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Abstract: This paper addresses the ob-
servation of counterintuitive reactivity
patterns of iron-oxo  reagents,
TMC(L)FeO**'+; L=CH;CN,
CF;CO,7, N;7, and SR, in O-transfer
to phosphines versus H-abstraction
from, for example, 1,4-cyclohexadiene.
Experiments show that O-transfer reac-
tivity correlates with the electrophilicity
of the oxidant, but H-abstraction reac-
tivity follows an opposite trend. DFT/
B3LYP calculations reveal that two-
state reactivity (TSR) serves as a com-
pelling rationale for these trends,
whereby all reactions involve two adja-
cent spin-states of the iron(IV)-oxo

whereas the excited state quintet sur-
face features lower ones. The barriers,
on any single surface, are found to in-
crease as the electrophilicity of
TMC(L)FeO?*!'* decreases. Thus, the
counterintuitive behavior of the H-ab-
straction reactions cannot be explained
by considering the reactivity of only a
single spin state but can be rationalized
by a TSR model in which the reactions
proceed on the two surfaces. Two TSR
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models are outlined: one is traditional
involving a variable transmission coef-
ficient for crossover from triplet to
quintet, followed by quintet-state reac-
tions; the other considers the net barri-
er as a blend of the triplet and quintet
barriers. The blending coefficient (x),
which estimates the triplet participa-
tion, increases as the quintet—triplet
energy gap of the TMC(L)FeO**!'* re-
agent increases, in the following order
of L: CH;CN > CF;CO, > N3 >
SR™. The calculated barriers predict the
dichotomic experimental trends and the
counterintuitive behavior of the H-ab-
straction series. The TSR approaches

species, triplet and quintet. The ground

. . . tivity
state triplet surface has high barriers,

Introduction

High-valent iron-oxo intermediates have long been impli-
cated as the active species in oxidation processes of cyto-
chromes P450 (P450s) and attracted considerable experi-
mental and theoretical attention, in view of their versatile
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make a variety of testable predictions.

oxidative reactivity.'””) While the P450 iron-oxo species is
still elusive, the situation is entirely different in nonheme
iron biochemistry, where iron(IV)-oxo intermediates have
now been trapped for three enzymes, taurine:a-ketogluta-
rate dioxygenase (TauD),®'" prolyl 4-hydroxylase,'!! and a
halogenase CytC3.'"” Furthermore, a synthetic precedent for
such iron-oxo species [Fe™V(O)TMC(NCCH,)]** has also
been characterized.® Besides structural and spectroscopic
characterization, a wealth of reactivity data is rapidly accu-
mulating that demonstrates the versatility of these reagents,
which can perform a variety of transformations: alkane oxi-
dation,*®l alcohol oxidation,*?" olefin epoxidation,!’-1%2!
oxygen transfer to dialkylsulfides and trialkylphos-
phines, 12121 and hydrogen abstraction from dihydroan-
thracene.”*? Interestingly, these complexes exhibit unusual
kinetic isotope effect (KIE) patterns in H-abstraction reac-
tions, ranging from near-classical KIE values of 10 for some
reactions® to nonclassical values of 50-60 in others.!%1%2
The fact that a large KIE value has been measured in the
enzyme TauD® further enhances the allure of these re-
agents. The emerging reactivity features of these nonheme
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iron—oxo species in the functionalization of C—H bonds thus
present us a challenge to fashion a coherent model of reac-
tivity.

One of the puzzles posed by the reactivity of the synthetic
iron—oxo species is the intriguing effect of the axial ligand in
a series of TMC(L)FeO?*'*+ complexes, henceforth desig-
nated as Kpycq,, in modulating the ability of the Fe'V=
unit to effect C—H bond activation, a formally one-electron
process, versus oxo-transfer to phosphorus, a formally two-
electron process.””* The Kimcq, series is the most system-
atically studied, where TMC is a tetradentate macrocyclic
ligand (Scheme 1), and L is an axial ligand, which can be
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Scheme 1. a) TMC(L)Fe=O species (Kyca,) and b) a schematic repre-
sentation of the observed trends in their two-electron and one-electron
reactions.

neutral acetonitrile (AN) or monoanionic trifluoroacetate
(TF), azide (N3), or thiolate (SR).'*%%] The anionic ligands
are more electron-releasing than the neutral AN, and the
most electron-releasing is SR in TMC(SR)FeO'*, where the
iron is ligated to a thiolate moiety that is tethered to the
macrocycle.”

Preliminary reactivity comparisons between Kyycun) and
Kimcar revealed that Kyyer Was more reactive towards
H-abstraction from 9,10-dihydroanthracene compared with
Krmcan at 25°C, but similar in reactivity towards PPh;.?’!
Furthermore, Kyycsry) Was found to be much more reactive
towards 9,10-dihydroanthracene at —40°C, but showed no
reactivity towards PPh;.”®) More recently, systematic stud-
ies® of an entire Kyycq, series demonstrated the opposing
reactivity trends presented schematically in Scheme 1b,
namely that the oxo-transfer (O-transfer) capability of
Kimcqy towards PPh; increased in the order L=SR < N3 <
TF < AN, but the reactivity in hydrogen-atom abstraction
(H-abstraction) from 9,10-dihydroanthracene (DHA) de-
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creased in the order L=SR > N3 > TF > AN. Thus the
Kimcq,y oxidant exhibits a dichotomic reactivity pattern: in
the oxo-transfer series it behaves as an electrophile, whereby
electron-releasing ligands L diminish the oxidative reactivity,
whereas in the C—H activation series it behaves in a contrari-
an manner, where electron-releasing ligands L surprisingly
enhance the reactivity of the oxidant. As such, a key question
that needs to be addressed is: how can the oxidative capabil-
ity of the obviously electrophilic Kyycq, oxidant be in-
creased by an electron-donating axial ligand?

Since the factors governing these reactivity trends are not
apparent from experiment,”*?! the problem has to be ad-
dressed by means of theoretical calculations and modeling.
Previous theoretical calculations of nonheme iron—-oxo reac-
tivity have revealed a few trends. In calculations of H-ab-
straction by triplet Fe™=O units, Decker and Solomon
found Krpycan) to be less reactive than the corresponding
iron(IV)-oxo porphyrin complex.””) Some of the present au-
thors calculated the entire energy profiles for the reactions
of Kymcany and Kiyyear With cyclohexane, and found that
the quintet surface cuts through the triplet-state energy sur-
face, thus leading to a two-state reactivity (TSR) hypothe-
sis.””) More recently, de Visser studied hydroxylation and
epoxidation of propene by Kyycsg), and compared this reac-
tivity with those of a model of the iron(IV)-oxo species of
TauD, as well as with Cpd I of cytochrome P450.5Y Howev-
er, none of these theoretical studies addressed as yet the ob-
served counterintuitive reactivity patterns of the Kyycq,
series.”*? The goal of the work herein is therefore to un-
derstand this intriguing pattern and elucidate the effect of
the axial ligand of Kpycq, on reactivity trends in the two
series, to formulate a coherent and predictive reactivity
model for nonheme iron-oxo reagents. To this end we stud-
ied with DFT methods the oxygen-transfer and hydrogen-
abstraction reactions of the entire series of Kyyc(, reagents
(we added L=F~ and NCS~ to see how general the trends
are) with PMe;, PPh;, and CsHg (1,4-cyclohexadiene, CHD)
(Scheme 2), and examined a few alternative models of reac-
tivity.

Krmew)
PR; — » O-PR;
O-transfer
(R = Me, Ph)
H H H
Krmew)
H-abstraction
CeHs

Scheme 2. Reactions studied in this paper. In addition to the Kyycq, spe-
cies in Scheme 1 we added L=F~ (F) and NCS~ (NCS).

Computational Details
Procedures: All geometries were optimized with Jaguar

5.5 and Gaussian 03P at the UB3LYP/LACVP
(UB3LYP/B1) level.t}**! Geometries of local minima were
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optimized with Jaguar 5.5. Transition-state (TS) geometries
at the B3LYP/B1 level were initially optimized with Jaguar,
and then located with Gaussian 03. We use this practice®!
since Gaussian has a more efficient frequency calculation
module and gives more reliable energy values for TSs in
some cases. The B3LYP/B1 geometry optimization was fol-
lowed by frequency calculations by Gaussian 03 at the same
level to characterize local minima and TSs. Zero-point vi-
brational energies (ZPEs) were also obtained by the fre-
quency calculations. Molecular drawing was done in part
with Molekel.””

