identity reactions, e.g. MnO4
� abstracting a hydrogen

atom from MnO4H
�$, but not in the corresponding non-identity reactions with alkanes. The usage of

the valence bond (VB) diagram model allows us to characterize the HAT/PCET mechanistic

relationship and bridge their reactivity patterns. It is thus shown that in the normal HAT regime, high

barriers for closed-shell abstractors occur due to the additional promotion energy that is required in

order to create a radical center and ‘‘prepare’’ the abstractor for H-abstraction. Mixing of the PCET

states into the HAT states mitigates however these high barriers. The variable HAT/PCET mixing in

a reaction series is discussed and its consequences for reactivity are outlined. It is shown that non-

identity reactions sample PCET characters that depend, among other factors, on the C–H bond

strength of the alkane, and hence may cause the Marcus analysis to produce different identity barriers

for the same identity reaction.
Introduction

Hydrogen atom transfer (HAT), eqn (1), is a fundamental

process occurring in nature.1–12

X$ + H–Y / X–H + $Y (1)

While the majority of HAT reactions involve radical abstrac-

tors,13,14 there has been a growing repertoire of reactions wherein

the HAT reaction involves closed-shell abstractors;15,16 e.g.,

a-methylstyrene (a-MS), various ketones, and metal-oxo species

such as Cl2CrO2, MnO4
�, Mn(V)O. Thus, despite the fact that all

these abstractors have no unpaired electrons, they still manage to

abstract a hydrogen atom. The notion of closed-shell abstractors

has become recently a surging topic, with reports on the efficient

H-abstraction reactivity of Mn(V)O and Ru(IV)O in their singlet

states.16 In view of the fact that in most known Mn(V)O systems

the reactive state is the open-shell triplet state that is initially an

excited state of the abstractor,13a,b;17 and the recent report that the
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closed-shell abstractor vanadium(V)-oxo is a more sluggish

reagent than an analogous open-shell abstractor Ru(IV)O,18 it

is deemed essential to address the relationship between the

open-shell and closed-shell HAT types, and to draw some

generalities. This is one goal of this paper.

Another surging topic is the finding that quite a few of the

HAT reactions occur via the alternative path of concerted

proton-coupled electron transfer (PCET).19,20 While there is

a consensus that in PCET the electron and proton transfer events

are separated, different approaches employ different criteria to

characterize the mechanism. Our criterion herein is to describe

PCET as a process that involves a proton abstraction by the

abstractor atom center, while at the same time the electron is

relayed to an orbital that is not involved in the H-transfer

region.19h,i;20 This leads to the question: could all the closed-shell

abstractors actually operate by PCET? Even more importantly,

the relationship between ‘normal’ HAT and PCET is intriguing,

and we would like to outline its consequences in some predictable

manner.

To address these questions we performed DFT calculations of

the H-abstraction reactions by closed-shell and open-shell

abstractors,15 described in Schemes 1a and b. Scheme 1a shows

five reactions; four wherein MnO4
� abstracts a hydrogen atom

from four different alkanes, with decreasing C–H bond strength,

methane, cyclohexane, toluene and 9,10-dihydroanthracene

(DHA), and the reaction of a-MS with DHA. Scheme 1b shows

seven identity self H-exchange reactions, the first three involve
Chem. Sci., 2012, 3, 1903–1918 | 1903
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Scheme 1 (a) Non-identity H-abstraction reactions of MnO4
� with alkanes and the reaction of a-MS with DHA. (b) Identity self H-exchange reactions

of the various abstractors.
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radical abstractors, and the last four involve closed-shell

abstractors. Few other identity reactions of radical abstractors

have been studied (e.g., allyl radical and propene, etc) but are not

depicted in Scheme 1b, and will be mentioned later. The entire

data can be found in the electronic supplementary information

(ESI†).

The valence bond (VB) diagram model of reactivity21 will be

used to analyze the computational data and to relate it to

experiment. As we shall show, based on a past prediction,21b

closed-shell abstractors reacting with alkanes (Scheme 1a) pay an

energy penalty of ‘‘preparing a radical state’’ that can perform

the HAT. However, it will also be demonstrated that in some of

the identity reactions (Scheme 1b), the closed-shell abstractors

find a way to evade the energy penalty via the PCET mechanism.

This dichotomy creates intriguing consequences, such as the
1904 | Chem. Sci., 2012, 3, 1903–1918
non-unique value of the identity barrier for the closed-shell

abstractor derived from the Marcus cross relationship

(MCR).15e,19b,22,23 It will be argued that this outcome reflects the

blending of HAT and PCET characters.
Methods

All calculations were done with the B3LYP functional,24 using

the GAUSSIAN 09 package of programs.25a Natural bond

orbital (NBO) charge densities were obtained with NBO 5.G.25b

Geometry optimizations were carried out with the all electron

6-311++G** basis set (henceforth, B1).26a All energies include

zero-point energy (ZPE) correction. To test the convergence of

B3LYP, we used also the Def2-TZVP basis set (B2), which is an

extended all-electron basis set designed for DFT calculations.26b
This journal is ª The Royal Society of Chemistry 2012
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The calculations showed deviations of barrier by �1.0 kcal

mol�1, and of even less than that for reactivity factors, such as the

singlet–triplet excitations and bond dissociation energies (BDEs),

needed for the application of the VB model.21,27 In the case of the

ketone/ketyl reaction (Scheme 1b),15j we used CCSD(T)

with correlation consistent basis sets,26c to estimate the BDE of

the O–H bond of the ketyl radical (see Table S1, ESI†).

Since we are interested in the nature of H-abstraction process,

the investigation was limited to the H-abstraction step (see Fig. 1

later) starting from the reactant cluster (RC) and ending in the

H-abstraction intermediate (IH). The follow-up steps were not

studied.

All the non-identity reactions in Scheme 1a start as closed-shell

singlet state reactants, but end up with open-shell singlet-dir-

adical states. As such, one must be careful to ascertain that these

reactions do not exhibit non-physical effects due to self-interac-

tion error (SIE).28 Using the diagnosis in ref. 28, we found that

the reactions in Schemes 1a do not exhibit these effects and

additionally, the computed barriers match experiment whenever

available.

We also tested the option that the reactions in Scheme 1a pass

via the closed-shell transition states (TSs) or via triplet TSs. For

example, for the reaction of MnO4
� with methane, we found that

the closed-shell TS lies near to the open-shell TS, and is only 3.7/

4.1 kcal mol�1 higher in energy (optimized/single point closed-

shell TS calculation on the geometry of the open-shell TS).

Similar results were found for all the reactions in Scheme 1a; the

closed-shell TSs were 0.5–4.0 kcal mol�1 higher than the open-

shell ones. To avoid any bias for one set or the other, we shall

display two sets of barriers, one going through the lower-energy

open-shell TS, the other through the slightly higher closed-shell

TS. In contrast, the triplet transition states were significantly

higher, 5.1–13.3 kcal mol�1 higher than the open-shell singlet TSs

(see Table S4, ESI†), and were accordingly ruled out as media-

tors for these reactions. The reaction energies (fromRC to IH) for

all these processes were well within 1 kcal mol�1 from the

difference in the computed BDEs of the C–H and $MnO3O–H�

bonds, and hence these values were used in the analyses for

both sets.
Fig. 1 Generic energy profiles, showing barriers and reaction energies for H

difference between the IH and RC energies), and (b) identity reactions. RC

H-abstracted intermediate for the non-identity process.

This journal is ª The Royal Society of Chemistry 2012
The reactions in Scheme 1b involve open-shell to open-shell

transformations and are hence less susceptible to SIE effects.

