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in state of nonheme FeIVO
complexes depending on temperature: predictive
insights from DFT calculations and experiments†

Na Young Lee,a Debasish Mandal, ‡b Seong Hee Bae,a Mi Sook Seo,a

Yong-Min Lee, a Sason Shaik, b Kyung-Bin Cho *a and Wonwoo Nam *a

The spin states (S ¼ 1 and S ¼ 2) of nonheme FeIVO intermediates are believed to play an important role in

determining their chemical properties in enzymatic and biomimetic reactions. However, it is almost

impossible to investigate the spin state effect of nonheme FeIVO species experimentally, since FeIVO

models having the S ¼ 1 and S ¼ 2 spin states at the same time neither exist nor can be synthesized.

However, recent synthesis of an FeIVO complex with an S ¼ 1 spin state (triplet), [(Me3NTB)FeIVO]2+ (1),

and a structurally similar FeIVO complex but with an S ¼ 2 spin state (quintet), [(TQA)FeIVO]2+ (2), has

allowed us to compare their reactivities at 233 K. In the present study, we show that structural variants

control the spin-state selectivity and reactivity of nonheme FeIVO complexes. While 1 and 2 were

proposed to be in an octahedral geometry based on DFT calculations and spectroscopic

characterization done at 4 K, further DFT calculations show that these species may well assume

a trigonal bipyramidal structure by losing one coordinated solvent ligand at 233 K. Thus, the present

study demonstrates that the structure and spin state of nonheme FeIVO complexes can be different at

different temperatures; therefore, the structural and/or spin state information obtained at 4 K should be

carefully used at a higher temperature (e.g., 233 K). In addition to 1 and 2, [(TPA)FeIVO]2+ (3) with an S ¼
1 spin state, whose spin state was determined spectroscopically and theoretically at 233 K, is included in

this study to compare the chemical properties of S ¼ 1 and S ¼ 2 FeIVO complexes. The present results

add another dimension to the discussion of the reactivites of nonheme FeIVO species, in which the

structural preference and spin state of nonheme FeIVO species can vary depending on temperature.
Introduction

Mononuclear nonheme iron enzymes, such as taurine:a-keto-
glutarate dioxygenase (TauD),1 prolyl-4-hydroxylase,2 halogen-
ase CytC3,3 and halogenase SyrB2,4 utilize high-spin (S ¼ 2,
quintet) FeIVO intermediates in their enzymatic oxygenation
reactions.5 In contrast, most of mononuclear nonheme FeIVO
complexes synthesized in biomimetic model studies possess an
intermediate-spin (S ¼ 1, triplet) FeIVO moiety.6 Since the spin
states (S ¼ 1 and S ¼ 2) of nonheme FeIVO intermediates are
believed to play an important role in determining their chem-
ical properties in enzymatic and biomimetic reactions, the spin
, Ewha Womans University, Seoul 03760,
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of Toxicological Research, Lucknow
state effect of nonheme FeIVO species has attracted much
attention in the communities of bioinorganic and biological
chemistry.1–7

The high-spin conguration of nonheme FeIVO species is
easily achieved when the FeIVO moiety is in a trigonal bipyra-
midal (TBP) geometry, which leads to the Fe d-orbitals being
arranged in two groups of two energetically degenerated
orbitals, with a small energy difference between the two groups
(Fig. 1c).8 The preference of the quintet mode for TBP FeIVO
species has been explained by the same principles governing
Hund's rule; the extra energy required to populate the two
higher energy d-orbitals is compensated by the lack of exchange
interaction between the four a d-electrons.9

In the case of an octahedral (Oh) geometry, the upper d-
orbital energies are high, and consequently the ground state
conguration is an intermediate-spin (S ¼ 1, triplet) in most
cases (Fig. 1c). Even so, during an oxygenation reaction, an
electron from the abstracted hydrogen atom of the substrate
reduces the iron(IV) ion, and the resulting exchange enhance-
ment of this h electron allows the quintet transition state
(TS) of the reaction to be lower in energy than its triplet coun-
terpart.8–10 Thus, for quite some time, it has been theoretically
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 (a) Ligands used in the synthesis of nonheme FeIVO complexes;
[(Me3NTB)FeIVO(CH3CN)]