Functionals: Since all the species involve two states, triplet
and quintet, which are close in energy, we deemed it neces-
sary to test along with B3LYP also the PBEO functional;""
the latter functional was found to be very successful in the
prediction of the spin-state ordering in the Fe(NH;),** com-
plex.?! Since the ground states of the Kimcqy reagents are
known, we used these species to benchmark the two func-
tionals. Considering that experimentally all the Kyycq, com-
plexes have a triplet ground state, PBE0Q was found to make
poorer predictions than B3LYP, and for a given basis set
PBEO predicted many of the reagents to have a quintet
ground state. It is important to point out that these com-
plexes pose difficulties also to high-level configuration inter-
action methods, such as SORCI and CASPT2 based on
large active spaces (e.g., CAS(20,13)), which predict quintet
ground states even when the experimentally determined
ground state is triplet.”! On the other hand, B3LYP gave
results in general qualitative accord with experiment (see
below), and was therefore employed as the standard method
in the rest of the study. As expected, B3LYP* “! single-
point calculations which were tried too, gave the same
trends as B3LYP, while shifting the quintet state higher in
energy, by several kcalmol .

Basis sets: We used a few basis sets in the LACVP series,™
which is implemented in Jaguar 5.5. The first one is LACVP,
henceforth B1, which is a double-zeta valence basis set cou-
pled with an effective core potential on Fe, and 6-31G on
all other atoms. The other basis sets in the LACVP series
are: LACV3P++** (B2), LACVP** (B3) and LACV3P
(B4). These basis sets do not include polarization functions
on Fe, such that, for example, LACV3P+4 ** actually
means a triple zeta with diffuse functions (LACV3P+) on
Fe and 6-311++G™** on all other atoms, etc. In addition to
these LACVP-derived basis sets, we used the Stuttgart—
Dresden relativistic ECP with a (8s7p6d1f)/[6s5p3d1f] va-
lence basis set on Fe*? and 6-3114++G** on all other
atoms (B5), and finally, we also tested an all electron Wacht-
ers + f (14s11p6d3£)/[8s6p4dlf] basis set including a diffuse
d function and a set of f polarization functions on Fe*®
and cc-pVTZ on all other atoms (B6). These latter two basis
sets carry f functions also on Fe. The performance of all the
basis sets was examined by calculating the spin states of the
Kimcqy reagents; the results were found to be very similar
to B1.
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Comments on the calculations of the spin states of Kyycq,:
As already noted, the triplet and quintet spin states of the
Kimca) Teagents were calculated by single-point calculations
with B3LYP, B3LYP* and PBEO on the UB3LYP/B1 geo-
metries, with the basis sets B2-B6 described above, hence
UB3LYP/Bn//B1 (n=2-6). B3LYP#*/B1 and B3LYP*/B2
gave similar results to those of B3LYP, with somewhat
larger gaps of spin states. All the results are tabulated in the
Supporting Information (Tables SA1-SA2).

These many calculations demonstrated that B3LYP is su-
perior to PBEO for the cases at hand. Thus, for a given basis
set, PBEO predicts many of the reagents to have a quintet
ground state, while the B3LYP/B1 and B3LYP/B3//B1 cal-
culations predict correctly that all the Kyycq, reagents
should possess a triplet ground state. All the larger basis
sets, which include diffuse functions, predict that Kyycesg,
should have a quintet ground state. However, Mossbauer
studies show that the experimental data are inconsistent
with a quintet ground state and fit well with a triplet ground
state.”! Despite this inconsistency, regarding the ground
state, all sets of UB3LYP/Bn//B1 and UPBE(O/Bn results for
the triplet-quintet gap were found to correlate with one an-
other (see Figure SA1 in the Supporting Information), thus
indicating that the results are consistent, but involve a sys-
tematic error.

Calculations of energy profiles: Reaction pathways were
verified by UB3LYP/B1 scan calculations along a given in-
ternuclear distance, while optimizing freely all other internal
coordinates. The geometry at the top of the energy profile
was used for subsequent optimization of the transition state.
The C—H oxidation series was found to lead generally to a
C¢H; radical, which would rebound in a subsequent faster
step, as found earlier.’”) However, since the interest here is
in the rate-controlling C—H activation, we limited the study
to the H-abstraction step. The basis set effect on TS geome-
try was tested using a B1 basis set augmented with polariza-
tion functions (B1’) on the immediate coordination sphere
of Fe and on the phosphorous of PMe;, hydrogen and
carbon of the reacting C—H bond of C¢Hg. The effect on the
transition states was not found to be sufficiently significant
to warrant re-optimization of all the other species already
characterized by B1 (see Figure SA4 in the Supporting In-
formation). Therefore, the geometry optimizations of all
other critical species were limited to UB3LYP/B1. In the re-
actions of Kyycn), the gas phase potential energy profile of
the quintet state descends in a barrier-free manner. Since
this does not appear realistic for the reactions in solution,
we scanned the energy profiles for the reactions of SKTMC(AN,
in a solvent (acetonitrile; see below) and located the transi-
tion states with solvent effect taken into account. Since the
numerical frequency analyses in solvent yielded, in addition
to the reaction vector, a few low frequency imaginary
modes, the transition state might be slightly deviant from
the true transition state. However, multiple imaginary fre-
quencies could also be due to the insufficient numerical ac-
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curacy of numerical derivatives. Anyway the structure can
be used as a good estimate of the transition state.

The energies of all the critical species were corrected by
single point calculations with the larger basis set, B2, hence
UB3LYP/B2//B1. Thus, even though the B1 and B3 basis
sets appear to have the best results for the spin states of
Kimca) we preferred to carry out the single-point calcula-
tions with B2, since reaction barrier calculations in DFT re-
quire diffuse functions.” The energy was further corrected
for the effect of acetonitrile (¢=37.5, probe radius=
2.183 A) by the self-consistent reaction field (SCRF)
method implemented in Jaguar, using its own Poisson-Boltz-
mann solver.[*¥l In this method, the “solvation-phase energy”
is defined as the sum of the gas-phase energy and the solva-
tion energy (E,,,). The solvent corrections were done for
the B1 as well as B2 basis sets. Although the solvent used in
the experiment with Kyycsry Was methanol,®®! we used here
acetonitrile in calculations as a common solvent for the sake
of simplicity (and because the solvent effects were shown to
be almost the same). The trends in the B1 and B2 results
are similar, and the respective data are summarized in the
Supporting Information.

The free energies of activation, gauged relative to the sep-
arate reactants, are higher than the internal activation ener-
gies by an approximately constant quantity, for example,
11.3-13.0 kcalmol ' on the triplet surface and on average
10 kcalmol™! on the quintet surface (see Table SA4 in the
Supporting Information). This quantity is dominated by the
entropy contribution, due to the loss of rotational and trans-
lation degrees of freedom in the bimolecular process (see
Tables SB9 and SC9 in the Supporting Information). Thus,
when we present free energies these increments are added
to the B2 data corrected by ZPE and free energy of solva-
tion.

Calculations of kinetic isotope effects (KIEs): Following es-
tablished procedures,*! we calculated the semi-classical
KIEs using the Eyring equation. Small corrections for the
traditional tunneling mechanism through the barrier were
applied by using the Wigner correction.*!

Results

Spin states of **'Kqycay: The Kpycq, complexes have two
low-lying electronic states, singlet and quintet. The electron
occupancies in the d-block orbitals of the triplet state of the
3KTMC(L) species, possessing a 62n*len*yzl configuration, are
depicted in Scheme 3,°*3" while in the quintet state, the
occupancy is o'zw*,'m*,'0* !, resulting from single-electron
excitation of the triplet electrons from the doubly occupied
o orbital to the vacant 0%,

Figure 1 shows the structures of *Kpycq, Species opti-
mized at the B3LYP/B1 level, along with the relative ener-
gies, which were calculated with and without ZPE and solva-
tion corrections. Focusing on the geometric details in
Figure 1 reveals a Fe—O distance of 1.65-1.68 A for all com-
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Scheme 3. Schematic illustration of orbital occupancies in the triplet state
*Krmeq, in the d-block orbitals.

plexes. Kymcesr) i seen to have the longest r(Fe—O) in the
series of complexes studied here, implying a strong push
effect of the axial ligand as is well known from the thiolate
ligand effect in P450."*1 The r(Fe—N) value, which was cal-
culated by taking the average of four distances between the
iron and equatorial nitrogen atoms, exhibits a fairly large
spin-state dependence; thus, in all species, r(Fe—N) was lon-
gest in the quintet state due to the occupation of o*,, as
previously found in P450 compound I as well as in several
non-heme iron-oxo species.?***41 Another interesting fea-
ture is that the azide ligand (N3) coordinates to the iron
center at an angle relative to the Fe=O axis, while the NCS
ligand is collinear with this axis.