Indeed, all of the identity reactions showed no obvious signs of

SIE.28 The identity reaction MnO4
�/MnO4H

�$ was studied by

adding K+ counter ions in order to generate an RC. In the

absence of the counter ions the electrostatic repulsion prevented

the approach of the reactants. It was verified that the removal of

the counter ions from the RC and TS, followed by partial opti-

mization keeping the H/O distance in the [O3MnOH/
OMnO3]

2� RC fixed, and fully optimizing the TS, produced

a rather similar energy barrier. Hence, the counter ions simply

mask the electrostatic repulsion, but otherwise do not affect the

activation associated with the H-abstraction.
Results

Barrier data

Fig. 1 shows the generic energy profile for the reactions in

Schemes 1a and b. Initially the reactants form a loose RC. In the

non-identity case, the H-abstraction leads to the formation of the

H-abstracted intermediate, IH, which is a singlet-diradical for all

the cases. In the identity reactions, the reactant and product

clusters are mirror images and are labeled as RC and PC.

Tables 1 and 2 collect barriers, reaction energies, and available

experimental data. The two sets of barriers correspond to the

open-shell (OS) and closed-shell (CS) TSs. Added to Table 1

(entries 1b and 3b) are previous data,29 and while the original

paper does not specify it, the barrier data seem to correspond to

the closed-shell option. It is seen that for three of the reactions

(entries 3–5), for which experimental data are available,15e–h the

DFT barriers and thermodynamic driving force quantities match

experimental values. Furthermore, as found experimentally, the

barriers in Table 1 reflect the Bell–Evans–Polanyi (BEP) prin-

ciple,30 decreasing as the reaction driving force becomes less

endothermic.15e–h

Table 2 reports the calculated and experimental barriers for

the identity reactions in Scheme 1b. The experimental barriers

for these reactions are given whenever available as DG‡
exp
-abstraction during (a) non-identity reactions (the reaction energy is the

and PC are reactant and product clusters, respectively, and IH is the

Chem. Sci., 2012, 3, 1903–1918 | 1905
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Table 1 B3LYP/B1 calculated and experimental barriers and thermodynamic driving forces (kcal mol�1) for the non-identity reactions in Scheme 1aa

X Y–H DE‡(OS)/DE‡(CS) DERC–IH
DH‡

exp(DG
‡
exp) DH0

exp
f

(1a) MnO4
� CH4 27.3/31.4 23.4 25.0

(1b) MnO4
� CH4 32.3b 24.3b

(2) MnO4
� C6H12 23.3/27.3 16.4 19.3

(3a) MnO4
� PhCH3 20.0/21.6 7.0 21.0 � 1.0 (26.0 � 1.0)c 9.9

(3b) MnO4
� PhCH3 21.8b

(4) MnO4
� DHA 14.6/15.1 �5.2 13.8 � 1.0 (19.0 � 2.0)c �2.0

(5) a-MS DHA 32.6/33.1 26.6 35.9 � 1.4 (44.7 � 1.4)d (41.0)e 31.5

a All values are corrected by ZPE. See Fig. 1a for definitions. b From ref. 29. c From ref. 15e–g. d From ref. 15h. e DG‡
exp value, scaled to 298 K. f Using

BDEs.
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(DH‡
exp), respectively.

15,31–33The experimental identity barriers in

entries 1 and 6 were directly derived from kinetics.15j,31 It is seen

that the DFT barrier for the methyl-radical/methane self

H-exchange is very close to the experimental activation energy

datum. The corresponding DG‡
exp datum is, as expected, higher

by �5–6 kcal mol�1, due to the entropic contribution associated

with the loss of degrees of freedom upon association (�TDS‡
exp,

T ¼ 298 K). Generally speaking, DFT seems to be quite reliable

for calculating barriers of identity H-abstraction reactions

between alkyl radicals and alkanes. For example, the B3LYP/B1

identity barrier20a of 16.5 kcal mol�1 for PhCH2$/PhCH3 is

reasonably close to the experimental enthalpic barrier, 18.7 kcal

mol�1,33 and as expected, the corresponding DG‡
exp datum is

about �5 kcal mol�1 higher, 23.4 kcal mol�1. In this respect, it is

also gratifying to note that the DFT value in entry 6 is close to

but lower than the experimentally determined free energy of

activation for analogous reactions.15j

The other ‘‘experimental’’ identity barriers, in entries 3–5, were

extracted32 by using the MCR22,23 analysis in eqn (2a) and (2b)

(see comments in ESI†).

DG‡
XY ¼ DG0

‡ + 0.5DGrp + DGrp
2/16DG0

‡ (2a)

DG0
‡ ¼ ½[DG‡

XX + DG‡
YY] (2b)

The MCR procedure involves first, using eqn (2a), the

dissection of the barrier DG‡
XY for a non-identity reaction to

yield an intrinsic barrier, DG0
‡. In turn, DG0

‡ is expressed as an
Table 2 B3LYP/B1 calculated and experimentally derived barriers (kcal mo

X X–H

(1) CH3$ CH4

(2) C6H11$ C6H12

(3) DHAyl$ DHA
(4) MnO4

� MnO4H
�$

(5) Cl2CrO2 Cl2CrO2H$
(6) (CH3)2CO (CH3)2COH$
(7) Ph(CH3)C]CH2 Ph(CH3)2C$

a See Fig. 1b for notations of the barriers. b From ref. 31. c For equatorial/equ
DG‡

exp,XX is derived from the Eyring equation using the reported32a,b rate con
reaction, FeIII(Hbim) + DHA. e Using the data in d and DGrp ¼ �5.7 kcal m
constant ¼ 2 � 106 M�1 s�1. f Using the MCR analysis of the reactions, Cl2C
experimental identity barrier for PhCH2$/PhCH3 is from ref. 33. The identi
kcal mol�1. g From ref. 15j. h From MCR analysis, using the experimental D
in entry 5 (Table 1), and the computed DE‡

YY (Y ¼ DHA) ¼ 17.2 kcal mol�

1906 | Chem. Sci., 2012, 3, 1903–1918
average of two identity barriers as in eqn (2b). Knowing one of

these identity barriers enables one to extract the other. The

extracted identity barriers are assumed to carry over from one

reaction to the other (see ESI†). Thus, the MCR extracted

identity barrier (entry 3), 31.5 kcal mol�1, for the reaction of

DHAyl$-radical/DHA,32a,b was used by us in eqn (2) together

with the barrier for the non-identity reaction of MnO4
� with

DHA,15g and the corresponding bond dissociation free ener-

gies32b,d which yield DGrp(MnO4
�/DHA) ¼ �5.7 kcal mol�1, to

derive the barrier datum, 11.4 kcal mol�1, for MnO4
�/MnO4H

�$

(entry 4). Note that the MCR-based identity free energy barrier

for DHAyl$-radical/DHA, appears too high, considering barriers

of other alkyl/alkane reactions discussed above. Thus, assuming

an analogy to PhCH2$/PhCH3, for which DG‡(PhCH2$/PhCH3)

¼ 23.4 kcal mol�1, would predict for MnO4
�/MnO4H

�$, an

identity free energy barrier, �19.6 kcal mol�1 (see comments in

ESI†).