2+ (1Oh, Me3NTB ¼ tris((N-methyl-benzimi-
dazol-2-yl)methyl)amine), (TQA)FeIVO(CH3CN)]

2+ (2Oh, TQA ¼ tris(2-
quinolylmethyl)amine) and [(TPA)FeIVO(CH3CN)]

2+ (3Oh, TPA ¼ tris(2-
pyridylmethyl)amine). (b) Structural changes between octahedral (Oh,
left) and trigonal bipyramidal (TBP, right) depending on the binding of
CH3CN as a ligand. (c) The valence electron orbitals of an Oh structure
(left) and those of a TBP structure (right). The Oh structures generally
(but not in the case of 2Oh) prefer an intermediate-spin configuration
due to larger orbital energy differences between p* orbitals and the
ones above. In contrast, the four singly occupied orbitals in the TBP
structure are close in energy, favoring a high-spin conformation due to
favorable electron exchange interactions.
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postulated that even triplet species would in fact perform the
reaction through quintet surface (i.e., two-state reactivity,
TSR),11 unless more energy is required for spin changes due to
low spin–orbit coupling.

Actual experimental proof of this two-spin state theory is in
fact difficult to obtain, as TSs are not commonly observable.
One is therefore limited to measure the spin states at the
reactant or product states. Despite attempts to address this
question by such studies,12 this provided limited information
regarding this issue, and especially so about the timing of spin
change (i.e., before or aer the TS). In addition, an energetically
lower quintet TS may not be sufficient to guarantee a spin
transition. For instance, we have earlier investigated the case of
C–H activation by [(N4Py)Fe

IVO]2+, where the experiments indi-
cate that spin inversion does not occur, hence implying a low
spin–orbit coupling.13 One rationalization for this is the large
energy difference between the two spin states of the reactant
compound (e.g., DG > 6 kcal mol�1), which may lead to diffi-
culties in changing the spin state at the beginning of the reac-
tion. Also, in the case of using cyclohexene as a substrate, the
small energy difference (e.g., DG < 1 kcal mol�1) at the TS
suggests that energy gain by the spin ip would be small.
This journal is © The Royal Society of Chemistry 2017
In the opposite end of the spectrum, we showed that while
the ground state of [(Me3NTB)Fe

IVO(CH3CN)]
2+ (1Oh; see the

ligand structure in Fig. 1a) was experimentally measured to be
in the triplet state at 4.2 K; the calculated energy difference to
the quintet state was almost non-existent (e.g., DG < 0.1 kcal
mol�1 at 298 K).14 At the same time, the gain at the TS was
substantial (e.g., DG > 10 kcal mol�1) when cyclohexane or
cyclohexadiene was used as a substrate.14 Hence, these features
constitute strong implications that 1Oh can easily switch its spin
state and perform C–H activation reactions in a high-spin mode
with a large gain in reactivity. In the absence of spin–orbit
couplings, this scenario remains just an implication, albeit
a strong one. Moreover, we could not exclude a possibility that
1Oh would lose its solvent ligand (e.g., CH3CN) to form a TBP
structure ([(Me3NTB)Fe

IVO]2+, 1TBP) and the reaction was then
performed in the quintet state (Fig. 1b) because the TBP struc-
ture favours the quintet state by a large margin.

More recently, a quintet ground state complex with an Oh
structure, [(TQA)FeIVO(CH3CN)]

2+ (2Oh; see the ligand structure
in Fig. 1a), was reported;15 the spectroscopic characterization
was done at 4.2 K. The TQA ligand uses quinoline groups
instead of the 1-methyl-benzimidazole groups in Me3NTB
(Fig. 1a). This small ligand modication has generated inter-
esting questions about the differences in the chemical proper-
ties of the triplet and quintet FeIVO complexes, and it has been
shown very recently that the reactivity rates and patterns of 1Oh
and 2Oh were remarkably similar.16 Existing experimental
comparisons, however, were limited to the spin states and
structures determined at 4 K and the reactivities investigated at
233 K. A quick summary of the experimental results would be as
follows: (i) when the spin states of 1Oh and 2Oh were determined
spectroscopically at 4 K (i.e., Mössbauer), the preferred spin
state of 1Oh was the triplet,14 whereas it was the quintet for 2Oh.15