Inspection of the relative energies of the spin states in
Figure 1 reveals that the negatively charged ligands stabilize
the quintet state relative to the triplet state. Thus, the trip-
let-quintet gap is largest for Kyycan) At the UB3LYP/B1
level all the complexes possess a triplet ground state, but, at
the UB3LYP/B2 level, both Kyycsgy and Kyycns are com-
puted to have a quintet ground state, although both com-
plexes were experimentally found to have triplet ground
states.”»?] Therefore, the B2 basis set, like other extended
basis sets with more diffuse functions, appears to overesti-
mate the relative stability of the quintet state (see also
Tables SA1 and SA2 in the Supporting Information).
B3LYP*#*/B2, on the other hand, gives triplet ground states
for all species except Kiyycer) Interestingly, the solvent
effect was found to be always larger for the triplet than for
the quintet (Figure 1, and Table SA1 in the Supporting In-
formation). These results qualitatively follow the relative
dipole moments (see Table SA6 in the Supporting Informa-
tion). In view of the basis-set dependency of the triplet—
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Kimcan)

Krmesr)

r(Fe-0) =1.64/164
r(Fe-N) =213/2.23
r(Fe-Ns) =2.12 /2.09

E., B1 6.9(48)[5.2] E., Bi
B2 2.3(0.2)[0.4]{4.2}

Krmca) Krmer)

r(Fe-0) =1.67/1.67
r(Fe-N) =2.13/2.23
r(Fe-Ny) = 1.95/1.94

E. B1 27(0.7)[31] E. Bi

B2 -0.9(-238)[-0.2]{2.6)

r(Fe-0) =1.65/1.65
r(Fe-N) =213/223
r(Fe-0,)=1.97/1.93

5.0 (3.0) [5.0] E
B2 0.5 (-1.5)[0.6]{3.9}

r(Fe-0) =1.67/1.686
r(Fe-N) =211/220
r(Fe-F,)=186/1.84

B2 25(0.5)1.2]{3.5}

r(Fe-O) =168/168
r(Fe-N) =2.14/2.23
r(Fe-5,) =2.37/2.36

Bi 0.2(-16)[0.7]
B2 -2.6 (-4.4) [-2.9]{-0.5}

rel

Krmenes)

r(Fe-0) =1.66/1.66
r(Fe-N) =2.13/2.23
r(Fe-Ny) =1.94/1.92

6.4 (4.4) [5.6] E. Bi 39(20)[4.7]

B2 0.8(-1.1)[-0.2]{2.3}

Figure 1. B3LYP/B1 optimized structures of *'Krycq, complexes for the triplet/quintet spin states. The relative energies for the quintet states are given
relative to the triplet state in the following order: E (E+ZPE) [E+ZPE+E,,]. E(B3LYP*/B2)+ZPE(B3LYP/B1) + E,,,(B3LYP/B2) data are shown

in curly braces.

quintet energy separation, two questions arise: a) what de-
termines the triplet-quintet energy gap AE(Q-T) of
Krmcay?; b) do the B1, Bn (n=2-6) and other data correlate
with each other? Let us answer these questions in turn.

Since the quintet state arises from the triplet by a promo-
tion of one electron from the 6 to the o%*, orbital
(Scheme 3),P**"< we plotted in Figure 2a the d-0*,, orbital
energy gaps in the quintet state of Kpycq, versus the AE-
(Q-T) quantity (both at the B1 level). Figure 2b shows the
relationship between the AE(Q—T) quantity and the charge
transfer Agcr from the axial ligand L to the TMC-FeO**
moiety (both at the B1 level). The charge transfer quantity
Aqcr is defined as the difference between the charge of the
axial ligand L in its isolated state (0 or —1) and the Mullik-
en charge of L in “Kyycq,.

Thus, Figure 2 shows the expected trend, namely that the
quintet—triplet energy gap AE(Q-T) diminishes generally
with an increase in the electron-releasing power of the axial
ligand L and with the shrinkage of the d-o*,, orbital ener-
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gy.”*3*< To elucidate the factors that control the orbital
energy gap, we computed the complexes with a point charge
replacing the anionic ligand and placed at the same Fe—L
distance as in the original complexes. The 6-o*,, orbital
energy gaps for cases tested (L=TF, N3) turned out to be
virtually unaffected, or even slightly increased, due to the
presence of a point charge (Figure SA10). As such, the
charge placed at the site of the ligand L, away from the iron
ion is not the origin of the orbital energy gap pattern in Fig-
ure 2a. However, in the presence of the actual ligand, some
of the charge, originally on the ligand, is transferred (see
Figure 2b) to the TMCFeO** moiety and hence closer to
iron, and this narrows the orbital gaps to an extent depen-
dent on the donor capability of the ligand. Thus, as the
amount of charge transferred from the axial ligand to the
TMC-FeO** moiety gets larger, the o orbital that is more
concentrated on Fe gets destabilized relative to the more de-
localized o*,, orbital. Consequently, the orbital energy gap
gets smaller, and hence AE(Q-T) decreases. The thiolate

Chem. Eur. J. 2008, 14, 1740—1756
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Figure 2. Relationships between a) 0-o*,, orbital energy gap and AE-
(Q-T) and b) Agcrand AE(Q-T).

ligand has the strongest electron-donating ability (Fig-
ure 2b), and the gap was smallest in Kyycsg)- The same cor-
relations are obtained for other cases as well, except the
cases of PBE0/B2//B3LYP/B1 and B3LYP/B5//B3LYP/B1,
where unnatural Agcr values (|Ager|> 1.0) were observed
for some ligands and large deviations were obtained for L=
TF and SR (see Figure SA2 in the Supporting Information).
These deviations might reflect the numerical problem of the
Mulliken charges with large basis sets. In the rest of the text
we focus on the UB3LYP/B2//B1 data, mostly because we
are interested in the relative barriers, and these quantities
benefit from diffuse functions,*”! which are present in B2.

Oxygen transfer from 3’5KTMC(L, to PMe; and PPh;: Figure 3
shows the gas-phase energy profiles for the oxo-transfer re-
actions of *Kywcan and *Kyycar to PMe;. The two cases
cover the range of phenomena found for the various axial li-
gands excluding quantitative considerations. The gas-phase
energy profiles in Figure 3a involve an initial cluster forma-
tion, *’RC,, between the reagent and the phosphine sub-
strate, followed by a transition state, **TS,, which leads to
synchronous oxo-transfer, and by the formation of the fer-
rous-phosphine oxide product complexes, **P,. As noted in
a previous study of nonheme iron systems, here too, we en-
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counter the same two-state reactivity (TSR) scenario™ with
a quintet state surface that is initially an excited state and
then crosses through the triplet barrier, thereby providing in
principle a low energy path for the process. Note in particu-
lar, how small the quintet barriers are compared with the
triplet ones.

Figure 3b shows the energy profiles in a solvent where
the TSR situation is maintained, but with some obvious
changes. Thus, in solution the RC, cluster is higher in
energy than the separate reactants and the barriers increase
compared with the gas-phase situation. As a result of these
changes, we can presume that in solution there is no stable
cluster (if at all), and we shall omit it from the considera-
tions for all the reactions. Note that in a solvent a quintet
transition state and barrier appear for L=AN. However,
the quintet state barriers remain small even after solvation
correction of the energies.

The study of O-transfer to PPh; was limited to L=AN,
N3 and SR. Figure 4 shows the representative cases for L=
AN and SR. The results in Figure 4 are similar to those in
Figure 3, with the quantitative exception that, for a given
Kiymca) the barriers for O-transfer to PPh; are larger than
the corresponding ones towards PMe;. Our calculations
show that this trend is due to the solvent effect, which is
mainly because of the larger solvation stabilization of the
PPh; substrate (8.0 kcalmol™! with B2, see Table SB12 in
the Supporting Information) than that for PMe; (1.4 kcal
mol™" with B2, Table SBS in the Supporting Information).
Furthermore, much like for PMe;, here too with the amend-
ment of the overestimated quintet stability for L=SR and
N3 (see Tables SB11 and SB12 in the Supporting Informa-
tion), these reactions involve also TSR, with a higher triplet
barrier and with a quintet state that cuts through the triplet
surface.