Entry 5, in Table 2, is seen to involve two different ‘‘experi-

mental’’ values for the identity barrier of Cl2CrO2/Cl2CrO2H$,

which are extracted from MCR analyses of two different reac-

tions. The first and lower value was extracted from the reaction

of Cl2CrO2 with PhCH3,
15f and the second one from the reaction

of Cl2CrO2 with cyclohexane.15c,d The B3LYP calculated identity

barrier is close to the smaller free energy barrier datum. Finally,

in entry 7, the MCR extracted identity barrier (from data for the

non-identity reaction of a-MS with DHA15h) is significantly

smaller than the directly calculated DFT value. As we shall see

later despite the inherent uncertainties in experimental MCR
l�1) for the identity reactions in Scheme 1ba

DE‡
XX,B3LYP DG‡

exp,XX (DH‡
exp,XX)

14.6 20.0 (14.7)b

15.0 (ee)/15.6 (aa)c

17.2 31.5d

11.6 11.4e

11.5 12.9 (4.7)f/30.0 (21.2)f

10.3 12.6g

23.2 (15.6)h

atorial and axial/axial C–H bonds. d Using MCR analysis (eqn (2)). The
stant 5 � 10�11 M�1 s�1 (T ¼ 298 K), extracted from MCR analysis of the
ol�1 generates this identity barrier. The reported32c MCR estimated rate
rO2 + PhCH3/Cl2CrO2 + C6H12, respectively. See ref. 15f for data. The
ty barrier for C6H11$/C6H12 was estimated in ref. 21e to be 20.2 (13.8)
H‡ and DH data for the non-identity reaction, Ph(CH3)C]CH2/DHA,
1.

This journal is ª The Royal Society of Chemistry 2012
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analyses, the observation of different identity barriers extracted

from the application of the MCR procedure to different non-

identity process may not be an artifact, and may represent an

HAT/PCET mechanistic blend, which is different for different

reactions.

Using the B3LYP/B1 barriers and thermodynamic driving

forces in Tables 1 and 2, one can perform an MCR analysis (eqn

(2a) and (2b)) and derive intrinsic barriers from the DFT calcu-

lated data. The so-obtained intrinsic barriers can in turn yield the

identity barriers of the abstractors,DE‡
XX, basedonknownvalues

for the alkyl-radical/alkane reactions (Table 2). Since the MCR

analysis is sensitive to the barrier values, we used only our

computationally uniform set of B3LYP/B1 barriers from Table 1.

We recall that each reactionhas abarrier calculatedwith the open-

shell option and a slightly higher one calculated with the closed-

shell option. To avoid any bias in the conclusions, we performed

theMCRanalysis on both barriers sets. Table 3 collects the results

of this MCR analysis. In the first column of numerical values, we

show the intrinsic barriers, DE‡
0 values (eqn (2a)), and in the

following column we show the identity barriers for the abstrac-

tor’s self H-exchange reaction,DE‡
XX, derived from eqn (2b). The

last column of numerical values shows the corresponding

DE‡
XX(B3LYP) values, obtained from direct B3LYP/B1 calcula-

tions of the self H-exchange reactions.

The first four entries of the DE‡
XX (eqn (2b)) column, in

Table 3, all refer to the same self-exchange reaction, MnO4
�/

MnO4H
�$. No matter which barrier set we use in the MCR

analysis, the so-extracted identity barrier for the MnO4
�/

MnO4H
�$ identity reaction depends on the non-identity reaction

used for the analysis. Using the open-shell derived barriers, the

resulting DE‡
XX(MnO4

�/MnO4H
�$) values obtained from the

reactions of MnO4
� with CH4 and with C6H12 are close to the

directly calculated DFT barrier, and are significantly lower than

the values obtained from the reactions with PhCH3 and DHA,

where the C–H bonds are weaker. On the other hand, using the

barriers derived from the closed-shell option gave higher

DE‡
XX(MnO4

�/MnO4H
�$) values for CH4 and with C6H12.

Finally, the closed-shell barriers for the closed-shell optimized

TSs (not shown in Table 3), gave the same trend with

DE‡
XX(MnO4

�/MnO4H
�$) values varying between 27.0 and

18.1 kcal mol�1. Thus, in all sets, the extracted identity barrier for

the identity process MnO4
�/MnO4H

�$ differs from one reaction

to the other, and most values are higher than the directly

calculated identity barrier. This variation reminds the analysis of

the experimental barriers in entry 5 in Table 2, where different
Table 3 Intrinsic and identity barriers (kcal mol�1), extracted by application
X + H–Y /$X–H + Y$, shown alongside B3LYP/B1 calculated identity ba

X H–Y DE‡
0 (eqn (2a))a

(1) MnO4
� CH4 13.0/17.8

(2) MnO4
� C6H12 13.9/18.2

(3) MnO4
� PhCH3 16.3/17.9

(4) MnO4
� DHA 17.1/17.6

(5) a-MS DHA 16.6/17.2

a Calculated using the MCR analysis (eqn (2a) and (2b)). The two values repo
values taken from Table 1. b DE‡

XX values were calculated from the intrinsic ba
DHAyl and a-MS/cumyl$). For Y¼ PhCH2 from ref. 20a. c Directly computed
parentheses is an approximate value obtained by removal of the counter ions

This journal is ª The Royal Society of Chemistry 2012
non-identity reactions yielded different identity barriers for the

same identity reaction, Cl2CrO2/Cl2CrO2H$ from two different

reactions. Another interesting feature is seen in entry 5, where the

MCR-based identity barrier for a-MS abstracting an H from

cumyl$ radical is 16.6/17.8 kcal mol�1. These values are very close

to the DH‡
XX(a-MS/cumyl$) value of 15.6 kcal mol�1 extracted

by MCR analysis of the experimental data15h (Table 2, entry 7).

By contrast, the directly computed value (B3LYP/B1) is higher,

23.2 kcal mol�1. The origins of this dichotomy will be analyzed in

the discussion section.
Transition state features

Fig. 2 shows the transition states for the HAT reactions of the

open-shell alkyl radicals. Fig. 2 also includes key geometric

features, spin and charge density distributions, and plots of the

singly occupied natural orbital (NO) in the TS. The three TSs are

quite similar, all having a virtually linear C/H/C moiety with

CH distances in the range of 1.347–1.377 �A, their spin distribu-

tion involves large positive spin densities on the two alkyl

moieties, and a small negative density on the middle H moiety,

typical of three-electron/three-center delocalized species.21c,34 The

singly occupied NO in all the TSs is a non-bonding orbital with

a node on the H in transit, thus further revealing the expected

electronic structure of typical to normal HAT TSs with three-

electron/three-center delocalization.

Fig. 3 shows the four TSs for the identity reactions where the

abstractor is a closed-shell molecule. The three TSs in Fig. 3a–c

possess O/H/O moieties in the HAT region. In all of the three

structures the O/H distances are similar, 1.194–1.195 �A, the

total spin density on the O/H/O transit region is rather small,

while the charges strongly alternates, for example, �0.62/+0.47/

�0.62 for the TS in Fig. 3a. Furthermore, in all of the cases the

singly occupied NO is not in the transit region. In the cases of the

metal-oxo abstractors (Fig. 3a and b), the electron is in an orbital

made from a combination of the d orbitals (with antibonding

character from the other oxo ligands) on the metal-centers, and

in the case of the ketone/ketyl reaction in Fig. 3c, the singly

occupied NO is positive combination of the p*CO (mostly of

2pp(C) character) orbitals of the CO moieties flanking the H

in transit. In the 4th TS (Fig. 3d) corresponding to the reaction of

a-MS and cumyl$ radical, the C–H distances are quite long,

1.391 �A, the spin density in the H2C/H/CH2 transit region is

small, while the charges are relatively small (�0.12/+0.24/�0.12).