(ii) The structures were proposed to have a solvent ligand (e.g.,
CH3CN),14,15 forming a six-coordinated octahedral structure
(e.g., 1Oh and 2Oh) at 4 K based on density functional theory
(DFT)17 calculations matching Mössbauer data. (iii) In the
oxidation of cyclohexene by 1Oh and 2Oh, hydrogen atom
transfer (HAT) (i.e., allylic C–H activation) was preferred to
oxygen atom transfer (OAT) (i.e., C]C epoxidation), but some
OAT products were yielded, indicating that the energy barriers
for the HAT and OAT reactions are close to one another at 233
K.16 (iv) The reactivities of 1Oh and 2Oh were found to be
comparable in oxidation reactions at 233 K.15,16

However, as discussed above, the spectroscopic character-
ization of 1Oh and 2Oh was done at 4 K, whereas all the reactivity
studies were performed at 233 K and the experimental results
were interpreted with an assumption that the structures and
spin states of 1Oh and 2Oh at 233 K were the same as those
determined at 4 K.14,15 Moreover, the temperature difference
between the spectroscopic characterization and reactivity
studies was not considered previously. Therefore, to gain
insights into the temperature effect(s) on the structure and spin
state of nonheme FeIVO species, we used DFT calculations as
well as experiments to elucidate the experimental results ob-
tained at a higher temperature (i.e., 233 K). In the present study,
we show that the structural assignment of 1Oh and 2Oh with the
Chem. Sci., 2017, 8, 5460–5467 | 5461
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spectroscopic data obtained at 4 K do not accurately reect the
change of structure and spin state at a higher temperature (i.e.,
233 K) due to the change of the solvent-binding preference at
different temperatures (Fig. 1b). Indeed, DFT calculations show
that 1Oh and 2Oh lose one coordinated solvent ligand at 233 K,
forming a trigonal bipyramidal structure (i.e., 1TBP and 2TBP);
unfortunately, the spectroscopic determination of the spin state
of the presumed 1TBP and 2TBP species was not successful due to
the highly unstable nature of the intermediates in solution at
233 K (e.g., t1/2 < 1 min). Thus, to validate the reliability of the
DFT calculations, we have also studied the thermally more
stable FeIVO species, [(TPA)FeIVO(CH3CN)]

2+ (3Oh), possessing
a triplet spin state at both 4 and 233 K.18 The combination of
experiment and theoretical calculations lead to new insights
into the temperature-structure–spin state relationship that has
not been explored previously in nonheme FeIVO model studies.
Results and discussion

Our rst set of calculations involves large basis set geometry
optimizations (B3LYP/Def2-TZVPP)19,20 to obtain accurate
geometries and energies on the component structures 1, 2 and
3. Table 1 lists the relative energies for the species in both triplet
and quintet spin states. Looking at the electronic energies only
(DE), the energies show that the triplet is preferred for 1Oh and
3Oh, whereas the quintet is preferred for 2Oh; all are supercially
in agreement with the spin states determined spectroscopically
at 4 K.14–16,18 Hence, in this particular case, the small difference
in the Me3NTB and TQA ligands allows a slight preference of
one spin state to change to a slight preference of the other (i.e.,
triplet for 1Oh versus quintet for 2Oh).

However, a closer look into Table 1 reveals further insights.
Note that the reference point (0.0 kcal mol�1 in Table 1) is set at
the separated components of 1TBP, 2TBP and 3TBP in its quintet
state + CH3CN; therefore, these energies express the bond
dissociation energies (BDE) of the CH3CN ligand (see the
equilibrium between [(L)FeIV(O)(CH3CN)]

2+ and [(L)FeIV(O)]2+ in
Fig. 1b). To correlate better to experiments, one may look at the
free energies (DG, which here includes dispersion21) at the
experimental temperatures, instead of DE. Assuming that DG is
Table 1 Relative energies for 1, 2 and 3 without and with binding
CH3CN as a ligand, in kcal mol�1a

Compound DE DG (4 K) DG (233 K)