As we saw above in Figure 3 with PMe;, also here with
PPh; in the gas phase, the quintet energy profile for L=AN
exhibits a barrier-free process. Thus, the gas-phase Kyycany
species is a superb electron acceptor (the gas-phase electron
affinity of Kpycany i 197.8 kcalmol Py and an electron
transfer from PPh; to the iron—-oxo reagent precedes the O-
transfer (which thereby occurs in a barrierless fashion).
However, in a solvent the electron affinity of Kyycan, de-
creases to 95.1 kcalmol ™, and the electron transfer is sup-
pressed. The quintet energy profile in Figure 4 was therefore
determined by scanning the energy in a solvent for internu-
clear separation of the SKTMC(AN) and PPh; in the range
r(P—0)=3.4-2.7 A (see Figure SB15 in the Supporting In-
formation) prior to optimization of *TS, in solvent with
Jaguar. The transition state species was characterized by its
forces only and frequency analysis was not done due to high
computational cost. Nevertheless, the scan and optimization
calculations guarantee that this species has energy very
close to that of the real transition state.

The transition state structures in Figure 5 show that P—O
bond making and Fe—O bond breaking are generally more
advanced for the triplet *TS,, species (a late TS) than for the
corresponding quintet *TS,, species. For a given spin state,
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Figure 3. UB3LYP energy profiles for the reaction of *’Kpyeny and *’Kyyear With PMe; in the triplet and quintet states: a) The energy profile in the
gas phase. Each species has two energy values, corresponding to UB3LYP/B2//B1 and UB3LYP/B2//B1+ ZPE, respectively. b) The energy profile in an

acetonitrile solution. Here the energy data involve the solvation correction, UB3LYP/B2//B1+ZPE+E,,,. The ZPE for °TS, for the reaction of
*Krmean) in solution is estimated (see Figure SB17 in the Supporting Information).

b) Krmesry + PPhg

33.8[25.0]

.

2.9[0.5] ! % 356 [-31.5]
0.0[0.0] ;

5p0
—

-54.0 [-47.2]
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Figure 4. Energy profiles (UB3LYP/B2//B1+ZPE+E,,,) for the reactions of *’Kpycq, with PPh; for L=AN and SR. The ZPE correction for *TSo(AN)
was estimated (see Figure SB17 in the Supporting Information). In square brackets for L=SR are UB3LYP*/B2//UB3LYP/B1+ZPE+E,, values.

the *'TS,, species gets progressively later, as the electron-
releasing power of the ligand increases from L=AN to SR,
in accord with the increase in the barriers in the same order.
Except for these differences, there are notable similarities
for the transition states of two spin states; thus, in both the

TS, and *TS, structures, the Fe-O-P angles are as large as
160-178°.
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Based on the previous analysis of reactivity in nonheme
systems,® the structures of the transition states reflect the

orbital selection rule that governs the bonding in the transi-

tion states based on the “oxidation state formalism”.[*

Thus, as shown in Scheme 4, in both cases O-transfer occurs
in a single step, and hence, the establishment of the transi-
tion state is attended by electron shifts from the phosphine
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(P-0) ,!5-,

r(Fe-0)

) £(P-O-Fe)

r(Fe-N).y

r(Fe-A)
(5]

A: coordinating atom in L

PMeg reactions

assume structures with large Fe-
O-P angles >158° (see also
Figure SB11 in the Supporting
Information).”! Thus, the O-
transfer reaction behaves genu-
inely as a two-electron process,
even though the electron-shift
events are not strictly synchro-
nous, as may be revealed by
the spin density variation in

L r(P-0) r(Fe-0) r(Fe—A) F(Fe—N)ay £(P-O—Fe) the two processes (see Tables
m — SB1-SB6 and Figure SB12 in
229[2.95]  1.78[1.69] 2.23[2.20]  2.14[2.24 157.9[178.1 : :
TF 2.14 [2.74] 1.85[1.71] 205[2.00] 214 Eg_gd 158.3 %172_1% the Supporting Information).
N3 2,08[243)  1.88[1.78] 202[2.00]  2.15[2.26)  159.9 [170.8]
SR 207[222]  1.91[1.83] 241[247]  216[2.26]  159.7 [164.3]
F 1.99 [2.37] 1.91[1.78] 1.91 [1.91] 2.12[2.23] 159.7 [170.0] H-Abstraction reactions from
NCS 2.08[246)  1.88[1.77] 200[2.02] 215225  159.1 [171.0] e .
CeHy by Kiyycqy: Figure 6
P shows the energy profiles for
reactions 1
¢ H-abstraction by two represen-
L r(P-0) r(Fe—0) r(Fe-A) r(Fe-N)yy £(P-O-Fe) tative **Kqyca, complexes, L=
8 R B imEY upm e enerzy profiles (e 6 i
132 89[1. 03[2.04]  2.15[2.26 158.5 [168.0 i i in-
SR 217 [2.21] 1.92[1.85] 2.41 [2.49] 2.16{2.26% 160.6 {1 62,6% energy profiles (Figure 6a) in

volve reactant clusters, >*RCy,

Figure 5. UB3LYP/B1 optimized *TS,, [*TS,] species for the O-transfer reactions (bond lengths in A and bond

followed by transition states

: 35
angles in degrees). For the reactions of Kpycan, With PMe; and PPh;, the quintet transition state is the *TS, for H-abstraction, TSy, lead-

determined in solution.

25+1p o
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*
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b
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Scheme 4. Electron shifts from the phosphine to the Kyycq, during O-
transfer.*’)

lone-pair orbital to orbitals of the iron—oxo reagent, and it is
the overlap of these orbitals that determines the structure of
the transition state. In both the triplet and quintet processes,
one electron must be shifted from the phosphine lone-pair
to the o*,. orbital that lies along the Fe—O axis (see
Scheme 4). Therefore, to maximize the overlap between the
phosphorus lone pair and the o*, orbital, the >° TS, species

ing to the clusters, *°Iy, of the

radical intermediate C¢H, with
the iron-hydroxo complexes of **Kyycr. However, with
Kiymcany, the quintet process is calculated to be barrier-free
in the gas phase.”” The high gas-phase electrophilicity of
Kimcan) 18 apparent also from the high positive charge de-
velopment in the *TSy species (40.43), and by the fact that
as soon as the C¢H, moiety was gradually separated from
the corresponding iron-hydroxo complex, in °Iy, it trans-
ferred an electron and generated the CsH; ™ ion.

Aside from this difference, as in the O-transfer reaction,
here too there is a TSR scenario nascent from the triplet
and quintet states of the reagent. The triplet profiles have
significant energy barriers of 11.7 and 19.0 kcalmol !, via a
H-abstraction transition state, *TSy. These barriers are re-
duced to 8.4 and 16.6 kcalmol ™' with the inclusion of a ZPE
correction; unlike the O-transfer reaction here the ZPE cor-
rection is large as would be expected from a C—H activation
reaction. The quintet surface is seen to cut through the trip-
let barrier and, like before,"” to provide a low-energy path
for C—H activation. The barrier for L=TF on the quintet
surface is 2.3 kcalmol ™' relative to the separate reactants
(on the quintet surface). For other ligands, there are even
smaller quintet barriers. The energy profile in solution (Fig-
ure 6b) shows again that we cannot expect a stable cluster
in solution. Otherwise, the main features of the gas-phase
profile remain the same in solution; large triplet barriers,
16.4 and 18.5 kcalmol ™', being crossed by the quintet surfa-
ces, which have much smaller barriers (relative to the quin-
tet reactants). The remaining energy profiles have similar
characteristics and are collected in the Supporting Informa-
tion (see Figure SC7 to SC10). As such, all the reactions of
the Kypycq, reagents proceed by a TSR scenario whereby
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Figure 6. UB3LYP energy profiles for the reaction of **Kyycan and **Kqyear With CgHg in the triplet and quintet states: a) The energy profile in the
gas phase. Each species has two energy values, which correspond to UB3LYP/B2//B1 and UB3LYP//B2/B1+ZPE, respectively. b) The energy profile in
acetonitrile solution. Here the energy data involve solvation correction, (E(UB3LYP//B2/B1)+4ZPE + E,,,). The relative energy for TSy in solution for
*Krmcan) Was obtained by using an estimated ZPE value (see Figure SC13 in the Supporting Information).

the quintet surface cuts through the triplet surface and pro-
vides in principle a low-energy path for the transformation.
Furthermore, all the gas-phase barriers on the quintet surface
are very small (2-4 kcalmol™) of the order of the zero-point
energy stored in the C—H bond (ca. 4 kcalmol ™).