The singly occupied orbital in Fig. 3d spans mostly the benzylic
of eqn (2a) and (2b) on the B3LYP/B1 barriers for non-identity reactions,
rriers for X + H � X$ / $X � H + X

DE‡
XX (eqn (2b))a,b DH‡

XX(B3LYP)

11.4/21.0 11.6 (�15)c

12.2/20.8 11.6 (�15)c

16.1/19.3 11.6 (�15)c

17.0/18.0 11.6 (�15)c

16.6/17.8 23.2

rted for each entry correspond to MCR analysis of the DE‡(OS)/DE‡(CS)
rriers,DE‡

0 (eqn (2b)) usingDE
‡
YY values from Table 2 (Y¼CH3, C6H11,

for MnO4
�K+/$MnO4H

�K+ using B3LYP/B1 (see Table 2). The value in
while performing constrained optimization (see Methods).

Chem. Sci., 2012, 3, 1903–1918 | 1907
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Fig. 2 Key geometric features, group spin densities (r), NBO charges (Q), and the singly occupied natural orbital (NO) for the identity HAT reactions

of the following pairs; (a) CH3$/CH4, (b) C6H11$/C6H12 (axial–axial and equatorial–equatorial), and (c) DHAyl$/DHA.
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carbons with a contribution on the H in transit, which is not

reminiscent of the ‘‘normal’’ HAT orbitals in Fig. 2. Clearly these

four self H-exchange TSs that mediate the HAT of closed-shell

abstractors are entirely different than the TSs for the radical

abstractors in Fig. 2. Three of them look like proton transfers in

the transit region, along with an odd electron transfer through

another set of orbitals, namely PCET processes.19h,i;20 The fourth

one is certainly not a PCET TS, but what is it then?

Fig. 4 shows the open-shell optimized TS species for the non-

identity reactions of the closed-shell anion MnO4
� (parts a–c)

and of a-MS (part d). Fig. 4 also includes geometric features,

spin and charge density distributions, and plots of the two singly

occupied corresponding orbitals36 (COs) in the TS. These COs

are obtained by transforming the corresponding NOs that are

fractionally occupied to singly occupied ones (for the NOs of the

triplet TSs see Fig. S2 in ESI†).

Comparison of these non-identity reactions to the identity

processes in Fig. 3 reveals striking differences. Thus, whereas the
1908 | Chem. Sci., 2012, 3, 1903–1918
spin density and singly occupied orbitals of MnO4
�/MnO3OH�$

(Fig. 3a) are not involved with the O/H/O transit region and

are typical of PCET mechanisms, for the non-identity reactions

of MnO4
� (Fig. 4a–c) those features are entirely different. For

example, Fig. 4a reveals that the TS for MnO4
�/C6H12 involves

typical HAT features; alternating spin density distribution in the

transit region O/H/C,34 with large densities on the atoms

flanking the H, and two singly occupied orbital, one is largely an

MnO d-type orbital (p*MnO), and the other is spanned over the

transit region with a node on the H atom in transit (f*OC). In the

closed-shell TS species, the latter orbital is doubly occupied,

while the similar one with the greater d-type (p*MnO) contribu-

tion is vacant. Similar features are noticeable in all the other

non-identity processes in Fig. 4; their two singly occupied

orbitals possess each a node between the carbon-centered hybrid

and the p or p* d-type orbitals of MnO (Fig. 4b, c), or the C]C

p and p* orbitals of a-MS (Fig. 4d). All these TSs resemble the

standard HAT reactions in Fig. 2. Note however, that the charge
This journal is ª The Royal Society of Chemistry 2012
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Fig. 3 Key geometric features, spin densities (r), NBO charges (Q), and the singly occupied natural orbital (NO) for the identity HAT reactions of the

following pairs; (a) MnO4
�/MnO3OH�$, (b) Cl2CrO2/Cl2CrO2H$, (c) (CH3)2C]O/(CH3)2C–OH$, and (d) Ph(CH3)C]CH2/PhC(CH3)2$.
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distribution is still alternating in the transit region, and exhibits

a significant proton transfer character (see e.g., QH values),

which is variable for the different processes of MnO4
�. Clearly,

whereas the identity processes of the closed-shell abstractors

(Fig. 3) are ‘normal’ PCET, the non-identity processes of these

abstractors (Fig. 4) become largely HAT types with some PCET

characters, which is mostly apparent from the group charges at

the transit region. This issue will be discussed in the next section.
Discussion

A. Electronic structures of HAT and PCET mechanisms

Let us start the discussion by providing first, in Scheme 2,

simplified orbital pictures of the TSs.19d,e;20 Scheme 2a describes
This journal is ª The Royal Society of Chemistry 2012
a HAT process, where the X/H/Y moiety in the transition

state involves three electrons, one contributed by the X$ radical

center and two by the H–Y bond pair, hence producing a three-

electron/three-center TS. The characteristic orbitals of such

a TS are the doubly occupied bonding orbital along the axis

X/H/Y, fs
+, and the singly-occupied non-bonding-type

orbital, fs
�, having a node on the H atom in transit. Such a TS

typifies the alkyl-radical/alkane reactions in Fig. 2.

Scheme 2b shows an alternative manner for H atom transfer.

Here the abstractor is the closed-shell ketone, R2C]O, while

the H atom donor molecule is the corresponding ketyl radical,

R2C–OH$, that possesses an odd electron in an antibonding p*

orbital composed largely of 2pp(C) with a smaller contribution

from 2pp(O). As can be seen from Scheme 2b, in the TS

the abstractor conserves the p-bond and utilizes instead an
Chem. Sci., 2012, 3, 1903–1918 | 1909
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Fig. 4 Key geometric features, spin densities (r), NBO charges (Q), and the singly occupied corresponding orbitals (COs) for the non-identity HAT

reactions of the following pairs; (a) MnO4
�/C6H12, (b) MnO4

�/PhCH3, (c) MnO4
�/DHA and (d) a-MS/DHA. For simplicity we keep the same labels for

the COs in parts (a)–(c).
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electron-pair on the oxo moiety as a base that abstracts the

proton from the O–H bond of the R2C–OH$ radical, while the

odd electron is transferred from one p* orbital to the other, thus

being located in their positive combination, fp*
+ in the TS. The

reaction between the closed-shell MnO4
� abstractor and the H

atom donor radical MnO3OH�$, in Scheme 2c, follows precisely

the same route, and the orbital that accommodates the single

electron is composed here of the combination of the d orbitals on

the Mn centers, with antibonding contributions from the oxygen

ligands. The reaction of Cl2CrO2 with Cl2CrO2H$ conforms to

Scheme 2c.

The O/H/O transit moieties in the TSs in Schemes 2b and c

look therefore like proton abstraction moieties, with four elec-

trons delocalized over three centers, with two electrons in each of

the fs
+ and fs

� orbitals. At the same time, the odd electron is
1910 | Chem. Sci., 2012, 3, 1903–1918
transferred between the low-lying antibonding orbitals. Such TSs

typify the identity reactions of the closed-shell abstractors in

Fig. 3a–c, and are referred to as PCET TSs, since they involve

proton transfer in the O/H/O region coupled to an ‘‘electron

transfer’’ between orbitals that lie off this region. Thus the

electron and proton transfer events are separated ‘‘in space’’,

albeit being concerted, as commonly understood for the PCET

mechanism.19,20

Scheme 2d depicts the orbitals for the HAT process, which is

alternative to the PCET described in Scheme 2b. Here the closed-

shell ketone decouples thep-bonding electrons of the C]O bond

such that in the TS we have in total five electrons delocalized over

five centers. The singly occupied orbital of such a five-electron/

five-center TS is labeled in Scheme 2d as fH, and is shown to

possess a large contribution on the H in transit. The alternative
This journal is ª The Royal Society of Chemistry 2012
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Scheme 2 Key orbitals in the transition states in various H-abstraction mechanisms. (a) A normal HAT mechanism via an X/H/Y three-electron/

three-center TS. (b) A PCET mechanism in the reaction of ketone with a ketyl radical with a four-electron/three-center proton-abstraction moiety and

1e-delocalization between p* orbitals centered on the carbons. (c) A PCET mechanism in the reaction of MnO4
� and MnO3OH�$. (d) An alternative

HAT mechanism in the reaction of ketone with a ketyl radical, via a five-electron/five-center TS. (e) A HAT mechanism with a five-electron/five-center

TS in the reaction of an olefin with an alkyl radical. (f) A HAT mechanism in the non-identity reaction of MnO4
� with an alkane H–Y (only the oxyl

contribution is shown for the MnO4 orbital).
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HAT process for the reaction of the closed-shell MnO4
�

abstractor with MnO3OH�$ would be precisely analogous to the

description in Scheme 2d. In this case too, the abstractor would

have to decouple the p-bonding electrons of the Mn]O bond,

and create a five-electron/five-center TS, having a single electron

in a fH orbital, with large contribution on the H in transit and

small ones from the d-orbitals of the two Mn atoms. Scheme 2e

shows that this type of HAT mechanism in fact occurs in our

calculations between the closed shell a-MS abstractor and the

cumyl$ radical, and the singly occupied fH orbital is precisely the

one shown above in Fig. 3d for this reaction.