[1TBP/2TBP/3TBP] + CH3CN 0.0 0.0 0.0
1Oh (triplet) �0.6 �4.7 3.5
1Oh (quintet) 2.2 �4.3 2.7
2Oh (triplet) 1.6 �3.6 4.5
2Oh (quintet) 0.9 �6.5 0.2
3Oh (triplet) �7.5 �11 �3.6
3Oh (quintet) �1.0 �3.4 3.3

a Energies are relative to the separated compounds, i.e., [(L)FeIVO]2+

(quintet) + CH3CN, where L is Me3NTB for 1, TQA for 2 and TPA for 3.
Thus, negative energies indicate a preference for the solvent bound
structure.

5462 | Chem. Sci., 2017, 8, 5460–5467
reliable here (see ESI,† DG vs. k2 comparison discussion), an
interesting story develops. Mössbauer experiments at 4 K
together with DFT calculations have indicated that all the FeIVO
compounds are in an octahedral geometry, such as 1Oh, 2Oh and
3Oh (i.e., with one solvent molecule ligated).14,15,18 These results
are in agreement with the current results in Table 1, which show
that the octahedral complexes are stable at the free energy scale
(DG) at 4 K. We also note that at 4 K, the experimentally
determined spin states are also in agreement with the calcu-
lated DG (i.e., triplet for 1Oh and 3Oh and quintet for 2Oh).
However, at a higher temperature (i.e., 233 K) where the reac-
tivity studies were performed, DG values are positive for all
except triplet 3Oh (see the column of DG at 233 K in Table 1).
This indicates a possibility that the solvent ligand is released at
some temperature higher than 4 K and the structure changes to
a TBP structure in the cases of 1 and 2, where the quintet state is
known to be dominant.8 Thus, although the preferred structure
and spin state could not be determined spectroscopically at 233
K due to their instability (e.g., t1/2 < 1 min at 233 K), TBP
structures should not be disregarded at 233 K. However,
different from 1 and 2, species 3 is relatively stable at 233 K, and
we were able to determine a magnetic moment of 3.1 mB for 3 at
233 K using Evans 1H NMRmethod22 and assigned a triplet spin
state for 3 (see Methods section, ESI†). This result suggests the
structure of 3Oh, since the triplet 3TBP structure + uncoordinated
solvent is 11.4 kcal mol�1 higher in energy (Table S1, ESI†). This
is in agreement with Table 1, showing that the triplet 3Oh is
lower in energy than the quintet 3Oh. Hence, at face value, the
relative free energies DG seem to be in agreement with experi-
ments at every available and veriable points in the present
system up until this stage, such as the experimental results (i)
and (ii) discussed above and experiments done here for 3Oh,
even though the differences sometimes are within the error
margins of the calculation methods.

We then investigated the reactivities of 1, 2 and 3 with
cyclohexene, allowing us to explore both OAT (i.e., C]C epox-
idation) and HAT (i.e., allylic C–H activation).16 Since the usage
of large basis set was not practical here, we used the smaller
LACVP basis set23–25 for geometry optimizations and frequency
calculations, including tunneling, with Def2-TZVPP20 used for
single-point energy evaluation only (see Methods section, ESI†).
As can be seen in Fig. 2a, the energy difference between quintet
1TBP and 1Oh at the center of graph (3.2 kcal mol�1) indicates
that binding of a sixth ligand (i.e., CH3CN) to form an octahe-
dral structure is endothermic with the 1Oh triplet and 1Oh
quintet difference being within the round-off limits. These
values are slightly different from that of Table 1 (3.5 and 2.7 kcal
mol�1 for triplet and quintet, respectively) due to the smaller
basis set used in the optimization; nevertheless, they both
predict that a TBP structure is preferred at 233 K.

Subsequent complexation with cyclohexene and OAT reac-
tion occurs differently for the two spin states. With triplet 1Oh,
OAT occurs in two steps, with one O–C bond formed before the
other (Fig. 2a, going from the center to the le). The rate-
limiting step is the rst O–C bond formation with a barrier of
21.4 kcal mol�1. A substrate radical intermediate bound to 1Oh
through the Fe–O–C bond is formed, and a second lower barrier
This journal is © The Royal Society of Chemistry 2017
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(13.1 kcal mol�1) is crossed when forming the second O–C
bond. In comparison, the quintet state features a concerted step
where the two O–C bonds are formed at the same time. This
occurs over a low barrier, such as 8.0 kcal mol�1 for 1TBP and 7.7
kcal mol�1 for 1Oh (Fig. 2a).