The key geometric features of the TSy species are given
in Figure 7; the structures basically resemble those found in
our previous study.” Thus, all the structures involve a col-
linear O-H-C moiety, which is typical of H-abstraction pro-
cesses. Much in line with the
relative barriers on the two
spin-state surfaces, the C—H
bond lengths in TSy are short-
er than in *TSy, while the H-O
bonds are longer. As such, all
the TSy species lie earlier on
the H-atom transfer coordinate
than their corresponding TSy
species, a trend which is in

accord with the lower barriers GeHg reactions

The differences in transition-state structures between the
two spin states reflect the different selection rules for these
transition states, as described in detail in the previous
study.®?” As before, this can be understood by reference to
the electronic reorganization (following the oxidation state
formalism®**!), which occurs during the establishment of
the transition states. As shown in Scheme 5, during the H-
abstraction, there is a shift of an electron from the o(C—H)
bond orbital to the iron-oxo reagent; in the case of TSy,

r(C-H)
r(O-H) ~ (J’

r(Fe=0)

) ) 2(H-0O—Fe)

r(Fe-N),,

r(Fe-A)

.' A: coordinating atom in L

and the more exothermic H- L (O-H) HC-H) r(Fe-0) r(Fe—A) r(Fe-N),, £(H-O-Fe)
atom abstraction energy com-

. . AN 141[1.61]  1.26[1.16]  1.75[1.70] 213[219]  214[2.24]  147.6[177.3]

pared with the triplet process. Lg 1.32 %1 .47} 1.29 {1 .20} 11 %1% 1.99 {2.00} 214(224]  1463[177.7]

. 1.33[1.42 129[1.22]  1.79[1. 1.97[1.99]  214[2.25  143.9[178.0]

Another  difference  between SR 1.31[1.87]  1.29[1.25]  180(1.76]  2.36[242]  215[2.25  147.8[177.1]

the transition states is apparent E 1.32[1.43] 1.30 [1.21] 1.78 [1.74] 1.86 [1.89] 211[2.22] 143.5[176.3]

. ) : NCS 1.33[1.43]  129[(1.22]  1.78(1.75) 1.94[1.99]  214[2.25]  144.6(177.2]
in their different Fe-O-H

angles, close to 180° for TSy
and 143-148° for *TSy.
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Figure 7. UB3LYP/B1 optimized TSy [*TSy] species for the H-abstraction reactions (bond lengths in A and
bond angles in degrees). The *TSy; species for L= AN correspond to the solvent-optimized species.
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Table 1. Energy barriers (in kcalmol™") in the O-transfer reactions of ZS“KTMC(L, with PMe; and PPh;.

orbital that is aligned along L B1+ZPE B2+ZPE Bl1+ZPE+E,, B2+ZPE+E, 1! AG* (B2)1**
the Fe-O axis; this requires a ;) g—1

collinear Fe-O-H-C arrange- AN 7.1 7.0 14.5 13.1 (24.9) 24.3 (41.2)
ment in the transition state. EF }S; 1‘5‘-3 ;gé 123 ;;3

On the other hand, in the case () 19.5 183 203 16.9 (29.8) 29.9 (39.5)
of "TSy the electron is shifted g 18.9 182 186 16.0 8.7

to the n*(FeO) orbital, there- SR 20.2 19.7 21.0 19.9 (33.8) 32.9 (48.8)
by leading to a transition state = b) S=2

with a bent Fe-O-H angle. AN 0.0 0.0 11.0¢ 3.0 (10.5) 13.04 (20.5)
Scheme 5 further shows that EF ?057 1; }(5); g:g };2

the quintet process enjoys a N3 6.5 3.9 9.7 4.8 (15.4) 15.9 (25.8)
large increase of exchange in-  NCS 7.4 4.5 10.2 5.6 16.2
teractions compared with the SR 10.3 7.9 11.2 82 (18.6) 21.0 (33.6)

triplet species, and hence, as a
rule,” the quintet barriers are
smaller than the corresponding
triplet ones. It should also be
noted by comparison of
Scheme 4 and Scheme 5 that,
unlike the O-transfer reaction that behaves as a two-elec-
tron process (Scheme 4), H-abstraction behaves as a one-
electron process (still having a redox character due to the
change in the oxidation state of iron).

25+
HK + CsHa 25+1|H

=1

3
[V p—

32—

75*FeO+ 1
5 e +
L ac
o e

Oy —1—
o*,2 -4—

o
o4
TFeO -4+ -Hu- TO-H

+

oc

Scheme 5. Electronic reorganization in the H-abstraction process of
s+
TMC(L)

Discussion of Trends in the O-Transfer and H-
Abstraction Barriers of 3’SKTMC(L) Reagents

To facilitate the discussion of the barriers and the reactivity
trends, we have collected the computed barriers in Table 1
and Table 2 at various levels. These data and the energy pro-
files in Figure 3, Figure 4, Figure 5, Figure 7, and Figure 8
will serve as the basis for the discussion.

Chem. Eur. J. 2008, 14, 1740-1756
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[a] Values in parentheses correspond to the barriers with PPh,. The datum for the reaction between *Kpycan)
and PPh; at S=2 is based on the TS, species obtained at the Bl + E,,, level discussed above. [b] The free
energy barriers are obtained by adding the computed gas-phase thermal and entropic contributions to the
B2+ ZPE + E,,, data. [c] Estimated ZPE values were used. [d] A= 10 kcalmol™" was used for thermal and
entropic contribution to the free energy barrier.

The following trends are apparent from the data. The first
trend, in all the series of the computed barriers, is that on
either the triplet or the quintet surface, the barriers follow the
electrophilicity of the 2S“KTMC(L) reagents; the barriers are
low, when L is neutral (AN), and increase when the charge
of L is —1. A pictorial representation of this general trend is
seen in Figure 8, where all the triplet barriers/free energy
barriers are drawn against the corresponding |Agcr| quanti-
ty (this is the absolute magnitude of charge transferred from
the ligand L to the TMC-FeO** moiety; see Figure 2b).
The trends in Figure 8 follow the electrophilicity of the
iron—-oxo reagent, and are common generally to all the other
data sets (including the quintet ones) in Table 1 and Table 2.

It is thus natural to expect that electrophilic reactions,
like the ones we calculated in this study, will follow the elec-
trophilicity of the iron—oxo reagent. However experiment
disagrees with the computational trends, as illustrated by
Figure 9, which plots experimental free-energy barriers de-
rived from the bimolecular rate constant data® for the re-
actions of Kqycq, with PPh; and DHA (estimation of free
energy barriers relied on the Eyring equations; for further
details see Figure SAG6 in the Supporting Information)
versus the electron-releasing index of the ligand, |Agcr]
and the calculated triplet—quintet gap (AE(Q—T)). For O-
transfer reactivity, theory is in accord with experiment, with
the most electrophilic Kyycany reacting the fastest with
PPh; and the least electrophilic Kyycsg) reacting the slow-
est. For H-abstraction however, the experimental reactivity
trend (Figure 9) is opposite to that of the computational data
(Figure 8) at all levels and for both spin states.

To ascertain whether or not the experimental H-abstrac-
tion trends may be determined by the strength of the formed
TMC(L)FeO—H bond, we computed the bond dissociation
energies (BDEs) of the O—H bond in the TMC(L)FeO—H
species for both spin states. The resulting BDEs for the trip-
let surface (see Table SAS5 in the Supporting Information)
are fairly constant, and cannot predict the observed trend
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Table 2. Energy barriers (in kcalmol ™) in the H-abstraction reactions of **'Kyycq, with CoHs.