Finally, Scheme 2f shows the non-identity reaction between

the closed-shell MnO4
� abstractor and an alkane, H–Y. It is seen

that here the abstractor must decouple its pMn]O electrons and

participate in a normal HAT. The singly occupied orbitals will be

then, the common HAT orbital fs
� (on the O/H/Y region)

and a d-type p* orbital largely on MnO (fd(Mn)). This is

precisely the electronic structure for the TSs of all the non-

identity reactions of MnO4
� with the various alkanes in Fig. 4a–

c, and is also the case for the reaction of a-MS with DHA in

Fig. 4d (where the second orbital is p* on a-MS).

It is apparent from Scheme 2 that H-abstraction has two

possible mechanisms, HAT and PCET. Simple radicals abstract

an H atom via the three-electron/three-center HAT mechanism

as in Scheme 2a. However, the identity reactions of ketone/

ketyl$, MnO4
�/MnO3OH�$, and Cl2CrO2/Cl2CrO2H$ transpire
This journal is ª The Royal Society of Chemistry 2012
via the PCET mechanism as in Schemes 2b and c, while in the

non-identity reactions with alkanes, these closed-shell abstrac-

tors select the regular HAT mechanisms, as in Scheme 2f. When

the closed-shell abstractor is a double bond of an olefin, as in

Scheme 2e, the process occurs by a five-electron/five-center HAT

mechanism. It is a good place therefore to discuss the mechanistic

choices for the various reactions we investigated in the present

study. In so doing, we shall show that a HAT/PCET mechanistic

blending could be responsible for the non-unique identity barrier

extracted by the MCR analysis of different non-identity reac-

tions of closed-shell abstractors. This will be done by means of

VB theory.21,27 Our discussion of the PCET mechanism will not

cover the non-adiabatic features.19d,e
B. Valence bond analysis of HAT and PCET mechanisms

The VB state correlation diagram (VBSCD) uses state correla-

tions to model the formation of the transition state and barrier

for elementary steps.21 Since it has been descried in great detail

before, we shall simply apply it herein to the HAT and PCET

mechanisms.

VB modeling of HAT for identity reactions. Fig. 5 depicts the

VBSCD for identity reactions; Fig. 5a describes the generic HAT

mechanism for a simple radical X$, while Fig. 5b describes

an assumed HAT for a closed-shell abstractor represented by
Chem. Sci., 2012, 3, 1903–1918 | 1911
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Fig. 5 VBSCDs describing normal HAT processes in identity reactions of, (a) a radical X$ with an alkane X–H, and (b) a closed-shell abstractorM]O

(M ¼ Mn, Cr, C) with a radical $M–OH; G is the promotion energy gap (preparation energy) and B is the resonance energy of the TS; DE‡
XX is the

general symbol for the barrier of identity reactions. The curved lines connecting the electron pairs signify singlet pairing.
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M]O, where M can be Mn, Cr, C, etc. The curves are anchored

in two ground states, R and P, of reactants and products, and

two excited states, R* and P*. The excited states are the

‘‘prepared states’’ (or synonymously, the ‘‘promoted states’’),

which by crossing and mixing allow bonding changes and

conversion from reactants to products along the reaction coor-

dinate.21b,e The state curves cross at the mid-point of the diagram

and avoid the crossing by mixing, generating thereby the TS and

barrier for the HAT process. The corresponding barrier21b,e;27 is

given by eqn (3a):

DE‡
XX,VB ¼ fG � BXHX (3a)

f ¼ 0.3 (3b)

BXHX ¼ ½BDE (3c)

Thus, the barrier is a fraction f of the promotion energy gap G

minus the avoided crossing term B. The quantity fG gauges the

total deformation and repulsion energies of the reactants at

the TS,35 while B is the resonance energy of the TS due to the

electronic delocalization. As shown before,27 and indicated here

in eqn (3a) and (3b), the value of f is 0.3 while BXHX is one-half of

the BDE of the bond X–H that is broken and remade. The

promotion energy G depends however, on the nature of the

abstractor, whether it is a radical or a closed-shell molecule.

In Fig. 5a, the preparation of the R* state involves de-coupling

of the two bonding electrons of the H–X bond to a triplet, and

recoupling the electron on H$ with the electron on the left-hand

X$. The promotion energy for this is given as twice the vertical

bond energy, D, of the H–X bond, in eqn (4a).21e,27 However, in

the case of a hypotheticalHAT for the closed-shell abstractor, the

gap has to include the additional decoupling of M]O bond,

which converts it to an oxyl-radical moiety, $M–O$, that can
1912 | Chem. Sci., 2012, 3, 1903–1918
participate in H-abstraction.21b The price for this additional

preparation is proportional to the singlet–triplet excitation of the

M]O abstractor, as expressed in eqn (4b):

G(open-shell) ¼ 2DHX (4a)

G(closed-shell) ¼ 2DHO + 3/4 DEST,M]O (4b)

D ¼ BDE + |RE|X (4c)

The proportionality factor in eqn (4b) is 0.75 due to the spin

pairing with the H$ in the overall doublet $M–O$/$H species.37

All the quantities in eqn (4a) and (4b) are accessible (see ESI†,

Table S1 and S2), either from experimental data or from

computations. D is obtained from the corresponding BDE, as

expressed in eqn (4c), where |RE|X is the reorganization energy of

the corresponding radical or abstractor. Thus for example, the

reorganization energy of CH3$ is �7 kcal mol�1, which accounts

for the geometry change of this moiety in the CH3–Hmolecule as

well as for the localization of the unpaired electron on the carbon

atom. Delocalized radicals have much higher reorganization

energies, e.g., 15.4 kcal mol�1 for DHAyl$ and 12.5 kcal mol�1 for

PhCH2$ (see ESI†, Table S1). In the case of a closed-shell

abstractor, e.g., of MnO4
�, the reorganization energy is 18.6 kcal

mol�1, corresponding to the change in energy of the MnO4
�

moiety from its relaxed geometric and electronic structures to its

state in the MnO3OH�$ species. Analogous and even larger

reorganization energies will appear in the barrier equations for

the Cl2CrO2 and (CH3)2C]O abstractors.