Similarly, the HAT reaction features a high triplet barrier
(12.8 kcal mol�1) (Fig. 2a, going from the center to the right),
compared to the quintet states (6.5 and 7.4 kcal mol�1 for 1TBP
and 1Oh, respectively). This shows that the HAT reaction may
actually be mediated by 1TBP rather than 1Oh. However, even if
the structure somehow converts to a triplet 1Oh, a spin crossover
could transpire to perform this reaction on the (much) more
favorable quintet surface of 1Oh. Indeed, we found a minimum
energy crossing point (MECP) between the two spin states very
close to the reactant complex geometry (Tables S2 and S3, ESI†),
showing that a spin cross-over is at least geometrically plau-
sible. In addition, at the substrate radical intermediate stage
where the catalyst is an FeIIIOH species, the intermediate
complex is clearly energetically lower in its quintet state. Hence,
the only thing that would prevent the reaction from utilizing the
quintet pathway is an extremely low spin–orbit coupling,
Fig. 2 Free energies calculated at 233 K (DG, see Methods section for
details†), starting from separated reactants in the center of the graph
and performing OAT (going left) or HAT (going right) for the oxidation
of cyclohexene by FeIVO complexes bearing (a) Me3NTB and (b) TQA
ligands. The energy differences in the center between quintet (TBP)
and other states correspond to the CH3CN binding energy as the sixth
ligand. RS ¼ reactants separated, RC ¼ reactants complexed, TS ¼
transition state, I ¼ intermediate, P ¼ product.

This journal is © The Royal Society of Chemistry 2017
something that can be excluded by comparing the reactivity
with a bona de high-spin complex, such as 2Oh (vide infra). This
corroborates the results found in the previous study that the
reaction proceeds in the quintet surface regardless of being in
1TBP or 1Oh structure.14 In agreement with the experimental
result (iii) described above, the calculations show that the
lowest energy barrier in Fig. 2a is actually for the HAT reaction
by 1TBP and that the lowest epoxidation barrier is slightly higher
(i.e., by 1.2 kcal mol�1). Comparing the experimental k2 directly
to experiments, the DG barrier is somewhat low, but as shown
below, this seems to be a systematic trend, not affecting relative
energy comparisons (see discussion in Methods section, ESI†).

For the substrate part, an important point found in this study
is the number of equivalent C–H bonds on cyclohexene. While
there may seem to be four equivalent C–H bonds in cyclohexene
(two each in 2 and 5 positions, as removing any of these would
result in equivalent cyclohexenyl radical), the two C–H bonds
attached to the same carbon are not equivalent. This can be
understood by the structure of cyclohexene, a half-chair confor-
mation, where the two C–Hbonds are not at equal distance to the
3- or 4-position carbons. Calculating the vertical single-point
energy by removing one of these C–H bonds at time, at the
cyclohexene geometry, will show that there is a vertical BDE
difference between these two C–H bonds. This vertical energy
difference has the potential to change the energy barriers of an
HAT reaction.26 We found in this and a parallel study27 that the
energy barrier difference in the HAT reaction when using these
two C–H bonds is around 2 kcal mol�1 (see Tables S2 and S4,
ESI†). Hence, the number of equivalent C–H bonds in cyclo-
hexene is not 4 but 2, and it is potentially important to choose the
“right” C–H bonds for calculations. We use the lower value of
these two alternative reaction barriers henceforth. The substrate
radical intermediate energy, however, is largely unaffected by the
choice of C–H bonds, as the geometry optimization of the
cyclohexenyl radical will allow the reorganization energy to
compensate for the different vertical BDE.