L B1+ZPE B2+ZPE B14+ZPE+E,, B2+ZPE+E,,, AG* (B2)1
a) S=1

AN 6.0 8.4 13.9 16.4 29.2
TF 132 16.6 15.9 18.5 30.1
F 13.5 16.2 17.4 21.3 32.8
N3 13.7 18.5 16.9 20.1 337
NCS 13.8 17.6 15.8 19.5 343
SR 14.3 19.7 15.7 21.8 343
b) §=2

AN 0.0 0.0 9.5 7.10 17.16
TF 4.0 3.8 7.9 7.8 17.4
F 8.0 5.9 11.9 10.9 20.8
N3 4.0 52 7.8 8.5 20.1
NCS 53 49 9.3 9.7 21.3
SR 5.8 82 82 113 21.6

[a] The free energy barriers are obtained by adding the computed gas-phase thermal and entropic contribu-
tions to the B24+ZPE+E,,, data. [b] This value is based on the TSy species located in solution. Estimated
ZPE values were used. [c] A, =10 kcalmol™! was used for thermal and entropic contributions to the free

energy.

(BDE

~ 88 kcalmol™!
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B3LYP/B2//B1

level;

90 kcalmol™ for SR and 91 for AN). If we include the inter-
actions in the H-abstraction intermediate, the strongest
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Figure 8. Plots of the calculated barriers at the a) B2/B1+ZPE+E,,
level and b) free energy barriers at the B2//B1+ZPE+ E,,+ A, level
for O-transfer (filled circles) and H-abstraction (triangles) reactions
versus |Aqcr|. All barriers are gauged relative to the separate reactants

at the lowest state.
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O-H bond is for L=AN
(Method 1 in Table SAS in the
Supporting Information), and
the BDE prediction is again in
discord with experiment. Using
pK,(TMC(L)FeO—H) as a po-
tential predictor of the trends
does not resolve the difficulty
either. The pK, quantity is a
combination of the BDE(O—
H) and the reduction potential
of the iron-oxo species. Since
BDE(O—H) is constant, the
only variable that determines
pK, is the reduction potential.
As we already stated, the ex-
perimental  measurements?®!
show that the relative reactivi-
ty behaves opposite to the

trend in the reduction peak potentials of the Kyycq, re-
agents. We may conclude therefore, that the thermodynam-
ics of the H-abstraction process on the triplet surface, or for
going from triplet to quintet, appear not to predict correctly
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Figure 9. Plots of experimental AG™ values against a) |Aqcr| and b) AE-
(Q-T). Full circles are O-transfer (P-oxidation) activation data, while tri-

angles are H-abstraction data.
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either the computed or the observed trends. On the quintet
surface, the largest BDE is for L=AN and the weakest is
for L=SR (see Table SAS5 in the Supporting Information),
and this is in accord with the computed trend in the barriers,
but again in discord with experiment. Thus, the computa-
tional data show that one cannot invoke a rate-equilibrium
relationship that will account for the experimental observa-
tions.

From the above discussion it follows that the computed
barrier trends constitute a chemically reasonable trend for
an oxidative process, such that an electron releasing axial
ligand destabilizes the transition state and raises the barrier.
The only problem is that the experimental trends for H-ab-
straction defy this logic (compare Figures 8 and 9). How can
we understand the disparity between experimental trends
and the theoretical results that are otherwise reasonable and
uniform at all levels?

TSR reproduces the trends in the O-transfer and H-abstrac-
tion reactions: A potential way to understand these trends
may be constructed from the fact that all the energy profiles
exhibit two-state reactivity (TSR).F**2 Thus the quintet
surface cuts through the triplet barrier, thereby providing in
principle a low-energy path for the reactions. But this low
energy path requires spin inversion from triplet to quintet,
which may serve as an additional bottleneck for the reac-
tion.F*3031 'We shall therefore consider TSR and examine
three different scenarios.

The first scenario that should be examined assumes the
existence of a fast spin pre-equilibrium between the quintet
and triplet Kyycq, species, followed by a reaction from the
quintet state alone.’” However, as we saw already in
Table 1 and Table 2, while a quintet-state reactivity predicts
the trends for the O-transfer to PMe;, it certainly does not
reveal how the counterintuitive reactivity trend in the C—H
activation could arise from this scenario. Thus, the hypothe-
sis of fast spin pre-equilibrium and a follow-up reaction
from the quintet spin-state surface has to be ruled out be-
cause the trends in C—H reactivity on any one of the spin sur-
faces follow electrophilicity. In addition, experimental
data®? show no apparent signs for spin pre-equilibrium
and all the complexes have spectral properties of ground
state triplet species.

Another TSR scenario is one in which the reaction starts
on the triplet-state surface and, en route to the TS, crosses
over to the quintet surface with a probability that depends,
inter alia, on the spin-orbit coupling (SOC) interaction be-
tween the two spin states.F"*2 This SOC matrix element?™
is a monoelectronic matrix element between two orbitals:
one is the orbital that is depopulated in the crossover of the
triplet to quintet, and the other is the orbital that is populat-
ed in the same transition. At the stage of the Kyycq, com-
plexes these orbitals are ¢ and o*,, (e.g., Schemes 3 and 5).
It is known that the SOC interaction is very sensitive to or-
bital delocalization and to changes in electronic structure.
Thus, SOC is at maximum when the two orbitals are strictly
localized on the iron and when the two states have electron-
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ic structures that differ by the occupancy of a single d orbi-
tal.’>>% In a former MCSCF study of SOC in the H-abstrac-
tion process in the reaction of FeOt with H,, the SOC inter-
action was found to vary drastically along the reaction coor-
dinate due to delocalization of the orbitals and to shrink
down to zero at the exit channel (Fe*/H,0) due to changes in
the electronic structure.’" For the present system, at the re-
actant stage, where orbital delocalization is modest, and
when the two states differ by a single orbital occupancy®™”
the expected SOC matrix element would be significant.
However, during H-abstraction, the orbitals of the two
states become more delocalized and involve the substrate
orbitals, for example, the C—H moiety of the reagent. Fur-
thermore, as can be seen from Scheme 5, during H-abstrac-
tion the electronic structure changes and other orbitals
become involved too in each one of the states, which now
differ by more than one orbital occupation. This further re-
duces the SOC value.’™ The larger the initial spin-states
energy gap the “later” is the crossing, the more mixed are
the orbitals and the more different are the electronic struc-
tures of the two states, so that the SOC is expected to
become smaller and smaller as the initial energy gap be-
tween the state becomes larger.’” Since the probability of
spin crossover is exponential in SOC (e.g., in the Landau-
Zener model®™), we may reason that the probability of trip-
let-to-quintet crossover should decrease quite fast as the ini-
tial quintet-triplet energy gap increases. Following the data
in Figure 2, we can expect that the spin-inversion probability
should be smallest for L=AN, with the largest gap, and
should increase as the electron releasing power of the axial
ligand increases up to L=SR. The so predicted large SOC
mixing for L=SR is in fact supported by analysis of the ex-
perimental Mossbauer data,?! which show that in this com-
plex the quintet state is more extensively mixed into the
triplet ground state than in other complexes of this type.

Since in practice there is currently no good way to com-
pute what is needed to model such TSR scenarios, where
the reactions take place in solution and where there are so
many of them, we must construct these scenarios using a
working hypothesis that will serve to reason the reactivity
patterns observed experimentally. If successful, such an idea
can provide the conceptual means to design reactions that
can test the hypothesis and gain thereby improved insight
into TSR.

Inspection of the data for C—H activation in Table 2 re-
veals that one can obtain a counterintuitive reactivity pat-
tern in a TSR scenario where the two states contribute to
product formation. Thus, we consider a TSR scenario where
most of the process occurs on the quintet surface that has
the smaller barriers. However, because the spin inversion
probability is low, there is a high probability of staying on
the triplet state, which may contribute to the overall reactivi-
ty (only, of course, if the barrier difference is matched by a
low spin inversion probability). Such a scenario can be mim-
icked by blending the quintet barriers with weighted contri-
butions from the triplet barriers, such that the contribution
of the triplet increases as the quintet—triplet energy gap in-
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creases.”” Accordingly, consider the simple expression of
the barrier of the reaction as a blend, or a weighted average
of the two barriers in Equation (1):

AE}, = xAE;f + (1-x)AE}, (1)

where AE(, is the net reaction barrier due to blending of
the triplet and quintet barriers, x is the weight of the triplet
process in the overall process, and 1—x is the quintet weight.
In turn, using these barriers in an Arrhenius equation or in
the Eyring equation, the corresponding rate constant would
be given by Equation (2):

ki = ky - kg™ (2)

Thus, the rate constant is a weighted geometric average of
the corresponding triplet and quintet rate constants.