Thus, using all the relationships in eqn (3) and (4), we can write

the final barriers expressions as follows:

DE‡
XX,VB(radical abstractor) ¼ 0.1BDEHX + 0.6|RE|X$ (5a)

DE‡
XX,VB(MnO4

�-abstractor) ¼ 0.1BDEHO + 0.6|RE|M]O +

0.225DEST,M]O (5b)
This journal is ª The Royal Society of Chemistry 2012
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Fig. 6 VBSCD describing the PCET mechanism of the self H-exchange

reaction M]O + $M–OH / $M–OH + M]O, due to mixing and

avoided crossing of normal HAT states (in black), and proton transfer

(PT) states (in blue lines). Note that the character of the final energy

profile (the bold curve) changes; it is PCET near the TS and it becomes

HAT near reactants and products.
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It is apparent from eqn (5a) and (5b), that the reorganization

energy terms will make significant contributions to the identity

barrier, and in the case of the closed-shell abstractor M]O

(M ¼ Mn, Cr, C, etc), the additional preparation energy due to

the singlet–triplet de-coupling of the M]O bond will further

contribute a substantial increment to the identity barrier in case

of a HAT mechanism.

Eqn (5a) and (5b) allow us to estimate barriers from raw data,

for specific identity reactions of radicals and closed-shell

abstractors. The reactivity factors and VB-barriers are displayed

in Table 4, alongside the directly computed DFT barriers. Let us

focus initially on entries 1–9, which assume that all the reactions

proceed via a normal HAT mechanism. Entries 1–6 correspond

to HAT mechanisms by radicals, where we have added a few

more reactions in order to demonstrate the predictive ability of

the VBSCD model, while entries 7–9 involve an assumed HAT

mechanism for closed-shell abstractors.

Inspection of entries 1–9 in Table 4 reveals that the VB model

and eqn (5a) and (5b) for the HAT barrier predict nicely the DFT

barriers for the reactions that involve radical abstractors.

However, those VB barriers estimated for an assumed HAT

mechanism, for the reactions of the closed-shell abstractors in

entries 7–9, are highly overestimated compared with the DFT

barriers. This is in line with the above expectations that the

identity reactions of these closed-shell abstractors select in fact

the more favorable PCET mechanism for abstracting the

H atom.

VB modeling of PCET for identity reactions of closed-shell

abstractors. As we argued by reference to Scheme 2 above, all the

PCET mechanisms of oxo abstractors, such as ketones, MnO4
�

and Cl2CrO2, contain four-electron/three-center O/H/O

moieties, whereas the unpaired electron, initially on the H-donor

molecule, is delocalized between low-lying antibonding orbitals

of the two moieties. We therefore need in addition to the HAT

states in the VBSCDs in Fig. 5, also the charge transfer (CT)

states that mediate the proton transfer (PT) event, and together

constituting the PCET mechanism. This is shown in Fig. 6, using

a generic abstractor M]O (M ¼ Mn, Cr or C). Here we have

two sets of VB curves in regular black for the normal HAT
Table 4 Reactivity factors, VB derived barriers and DFT barriers (kcal mol

Reactions D BDE

(1) CH3$/CH4 108.5 101.4
(2a) C6H11$/C6H12

a 100.5 93.5
(2b) C6H11$/C6H12

a 100.8 93.6
(3) DHAyl$/DHA 88.2 72.8
(4) allyl$/propene 99.5 82.6
(5) C6H7$/C6H8

b 89.9 69.5
(6) PhCH2$/PhCH3 97.8 85.3
(7) Cl2CrO2/Cl2CrO2H$ (HAT)c 94.2 76.9
(8) (CH3)2CO/(CH3)2COH$ (HAT)c 52.3 23.3
(9) MnO4

�/MnO4
�H$ (HAT)c 95.8 77.2

(10) Cl2CrO2/Cl2CrO2H$ (PCET)d 94.2 76.9
(11) (CH3)2CO/(CH3)2COH$ (PCET)d 53.3 23.3
(12) MnO4

�/MnO4
�H$ (PCET)d 95.8 77.2

a Entry 2a corresponds to abstraction from the axial C–H, while entry 2b to
normal HAT mechanisms. d Assumed to proceed via PCET mechanisms.
corresponding B3LYP/B2 data, see Table S3, ESI†. g From ref. 20a.

This journal is ª The Royal Society of Chemistry 2012
process and blue for the PT process. The CT promoted states for

the blue state curves are generated by one-electron transfer from

a lone-pair of the M]O: abstractor into the O–H bond of MO–

H. These blue VB curves correspond to the classical four-elec-

tron/three-center reactions that have been amply described in the

past.21b,c,e Thus, these PT VB-state curves are anchored in CT

states of the reactants and products, FCT,r and FCT,p, and

correlate down to the corresponding proton-transferred reac-

tants and products, which are higher than the corresponding

HAT states that describe the reactants and products. Since the

CT states lie below the crossing point of the HAT states, the
�1) for identity reactions

RE DEST DE‡
XX,VB

e DE‡
DFT

f

7.1 14.4 14.6
7.0 13.6 15.6
7.2 13.7 15.0
15.4 16.5 17.2
16.9 18.4 19.4
20.4 19.2 20.6
12.5 16.0 16.5g

17.3 45.2 28.2 11.5
29.0 139.9 51.2 10.3
18.6 34.8 26.7 11.6 (�15)
17.3 45.2 13.4 11.5
30.0 15.4–17.7 10.3
18.6 14.1 11.6 (�15)

the equatorial. b C6H8 is 1,4-cyclohexadiene.
c Assumed to proceed via

e Eqn (5a) and (5b) for entries 1–9, eqn (7) for entries 10–12. f For

Chem. Sci., 2012, 3, 1903–1918 | 1913
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avoided crossing and mixing (no symmetry restrictions exist) of

the four state curves generate a PCET-type TS, which involves

a minor HAT character. However, on both extremes of the

diagram, the ground states are dominated by the HAT states. As

such, the mixing of four state curves creates a PCET TS that

mediates a net HAT process.

The location of the charge transfer states with respect to the

HAT state curves is affected at least by two factors. One factor

is the steeper descent of the charge transfer states curves, which

correspond to four-electron/three-center proton transfer and

hence involving a strong triple ionic character, O:� H+:O�,21b,c,e

embedded in each of the state curves. This feature makes the

curves highly concave, and hence they will likely cross the HAT

curves below the crossing point of the latter, as described in fact

in Fig. 6. The second factor is the location of the promoted CT

states, at the extremes of the diagram. This location depends on

the ionization energy (IE) of the abstractor and the electron

affinity (EA) of the O–H bond. If we take for example, the case

of the MnO4
� abstractor, its IE should not be too high (our

B3LYP/B1 IE[MnO4
�K+] value is 70 kcal mol�1 lower than that

of the lone pair of H2O), while the electron affinity of

MnO3OH�$ may well be substantial.38 Therefore, to begin with,

the charge transfer may lie below the HAT promoted states.

These two factors taken together lower the CT state curves,

which now dominate the TS region, and confer a PCET

mechanism with a rather low barrier. Furthermore, since the

proton transfer curves are anchored in CT states, unlike the

HAT curves, their energy levels will be shifted by solvent effect.

Hence, unlike HAT, the PCET reaction is expected to be

sensitive to solvation.

An approximate way of evaluating the VB-barrier for the

PCET mechanism in Fig. 6 considers the net promotion gap as

the energy difference between the ground state on the reactant

side (black line) all the way to the excited charge transfer state

(blue line) on the product side. Viewed in this manner, the

process involves breaking an MO–H bond, while at the same

time creating a repulsive 3e-interaction between the H$ species

and the oxo electron pair of $M–O:� in the CT state. The

repulsive three-electron interaction has the same expression as

the corresponding bond strength.21b,c,e Therefore the approxi-

mate value of this promotion energy gap is:

GPCET z 2DOH (6)

One can see that the promotion gap for PCET does not involve

anymore the additional energy for preparing the Mn]O for

bonding by triplet decoupling. The VB barrier expression

becomes:

DE‡
VB,PCET z fav(2DOH) � ½BDEOH; fav ¼ (fHAT + fPCET)/2 z

0.275 (7)

Since the HAT and PCET curves mix, the fractional factor fav
is some average of corresponding factors for the two curve types.