As can be seen in Fig. 2b, the reaction energy proles for OAT
and HAT by 2TBP and 2Oh with cyclohexene are almost identical
to those of 1TBP and 1Oh within a maximum absolute deviation
of 3.7 kcal mol�1 for any of the individual values. Within this
small discrepancy, however, we can still nd some potentially
important differences. For the OAT reaction, the lowest TS is the
quintet 2Oh structure at 4.0 kcal mol�1. However, as the reactant
complex lies energetically higher (a consequence of adding
single-point entropy and dispersion effects; see Table S5, ESI†),
the rate-limiting reaction barrier can be considered to be 5.6
kcal mol�1. The overall lowest energy barrier is therefore the
HAT barrier performed by 2Oh at 5.1 kcal mol�1. The reacting
species here is thus the octahedral structure, unlike in the case
with the Me3NTB ligand (vide supra). At the same time, the
experimental result (iii) described above is still corroborated.
However, the close OAT and HAT barriers suggest that any small
changes in the experimental setup, for instance deuteration of
the substrate, can and does change the outcome of the reac-
tions.16 Comparing the lowest barriers from Fig. 2a and b (6.5
versus 5.1 kcal mol�1), it can be seen that the energy barriers are
Chem. Sci., 2017, 8, 5460–5467 | 5463
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Table 3 Second-order rate constants and k2(H)/k2(D) ratios obtained in
the oxidation of cyclohexene-h10 and cyclohexene-d10 by 1, 2 and 3 in
CH3CN at 233 K

Complex

Cyclohexene-h10 Cyclohexene-d10

k2(H)/k2(D)k2(H), M
�1 s�1 k2(D), M

�1 s�1

1a 17(2) 2.1(2) 8
2a 1.2(1) � 102 5.1(4) 24
3 5.0(4) � 10�2 5.8(4) � 10�4 86(6)

a Kinetic data for 1 and 2 were taken from ref. 16.
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similar, conrming the experimental result (iv) described
above.

The results for species 3 are somewhat different. Our calcu-
lations correctly predict an intermediate-spin reactant state for
3Oh (Table 1), showing that the consistent high-spin preference
of 1 and 2 is not a generic artifact of the calculation methods. In
fact, 3TBP has in this system higher OAT and HAT barriers than
the quintet 3Oh (Fig. 3). Even the triplet 3Oh is very competitive
with the quintet state when it comes to HAT reaction, having
a 0.2 kcal mol�1 lower barrier than the quintet 3Oh. It is there-
fore somewhat doubtful that it is energetically all that benecial
for 3Oh to do a spin ip for the reaction, as the gain would be
just 0.5 kcal mol�1 at TS, in which case should lead to an OAT
reaction rather than HAT. To shed light on this issue, we per-
formed the oxidation reaction of cyclohexene-h10 and cyclo-
hexene-d10 by 3 under an Ar atmosphere, as we have done for
the oxidation of cyclohexene and cyclohexene-d10 by 1 and 2.16

As the experiments show that the majority products are from
HAT reactions in the oxidation of cyclohexene-h10 (Table 2) with
Table 2 Products obtained experimentally in the oxidation of
substrates by 1, 2 and 3a

Complex Substrate

Product yield (%)

–oxide –ol –one

1b Cyclohexene-h10 N.D. 27(3) 11(3)
Cyclohexene-d10 34(3) 25(3) 4(2)

2b Cyclohexene-h10 N.D. 23(3) 14(3)
Cyclohexene-d10 30(4) 17(4) 8(2)

3 Cyclohexene-h10 N.D. 31(3) 10(3)
Cyclohexene-d10 19(3) 20(3) 13(2)

a Reactions were run with intermediates (1.0 mM) and substrates (100
mM) under an Ar atmosphere in CH3CN at 233 K. ‘N.D.’ denotes ‘not
detected’. b Product yields for 1 and 2 were taken from ref. 16.

Fig. 3 Free energies calculated at 233 K (DG), starting from separated
reactants in the center of the graph and performing OAT (going left) or
HAT (going right) for the oxidation of cyclohexene by FeIVO complexes
bearing TPA ligand. Unlike 1 or 2, this species prefer a triplet Oh
structure at 233 K (center).