Rearrangement of the terms in Equation (1) shows how
the blending affects the net barrier [Eq. (3)]:

AES~AES = x(A Ei—A Ef) (3)

It is seen that relative to the quintet barrier, the net barrier
(AE(;) is raised by a product of the weight of the triplet re-
action (x) and the difference between the barriers on the
triplet and quintet surfaces, (AE;—AE(). As such, it is ap-
parent that, as x increases with the quintet-triplet energy
gap as would be required by the above reasoned lowering of
spin inversion probability (from L=SR to L= AN), so does
the barrier. Consequently the relative reactivity in a series
can be inverted, from one controlled by the electrophilicity
of the reagent (i.e., L=AN is the most reactive) to one that
follows the electron-donating power of L (L=SR is the
most reactive).

A set of x values can be determined from the computa-
tional data by seeking the critical x, that equalizes the barri-
ers for L=AN and all the other L ligands (see pages S24—
$26 in the Supporting Information for details) for both C—H
activation and O-transfer series, based on the quintet and
triplet barriers in Table 1 and Table 2. Any set of x values
larger than the so-determined critical ones will reproduce
the counterintuitive trend in the C—H activation barriers,
whereas a smaller value will reproduce the trends observed
in the O-transfer barriers. Thus, using the free energy barri-
ers in Table 1 and Table 2 (UB3LYP/B2//B1+ZPE+ E,,,),
the so determined final x values are the following: for the
C—H activation series, they are AN (x=0.56), TF (x=0.50),
F (x=0.10), N3 (x=0.17), NCS (x=0.03), and SR (x=0.00),
while for O-transfer these values are: AN (x=0.88), TF (x=
0.71), F (x=0.63), N3 (x=0.61), NCS (x=0.67), and SR
(x=0.50). Other sets of the barriers give different values,
but what matters more is the trend in the x values, which
are determined with no bias; this is seen to increase in the
order AN > TF > N3 > SR exactly as the expected partici-
pation of the triplet based on the quintet—triplet energy gap
and its effect on lowering of the SOC; the Kyycsr) With the
smallest energy gap has the largest participation of the quin-
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tet state, whereas Kyycan) With the largest spin-state gap
has the smallest quintet participation. The working hypothe-
sis exhibits at least a physically reasonable trend.

Figure 10 shows the so-determined blended computational
barriers plotted as a function of |Agcr| in Figure 10a and as
a function of the triplet-quintet gap AE(Q-T) in Fig-
ure 10b. It is seen that the TSR-based blended free energy
barriers reproduce the trends observed in the experimental
studies. Thus, the H-abstraction barriers follow the counterin-
tuitive trend whereby the barriers generally decrease as the
electron-releasing power of the ligand L increases and the
triplet—quintet energy gap, AE(Q-T), decreases. By con-
trast, the TSR-based blended barriers for the O-transfer
series exhibit the opposite trend; the barrier is lowest for
L=AN and generally increases with the electron releasing
power of L, thus following the electrophilicity of Kyycq,. In
addition, these two sets of TSR-based barriers exhibit reac-
tivity crossover in the series, such that for L=AN the two-
electron reactivity in O-transfer is higher than the one-elec-
tron reactivity in H-abstraction, and as the ligand becomes
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Figure 10. Plots of theoretical TSR-free energy barriers versus the two or-
ganizing quantities of the axial ligand effect: a) The behavior of the TSR
blended triplet-quintet barriers, determined according to Equation (1),
as a function of |Agcr|. b) A plot of the same blended triplet-quintet
barriers against AE(Q—T). Triangles and the dashed line correspond to
H-abstraction data, while full circles and the solid line corresponding to
P-oxidation data.
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more electron rich, the barrier difference decreases and
eventually at L=NCS the H-abstraction reactivity becomes
dominant. In fact, by removing the points for L=F and
NCS for which there are no experimental rate constant data
reported, Figure 10 would look much like Figure 9 that ex-
hibits the corresponding experimental data. It further looks
like a twin of the plot of the experimental barriers for DHA
and PPh; found in our previous paper.”

After demonstrating the plausibility of the blended-TSR
idea by modeling the CHD and PMe; data in Figure 10, we
can consider the PPh; data vis-a-vis the CHD data. From
Table 1 it is apparent that the free energy barriers to O-
transfer to PPh; on the quintet surface follow the electrophi-
licity of the reagent too. Thus, using the blended C—H acti-
vation barriers in Figure 10, and the quintet barriers (x=0
for all L values) to O-transfer to PPh; will exhibit precisely
the same pattern as the one simulated for CHD and PMe;
in Figure 10. It appears therefore, that the observation of re-
activity crossovers in C—H activation of CHD versus O-
transfer to PPh;,** 2 may correspond to a scenario whereby
C—H activation occurs by a blended triplet—quintet reactivi-
ty, while the O-transfer reactivity of PPh; occurs predomi-
nantly on the quintet surface.

An alternative way of blending the two processes was pre-
sented in our previous publication,”! and is given in Equa-
tion (4):

kro = xko + (1-x)ky 4)

Here, the blended rate constant is given as a weighted sum
of the states’ rate constant weighted by their corresponding
probabilities. In our data, the rate constants on the two
states are widely different, so that the triplet rate will not
make any substantial contribution to the blend, and will be
left with Equation (5), where the rate is given by the rate
constant of the quintet surface multiplied by the probability
x of crossover from the triplet ground state to the quintet
state along the reaction path:

krq ~ xkq (5)

This expression is analogous to the traditional TSR model
as expressed in Equation (6):°"°')

krsg = Krokq = KTQ(kBT/h)eXP(_AGS/RT) (6)

This is the usual Eyring equation corrected by a “trans-
mission coefficient” (k1q), which depends on the probability
of spin crossover from triplet to quintet. Thus, the free
energy barriers for this TSR scenario are those on the quin-
tet surface, but the rate is weighted by the probability of
crossing over from the triplet ground state to the quintet ex-
cited state en-route to C—H activation or P-oxidation. As we
reasoned above, the SOC interaction, and hence also the
spin inversion probability, should be highest for L=SR and
lowest for L= AN, and the change is expected to be signifi-
cant due to orbital delocalization and changes in the elec-
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tronic structure. Furthermore, since k1o varies exponentially
with the SOC matrix element squared,®® which decreases as
the triplet—quintet gap increases, it is anticipated that xrq
will be reduced fairly steeply along the series. Therefore, if
we use the quintet free energy barriers for H-abstraction in
Table 2, and scale the Eyring rate constant by a spin inver-
sion coefficient (x1o) that decreases gradually from L=SR
to L=AN, the relative rates in the series will be inverted to
yield the observed anti-electrophilic trend.”*! At room tem-
perature, each order of magnitude in rate constant corre-
sponds to 1.4 kcalmol™!, and thus inspection of the quintet
free energy barriers (Table 1, data for S=2) show that the
transmission coefficient will have to decrease by slightly
over four orders of magnitude to achieve the counterintui-
tive reactivity trend (see Supporting Information, p S26).
Such a decrease is physically feasible considering the expo-
nential dependence of kg on the SOC matrix element, and
the expected decrease of the latter quantity.””! In the tradi-
tional-TSR model too, one can get different values of kg
using different barriers sets (e.g., see Supporting Informa-
tion, p S26), but what matters is that all these numbers ex-
hibit the same physically reasonable trend, namely xrq de-
creases as the initial quintet-triplet energy gap increases,
from L=SR to AN.

The two TSR scenarios [Eq. (1) versus Eg.(6)] make
equivalent predictions, regarding the above dichotomic reac-
tivity, and the decision between them has to be based on
two criteria: i) Which one is more realistic? ii) Which one
makes more useful and testable predictions?

One concern regarding the blended-TSR notion is that
the quintet barrier is much lower than the triplet barrier
(Table 2). So, based on energetic considerations alone, one
would not expect a contribution of the triplet reaction (even
if the staying probability on the triplet is high), and one
should favor the traditional-TSR scenario in Equation (6).
However the argument behind this concern does not take
into account the fact that the quintet energies are overstabi-
lized in B3LYP (and apparently also in PBEO). In fact, fit-
ting the Mossbauer parameters to experiment for 3KTMC(SR,
required an upward shift of the computed quintet energy,
relative to the triplet state.” Such a upward shift in the
quintet barriers, along with small spin inversion probabilities
(that decrease from L=SR to AN), will render the blended-
TSR scenario more plausible. Let us then consider in the
next section the predictive insights that can differentiate the
two models.