Being more concave, the fPCET for the PCET curves is�0.25 as in

many four-electron/three-center reactions,21b,c,e;27d which by

averaging with fHAT ¼ 0.3, leads to fav ¼ 0.275. Using this value

and the corresponding D and BDE values for the O–H bond for

three different M]O abstractors, we estimated the PCET
1914 | Chem. Sci., 2012, 3, 1903–1918
barriers for the three identity reactions, which are shown in

entries 10–12 in Table 4. It is apparent that the PCET barriers, in

entries 10–12, are significantly lower by comparison to the cor-

responding barriers for the assumed HAT mechanism in entries

7–9. Furthermore, the PCET VB-barriers for MnO4
�/

MnO3OH�$ and Cl2CrO2/Cl2CrO2H$ are close to the directly

computed DFT barriers. The VB-barrier for (CH3)2C]O/

(CH3)2C–OH$ is still higher than the corresponding DFT

barriers39 but certainly much lower than the barrier in entry 8

which is calculated for an assumed HAT mechanism.

VB modeling of HAT/PCET for non-identity reactions. Fig. 7a

shows the HAT and PCET state curves for a non-identity

reaction between a generic closed shell abstractor, M]O, and

an alkane H–Y, as those shown above in Table 1. Here, since

the H–Y bond is a poor electron acceptor, the CT state curves

lie higher than the corresponding HAT curves, and therefore

the avoided crossing and VB mixing lead to a HAT TS, which

will possess some variable PCET character due to the mixing of

the PT states into the HAT TS, if no symmetry restrictions

exist.

Fig. 7b shows a generic VBSCD for a non-identity reaction,

with the necessary parameters for estimation of the barrier. As

shown before,21d,e;27 the non-identity barrier can be estimated

using the expression in eqn (8).
DE‡
VB z 0.3G0 + 0.5DErp + 0.5[DErp

2/G0] � BXHY;

G0 ¼ 0.5(Gr + Gp)

BXHY ¼ ¼[BDEH�X + BDEH�Y] (8)

Here, the promotion gap is an average of the corresponding

gaps at the reactants and product side, and the B is also an

average for the two interactions in the X/H/Y TS.40 Also, the

reaction driving force DErp is seen to play a role in gauging the

barrier height. Note that the expression treats the forward and

reverse reaction on equal footing.

Using the HAT parameters in the VB expression in eqn (8), we

can estimate the pure HAT barriers for the non-identity reactions

studied here, with the expectation that the pure HAT equation

will overestimate the barriers. The results are shown in Table 5.

Inspection of entries 1–5 reveals that generally the VB model

predicts the trend in the barriers very well and shows an apparent

BEP behavior,30 as found experimentally.15b–g,32c

The VB barriers are closer to the closed-shell DFT barriers, in

all cases. However, it is seen that for CH4 and C6H12 with the

strongest C–H bond, the VB barriers are within 2 kcal mol�1

compared with the closed-shell DFT computed ones, while for

the alkanes with the weaker C–H bonds in entries 3 and 4, the VB

barrier is overestimated by 4–5 kcal mol�1, compared with the

DFT barriers. By comparison to the open-shell barriers, all VB

barriers in entries 1–4 are overestimated by 5–6 kcal mol�1. A

larger overestimation is noted for the reaction of a-MS with

DHA in entry 5. Since the VB model performs rather well for the

HAT reactions of simple radicals, a plausible explanation for the

above noted overestimation of the non-identity barriers is that

the VB expression in eqn (8) corresponds to a pure HAT mech-

anism, and overestimates the barrier since it does not take into
This journal is ª The Royal Society of Chemistry 2012
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Fig. 7 (a) The VBSCD for a non-identity H-abstraction from an alkane H–Y by a closed-shell abstractor. (b) A generic VBSCD for non-identity

reactions with corresponding reactivity parameters.

Table 5 Reactivity parameters (see Fig. 7b), and resulting VB barriers,
shown alongside the DFT computed barriers (kcal mol�1)

X H–Y G0
a DErp

b Ba DE‡
VB DE‡

B3LYP
c

(1) MnO4
� CH4 217.4 23.4 44.7 33.5 27.3/31.4

(2) MnO4
� C6H12 209.4 16.4 42.7 29.0 23.3/27.3

(3) MnO4
� PhCH3 206.7 7.0 40.6 25.0 20.0/21.6

(4) MnO4
� DHA 197.1 �5.2 37.5 19.1 14.6/15.1

(5) a-MS DHA 196.7 26.6 29.7 44.4 32.6/33.1

a G0 ¼ ½(Gr + Gp); Gr ¼ 2DCH + 3/4 DEST,X, X ¼ MnO4
�, a-MS, Gp ¼

2DXH, B ¼ ¼(BDEHX + BDEHY); see eqn (8). The values of D, BDE
and DEST are B3LYP/B1 values collected in ESI†, Tables S1 and S2.
b DErp are the DE (RC / IH) values from Table 1. c These are
B3LYP/B1 values given in the order DE‡(OS)/DE‡(CS); see Table 1.
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account the secondary mixing of the CT state41 curves in Fig. 7a

(mixing is possible since there is no symmetry restriction in these

TS geometries). Mixing of these states into the HAT states will

lower the barrier, in a manner depending on both the abstractor

and the alkane. Thus, the DE‡
VB � DE‡

B3LYP deviations may

tentatively guide our understanding of the expected trends from

the mixing of the CT states into the HAT states. This depends on

two factors, which can be deduced from Fig. 7a:

(a)DErp: As the reaction becomes more endothermic, the TS of

the HAT state-curves approaches the CT states, thereby causing

increased mixing. Were this the only factor, we would expect

more CT mixing as the C–H bond becomes stronger. This trend

is apparent only for the highly endothermic reaction of a-MS and

DHA in entry 5.

(b) The energy level of the FCT,r and FCT,p states on both sides

of the diagram: As the CT states are lowered in energy they can

mix more into the HAT TS.41 The FCT,r state energy depends on

the electron affinity of the C–H bond in the alkane, while the

FCT,p state energy depends on the IE of the Y$ radical. Since the

electron affinity of a bond increases as the bond becomes

weaker,21b,c,e and since the alkanes with the weak C–H bonds

have also radicals with low IE, then changing the alkane, from

CH4 to C6H12 and then to PhCH3 and DHA, will lower the
This journal is ª The Royal Society of Chemistry 2012
energy of both CT states and will increase their mixing with the

HAT states, thereby lowering the barrier.

The factors in (b) anticipate that the CT mixing, in entries 1–4

of Table 5, should increase as the alkane varies from CH4 with

the strongest bond towards DHA. This seems to be the dominant

trend if we consider the deviations between the VBSCD barriers

and the closed-shell B3LYP barriers. However, considering the

open-shell B3LYP barriers, the deviations are almost constant

and fit better an opposing interplay between the factors in (a) and

(b). In the case of the reaction of a-MS with DHA, both factors,

(a) and (b), join to increase the CT mixing into the TS of the

HAT states. Thus, the deviations DE‡
VB � DE‡

B3LYP can be

rationalized by the VBSCD to reflect a variable sampling of

PCET character, due to mixing of the CT states into the HAT

states, in the non-identity reaction series studied here.

Consequences of HAT/PCET blending. One outcome of this

PCET/HAT blending is that the TSs of non-identity reactions

sample different PCET characters, which vary with the nature of

the abstractor and the alkane. A manifestation of this mecha-

nistic blending could be our computational finding of a variable

identity barrier extracted by the MCR analysis (eqn (2)) of

a series of non-identity reactions of a single closed-shell

abstractor, as shown for the MnO4
�/Y–H series (Table 3).