5464 | Chem. Sci., 2017, 8, 5460–5467
a very large kinetic isotope effect (KIE) value of �80 (see Table 3
and Fig. 4), a preliminary assessment is that this reaction goes
on in the triplet surface due to low spin–orbit coupling as well
as low energy gains, and in line with the very high KIE, which
typify the S ¼ 1 pathway.28 Any spin state ip could hence occur
aer the rate-limiting barrier step. This is similar to what was
postulated in the case of the FeIVO complex bearing N4Py
ligand.13 In addition, it is of interest to note that the reactivity
patterns of the S ¼ 1 and S ¼ 2 FeIVO complexes in the cyclo-
hexene-h10 oxidation were similar, such as nonheme FeIVO
species prefer the C–H bond activation over the C]C epoxida-
tion irrespective of their S ¼ 1 or S ¼ 2 spin state.16 More
interestingly, the reactivity of 3Oh is shown here to be more than
Fig. 4 (a) UV-vis spectral change observed in the oxidation of
cyclohexene (50mM) by 3 (1.0mM) in CH3CN at 233 K. Inset shows the
time course monitored at 725 nm (black circles) and the first-order
fitting (red line) of the kinetic data. (b) Plots of pseudo-first-order rate
constants (kobs) against concentrations of cyclohexene-h10 (black
circles) and cyclohexene-d10 (red circles) to determine second-order
rate constants (k2(H) and k2(D)) in the oxidation of cyclohexene-h10
(black circles) and cyclohexene-d10 by 3 in CH3CN at 233 K.

This journal is © The Royal Society of Chemistry 2017
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Table 4 Relative free energies (DG) for the rebound TSs versus
dissociation energy in kcal mol�1 at 233 Ka

Compound Rebound Dissociationb

[(Me3NTB)Fe
III(OH)]2+ 2.0 �0.1

[(TQA)FeIII(OH)(CH3CN)]
2+ 0.00 0.00

[(TPA)FeIII(OH)(CH3CN)]
2+ 1.2 �0.7

a Energies are relative to the quintet substrate radical intermediate
state. b These are equivalent to bond dissociation energies.

Fig. 5 Theoretically predicted structures and spin states of (a) S ¼ 1
1Oh at 4 K and S ¼ 2 1TBP at 233 K, (b) S ¼ 2 2Oh at 4 K and S ¼ 2 2TBP at
233 K, and (c) S¼ 1 3Oh at 4 K and S¼ 1 3Oh at 233 K. 3Oh retains its S¼ 1
3Oh structure even at 233 K according to both calculations and
experiments.
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340 times slower than that of 1TBP and 2TBP in the oxidation of
cyclohexene-h10 (Table 3). One possible explanation for this
reactivity difference is the different spin states of those FeIVO
species (i.e., S ¼ 1 for 3Oh versus S ¼ 2 for 1TBP and 2TBP);
however, other factors, such as the supporting ligand and the
structure of FeIVO complexes, may modulate the reactivity of
nonheme FeIVO species in oxidation reactions.29

Further, we have shown earlier that nonhemeMIIIOH species
(M¼ Cr, Mn, Fe and Ru)30 prefer a dissociative reaction pathway
rather than a rebound or desaturation reaction pathway aer an
H-atom abstraction by MIVO species takes place.31 We therefore
explored the rebound vs. dissociation pathways in the current
cyclohexene HAT reactions, using the quintet TBP structure of
[(Me3NTB)Fe

IIIOH]2+ (1TBP-OH) and the quintet Oh structure of
[(TQA)FeIIIOH]2+ (2Oh-OH) and [(TPA)FeIIIOH(CH3CN)]

2+ (3Oh-
OH). Calculations show very low dissociation energies for the
cyclohexene radical (Table 4), as found in the other nonheme
MIIIOH cases.30 However, different from thoseMIIIOH cases, it is
not immediately clear whether dissociation is favored in the
current FeIIIOH cases. Here, the triplet values should be irrele-
vant as the substrate radical intermediate stage has a clear
quintet ground state. In the case of 1TBP-OH, dissociation is
then indeed favored over rebound by 2.1 kcal mol�1. For 2Oh-OH
and 3Oh-OH, the differences are smaller (within the round off
limits in case of 2Oh). Since the rebound barriers are so low in
these cases, it is possible that dissociation reaction may not
dominate completely. It is therefore an open question which
way the reaction will go; it would depend on the precise reaction
conditions favoring one way or another, as we have discussed in
our recent review article.31