Some predictions of the two-state reactivity approaches: An
obvious direction for testing the TSR model is the design of
metal-oxo oxidants where the quintet states are high energy
and inaccessible. Such complexes, which prefer the lower
spin states should be abound by changing the metal, or by
proper design of the ligands.™ For such complexes, the two
TSR scenarios predict that: i) both C—H activation and P-
oxidation will be sluggish since they cannot enjoy the low
energy pathway provided by the quintet state; and that ii)
both C—H and P-oxidation will exhibit a reactivity trend in
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accord with the relative electrophilicity of the reagents. An-
other prediction of the two models is the temperature de-
pendence of the rate constant.’*'< This is more apparent in
Equations (5) and (6), where the spin inversion probability
reduces the pre-exponential factor, and would therefore
yield highly negative entropy of activation if analyzed by
means of the Eyring equation. Thus the TSR models predict
that the reaction for L= AN will have the most negative en-
tropy of activation, while L=SR the least negative.

A second approach is to devise experiments that can dis-
tinguish between the two TSR models. Two tests come to
mind:

The first test is based on the previous computational
study of (N4Py)FeO** and (Bn-tpen)FeO***! which
showed that, after the H-abstraction step, only the triplet
surface encountered a rebound barrier to form an alcohol
complex, whereas on the quintet surface there is a barrier-free
rebound (this however, is not the case for TMC(SR)FeO*
where a rebound barrier seems to exist®"). In the tradition-
al-TSR model [Eq. (6)], since all reactivity is channeled via
the quintet surface, one would not expect much if any ste-
reochemical scrambling, at least based on the computed
energy surfaces for the rebound process of (N4Py)FeO**
and (Bn-tpen)FeO?*.*” In contrast, in the blended-TSR
model, since part of the reaction proceeds on the triplet
state, significant scrambling of stereoselectivity is expected.
Significant scrambling will thus indicate a blended-TSR re-
activity. In such an event, one could use an R—H substrate
with a stereochemical label, as, for example, in Scheme 6,

TMC(L)FeO + H-R

|

TMC(L)FeOH + R

)V \
N B
TMC(L)Fe —O-R TMC(L)Fe —O-R
) (R)
Scheme 6. Rearranged (R) and unrearranged (U) alcohol products ex-
pected from a blended-TSR approach ([Eq. (1)]). The tilde over the R

moiety in R denotes a rearranged organic radical compared with the
same moiety in U.

and analyze the alcohol product. As shown in Scheme 6, the
value of x ([Eq. (1)]) can be determined from the ratio of
the rearranged alcohol (R) yield, to the total alcohol yield,
involving the sum of unrearranged (U) and rearranged alco-
hol (R) product yields.

The second test is based on kinetic isotope effect (KIE)
measurements. In the blended-TSR approach ([Egs. (1) and
(4)]) the KIE will have two contributions, one coming from
the quintet surface, the other from the triplet. Using equa-
tion 2, the KIE in blended-TSR can be broken down into
the individual contributions as in Equation (7):
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KIE;o = KIEZ - KIE, "™ ()

Since the quintet gas-phase barrier for C—H abstraction
from C¢Hj is extremely small, 2-4 kcalmol™', one can imag-
ine that once there is a spin crossover from the triplet to the
quintet surface, the zero-point energy stored in the C—H
bond (~4 kcalmol™) is sufficient to propagate the molecular
system across the quintet barrier, within a single vibrational
amplitude (the ZPE of the C—D bond will not be sufficient
and the reaction will proceed by normal activation over a
barrier). Such a mechanism will give rise to a very large
KIE much like a tunneling process.” Thus, we may con-
clude that the KIE, value should be very large for most
cases with weak C—H bonds like C,Hg. In contrast, with
strong C—H bonds, generally, the quintet energy barrier will
be often larger than the ZPE of the C—H bond and the
quintet-state bond activation will proceed in a normal acti-
vation over the barrier, giving rise to semiclassical KIE (7 or
$0).

From the work on the TauD enzyme,® an iron-oxo active
species with a quintet ground state exhibits a KIE > 30, much
larger than the computed semiclassical value. Indeed the
semiclassical values calculated by us for Kyycq, in the quin-
tet state are very small, 3.7-6.1 (see Table SC11 in the Sup-
porting Information) in accord with the small value reported
by de Visser for the TauD model reaction.’ Therefore, as-
suming that the KIE value is semiclassical, (KIE;=5.8-7.0;
see Table SC11 in the Supporting Information), as observed
in similar H-abstraction processes,” one can predict that
within a series of the type used here, the blended-TSR
based KIE1, will be smallest for L=AN and largest for L=
SR. Qualitative support for this prediction can be found in
the experimental data for the Fe(O)(TMC)(L) complexes dis-
cussed in this paper where observed KIE values range from
10-20 for the activation of weak C—H bonds.*! Generally, in
a series where an iron—oxo reagent reacts with alkanes with
different C—H bond strengths, one would expect a highly
variable KIE, stretching from semiclassical to nonclassical
values, depending on the C—H bond strength and reflecting
the blending of the triplet into the quintet processes.
Indeed, experimental KIE values have been observed to
range from 10 to 60.1%1%:20.20)

Although such observations do not rule out the tradition-
al-TSR scenario ([Eq. (6)]), it is less clear at the moment
how it could account for or predict such high variability of
the KIE. The blended TSR in Equation (4) does not give a
clear breakdown of the KIErq into individual components,
but it is expected to yield similar predictions to Equa-
tion (2).

Concluding Remarks
The hydrogen abstraction (H-abstraction) and phosphine
oxidation (P-oxidation) reactions of nonheme FeY=O re-

agents exhibit two-state reactivity (TSR), in which the
ground triplet state possesses large barriers for bond activa-
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tion, whereas the thermally accessible quintet state has
smaller barriers that provide the system with a low energy
path for bond activation. Scheme 4 and Scheme 5 delineate
orbital selection rules that underlie the different reactivity
features of the two spin-state surfaces. The schemes project
also that the physical basis for the small quintet-state barri-
ers is the increase of the number of exchange interactions in
the quintet transition state. This reasoning makes TSR a
plausible reactivity scenario for bond activation by nonheme
Fe"V=0 complexes.

Equations (1)-(6) constitute two schemes for analysis of
TSR situations that are similar to the ones studied here,
wherein the reactivity reflects the influence of the two spin
states, either via the transmission coefficient [Eq. (6)] or via
the blend of the barriers of the individual states [egs. (1)-
(5)] that contribute to the overall process. In either formula-
tion one can rationalize the counterintuitive reactivity ob-
served in H-abstraction,?! and the reactivity crossover of
the H-abstraction and P-oxidation series.?*>

From the analysis of the blended-TSR batrriers, it is appar-
ent that the experimental observation may not constitute a
generally expected phenomenon that should characterize
any series of C—H activation versus O-transfer reactions
with a given set of iron-oxo reagents. The so-obtained enig-
matic results correspond to the specific series used in the ex-
perimental study, and could be modeled here with TSR
[Egs. (1)-(6)]. Nevertheless, the basic equations of blended-
TSR, Equations (1) and (3), also predict that as the C—H
bond strength in the substrate increases, the quintet barrier
will increase, and the relative reactivity of the Kyycq, series
will be less responsive to the electron-releasing power of L
but will follow the electrophilicity of the iron—-oxo reagent.
The fundamental message is that the occurrence of both the
counterintuitive trend (for C—H activation) as well as the
more intuitive reactivity pattern (for O-transfer) results
from the TSR scenario where two spin states interplay and
give rise to the overall reactivity. The blended-TSR scenario
makes additional testable predictions on radical clock sub-
strates, on KIE patterns, as well as on complexes with inac-
cessible quintet states that cannot exhibit TSR.

One would have certainly liked to have more precise
computational techniques that would have allowed an as-
sessment of the various TSR approaches more quantitative-
ly. However, at present this is not realistic. The above test-
able predictions constitute at present more realistic probes
that will determine eventually the status of this model.
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