Fig. 8 summarizes the trends in the MCR extracted MnO4
�/

MnO3OH�$ identity barrier, DE‡
XX, from the various non-

identity processes in Table 3. It is seen that no matter if we use

closed-shell barrier or open-shell ones, the resulting DE‡
XX is

variable. In the case of open-shell barriers, the value of the

identity barrier decreases, as the C–H bond gets stronger, while

usage of the closed-shell barriers results in an opposite trend. The

horizontal red bars in Fig. 8 show the value of the directly

computed B3LYP/B1 identity barrier for the PCET process

(11.6 kcal mol�1, see Tables 2–4). It is apparent that most of the

MCR-identity barriers are higher than the value calculated

directly for the PCET process, and the difference ranges between

5–10 kcal mol�1. At the same time, these barriers are 6–12 kcal

mol�1 lower than the ‘‘pure’’ HAT value of 27.0 kcal mol�1
Chem. Sci., 2012, 3, 1903–1918 | 1915

http://dx.doi.org/10.1039/c2sc20115a


Fig. 8 MnO4
�/MnO3OH�$ identity barriers (DE‡

XX, in kcal mol�1) extracted by the MCR analysis (eqn (2)) of the B3LYP barriers in the MnO4
�/Y–H

series (Y¼ CH3, C6H11, PhCH2, DHAyl). The lines connecting the data point serve to guide the eye. (a) DE‡
XX(OS) values extracted from the open-shell

barriers, and (b) DE‡
XX(CS) values, using the closed-shell barriers, for the non-identity series.
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determined from the VB expression eqn (8) (Table 4, entries 7–9).

Based on the VBSCD analysis (Fig. 7a), this variable DE‡
XX

value represents the variable mixing of the CT states into the

HAT states, and hence a variable sampling of PCET character.

The DE‡
XX trend in Fig. 8a fits the above-discussed effect of

reaction endothermicity. Thus, as the C–H bond gets stronger

the HAT states are raised, and this should cause greater mixing

of the charge transfer states into the HAT TS, resulting in a lower

MCR-based DE‡
XX. On the other hand, the DE‡

XX trend in

Fig. 8b fits the second factor discussed above, namely the impact

of the energy level of the CT states at the diagram extremes.

Thus, as the C–H bond gets weaker and the IEY$ is lowered, the

CT states will be lowered and will mix more into the HAT states

leading to increased PCET character as the alkane varies from

CH4 sequentially to DHA. The available experimental data for

the reactions of MnO4
� and Cl2CrO2 with alkanes (Table 2,

entries 4 and 5), indicate the latter trend: thus the MCR analyses

of the experimental barriers suggests that when the C–H bond is

weak (e.g., DHA and PhCH3) the resulting DG‡
XX values are

small, while when the C–H bond is strong (e.g., C6H12), the

DG‡
XX value is high.

Furthermore, when the identity reaction itself is a pure HAT,

such as for a-MS abstracting a hydrogen from the cumyl$

radical, the MCR-extracted identity barrier from a series of non-

identity reactions will be smaller than the one computed or

experimentally determined directly for the identity reaction, thus

reflecting the mixing of the charge transfer states into the HAT

states. Indeed, as can be seen from entry 7 in Table 2, the identity

barrier of a-MS/cumyl$ extracted by the MCR analysis of the

experimental enthalpy of activation for the reaction15h of a-MS

with DHA is 15.6 kcal mol�1, and similar values are obtained

from MCR analysis of the B3LYP barriers, 16.6/17.8 kcal mol�1

(from entry 5 in Table 3), while the directly calculated DFT

barrier for the actual process (which corresponds to HAT) is

23.2 kcal mol�1. The blending of PCET character in this HAT

process is quite apparent.

Another interesting feature, which is apparent from Fig. 8 is

that nearly all the MCR-identity barriers for the MnO4
�/

MnO3OH�$ pair are higher than the directly determined barrier

(11.6 kcal mol�1) that corresponds to the PCET mechanism.

These higher identity barriers reflect the additional ‘‘preparation
1916 | Chem. Sci., 2012, 3, 1903–1918
energy’’ required to decouple the electrons of theMn]O bond so

it can participate in a HAT process, as described in the VBSCD

in Fig. 5b. Thus, the series of MCR extracted MnO4
�/

MnO3OH�$ identity barriers project nicely, that closed-shell

abstractors pay a price to abstract hydrogen atom, a price which

open-shell abstractors do not have to pay.9,10,12,13This is a general

conclusion and is expected for other closed-shell abstractors, as

indeed reported recently for vanadium(V)-oxo complexes,18 and

the earlier findings about the singlet states of Mn(V)-oxo

complexes.13a,b;17
Concluding remarks

The present study investigates the mechanisms of H-abstraction

for 15 self H-exchange (identity and non-identity) reactions of

radical and closed-shell abstractors, which were studied experi-

mentally.15,31–33All these reactions were then subjected to aMCR

analysis22 to extract intrinsic barriers and resolve them into their

component-identity barriers. Subsequently, the reactions were

analyzed using the VB diagram model,21,27 which enables one to

estimate H-abstraction barriers from raw data.

A key goal of the study was to answer the question, ‘‘is it

necessary to have a radical center at the abstractor in order to

abstract a hydrogen atom’’? The answer to this question is, ‘‘of

course not’’, but if the abstractor is a closed-shell molecule then in

the normal HAT event, this will require a high barrier due to the

additional preparation energy that is required in order to create

radical and prepare the abstractor for H-abstraction (Fig. 5a vs.

5b; eqn (5a) and (5b)). This energy penalty for closed-shell

abstractions is apparent in the present computational data, as

well as in experimental systems.13a,b;15,17,18

The computational study has further revealed that small

barriers for closed-shell abstractors are encountered whenever

the abstractor has a way to avoid this excess promotion energy

while at the same time abstracting a hydrogen species. This is

achieved via the alternative path of concerted PCET, whereby

a proton is abstracted by the basic moiety of the abstractor, while

an electron is being transferred through orbitals not involved in

the proton abstraction region. PCETmechanisms were found for

all the identity reactions of the closed-shell oxo abstractors, e.g.,

MnO4
�/MnO3OH�$ and Cl2CrO2/Cl2CrO2H$. However, the
This journal is ª The Royal Society of Chemistry 2012
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corresponding non-identity reactions of MnO4
� with alkanes

Y–H (Y ¼ CH3, C6H11, PhCH2, DHAyl) revealed that the

transition states are clearly HAT types (Fig. 4), albeit with some

variable PCET characters as reflected by the group charges.

The MCR analysis (eqn (2a) and (2b)) of the non-identity

barriers for X ¼ MnO4
� reacting with alkanes Y–H (Y ¼ CH3,

C6H11, PhCH2, DHAyl) produced also identity barriers for the

MnO4
�/MnO3OH�$ identity reaction, which differed from one

reaction to the other, depending on the C–H bond strength of the

alkane used in the non-identity reaction. The VB modeling of the

H-abstraction process revealed the importance of the mixed

HAT/PCET spectrum. As shown by the VB analysis, these

non-identity reactions sample PCET characters that depend on

the C–H bond strength of the alkane, and hence will cause the

MCR analysis to produce different identity barriers for the same

identity reaction. This can be a probe of HAT/PCET blending.

The VB formulation of the HAT/PCET mechanistic blending

is shown to be predictive and insightful. Such insight and

predictive ability are typical to VB modeling,23,42–47 and related

energy-decomposition approaches,35 of chemical reactivity.
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