The current results need to be discussed in the context of
existing error margins. How to obtain correct solvation entropy
is an ongoing discussion;32 however, themethod used here work
well for our systems (see also results of an alternative meth-
od32e,33 in Table S6, ESI,† leading to the same conclusions). Our
conclusion that both 1 and 2 perform their reactions in the
quintet state should be solid enough due to the large energy
differences in the rate-limiting barrier to the triplet value. There
is some uncertainty in this issue in the case of 3 due to the
closeness of the triplet and quintet TSs, but either path will be
slower than the cases of 1 and 2. Nevertheless, the face values of
DG for the calculations of 1, 2 and 3 are all in agreement with
the experimental results (i)–(iv) as well as the experimental
results obtained in this study. Similarly, the calculated TBP or
Oh preference for the compounds at 4 K and 233 K is sometimes
This journal is © The Royal Society of Chemistry 2017
within the presumed error margins, but it does correctly predict
the Oh structure of 1, 2 and 3 at 4 K and 3 at 233 K. Therefore,
the TBP structure preference for 1 and 2 at 233 K should warrant
serious considerations (Fig. 5).
Conclusions

We have shown that (1) DFT calculations correctly reproduce
the experimental data (i)–(iv) reported previously, thus vali-
dating the methodology; (2) DFT calculations predict that the
structure of 1 and 2 in solution at 233 K is TBP with a quintet
spin state, due to a loss of a coordinating solvent ligand; (3)
reactions of 1 and 2 therefore probably occur in the quintet spin
state, explaining the similar reactivity rates and patterns for the
reactions of 1 and 2;15,16 (4) DFT calculations predict that the
structure of 3 is Oh with a triplet spin even at 233 K; (5) exper-
iments performed with 3 are in agreement with the DFT
calculations for the spin state, excluding a possibility that the
computational results are due to inherent quintet spin bias in
the methods; (6) experimental reactivities of 1 and 2 with the
quintet spin state are much greater than that of 3 with the
triplet spin state in oxidation reactions, proposing a possibility
that the different reactivities result from the different spin
states of FeIVO species; and (7) in the oxidation of cyclohexene-
h10 by the S ¼ 2 FeIVO complexes (i.e., 1 and 2) and the S ¼ 1
Chem. Sci., 2017, 8, 5460–5467 | 5465
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FeIVO complex (i.e., 3), they all show the preference of the allylic
C–H activation rather than the C]C epoxidation.16 Finally, the
present study highlights the possible inuence of solvent and
temperature to the structures and spin states of nonheme
metal–oxo complexes synthesized in biomimetic model studies.
This work is therefore predictive and at the same time explan-
atory for the previous reports on the nonheme S ¼ 1 and S ¼ 2
FeIVO complexes.14–16

Acknowledgements

The authors acknowledge nancial support from the NRF of
Korea through the CRI (NRF-2012R1A3A2048842 to W. N.), GRL
(NRF-2010-00353 to W. N.) and MSIP (NRF-2013R1A1A2062737
to K.-B. C.). The Israel Science Foundation (ISF) is acknowl-
edged by S. S. (ISF grant 1183/13).

Notes and references

1 J. C. Price, E. W. Barr, B. Tirupati, J. M. Bollinger Jr and
C. Krebs, Biochemistry, 2003, 42, 7497.

2 L. M. Hoffart, E. W. Barr, R. B. Guyer, J. M. Bollinger Jr and
C. Krebs, Proc. Natl. Acad. Sci. U. S. A., 2006, 103, 14738.

3 D. P. Galonic, E. W. Barr, C. T. Walsh, J. M. Bollinger Jr and
C. Krebs, Nat. Chem. Biol., 2007, 3, 113.

4 S. D. Wong, M. Srnec, M. L. Matthews, L. V. Liu, Y. Kwak,
K. Park, C. B. Bell III, E. E. Alp, J. Zhao, Y. Yoda, S. Kitao,
M. Seto, C. Krebs, J. M. Bollinger Jr and E. I. Solomon,
Nature, 2013, 499, 320.
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