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ABSTRACT: A range of novel octahedral iron(IV)—nitrido complexes with the
TMC ligand (TMC = 1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetradecane) in
the equatorial plane and one axial ligand trans to the nitrido have been designed
theoretically, and a systematic comparative study of their geometries, electronic
properties, and reactivities in hydrogen atom abstraction reactions regarding the
iron(IV)—oxo and —sulfido counterparts has been performed using density-
functional theory methods. Further, the relative importance of the axial ligands on
the reactivity of the iron(IV)—nitrido systems is probed by sampling the reactions
of CH, with [Fe"=N(TMC)(L,,)]™, (L,, = none, CH,CN, CF,CO,", N;~, CI,

NC7, and SR"). As we find, one hydrogen atom is abstracted from the methane by

the iron(IV)—nitrido species, leading to an Fe"(N)—H moiety together with a carbon radical, similar to the cases by the
iron(IV)—oxo and —sulfido compounds. DFT calculations show that, unlike the well-known iron(IV)—oxo species with the S = 1
ground state where two-state reactivity (TSR) was postulated to involve, the iron(IV)—nitrido and —sulfido complexes stabilize
in a high-spin (S = 2) quintet ground state, and they appear to proceed on the single-state reactivity via a dominantly and
energetically favorable low-lying quintet spin surface in the H-abstraction reaction that enjoys the exchange-enhanced reactivity.
It is further demonstrated that the iron(IV)—nitrido complexes are capable of hydroxylating C—H bond of methane, and
potential reactivities as good as the iron(IV)—oxo and —sulfido species have been observed. Additionally, analysis of the axial
ligand effect reveals that the reactivity of iron(IV)—nitrido oxidants in the quintet state toward C—H bond activation enhances as

the electron-donating ability of the axial ligand weakens.

1. INTRODUCTION

Selective functionalization of unactivated C—H bonds is an
extremely important industrial process in organic synthesis,'
and one of the most intriguing examples is the oxidation of
methane.* A series of metalloenzymes have been reported to
fulfill such challenging targets in biology through activating
dioxygen and dinitrogen with employing cheap and abundant
first-row transition metals, e.g., iron, copper, and rnanganese.5
Among the common cofactors of enzymes involved in oxidative
processes, iron is the most widespread one.®’

Many high-valent iron(IV)—oxo intermediates, ranging from
enzymatic heme systems’®’ to synthetic nonheme com-
pounds,'®™"* have attracted tremendous interest in both
biological processes and laboratory research due to their
reactivities toward oxygenation reactions, such as the
hydroxylation of unactivated C—H bonds.'®'*'* Note that
Que,"> Nam,'® Solomon,'** Thiel,"” Shaik,'® Siegbahn,w
Baerends,”° de Visser,”" and Neese et al.**> and their respective
co-workers have made great contributions to the mechanistic
analysis of C—H bond activation by heme and nonheme
iron(IV)—oxo complexes.

As the analogous iron—oxo complexes, the iron—nitrido
complexes have also been considered as key intermediates in
many significant biological transformations, due to their
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appealing reactivities and great potentials in modeling nitrogen
fixation wvia the nitrogenase metalloenzyme.>** Notably,
iron(IV)—,** iron(V)—,>*¢ and iron(VI)—nitrido complexes”’
have been extensively characterized by spectroscopic techni-
ques including UV—vis and X-ray absorption spectroscopy,
EXAFS analysis, Mossbauer spectroscopy, MCD spectroscopy,
IR and resonance Raman spectroscopy, and NMR spectrosco-
py, whose electronic structures have also been studied by
performing DFT calculations.”*™*° For example, Wagner and
Nakamoto®® have previously reported the photochemical
generation of [Fe'(N)(TPP)] (TPP* = tetraphenylporphinate-
(2-)) and measured its resonance Raman spectrum. Efforts in
Meyer’s group have for the first time obtained two species of
the high-valent iron—nitride complexes by photolysis of trans-
[(cyclam)Fe™(N;),]* (cyclam = 1,4,8,11-tetraazacyclotetrade-
cane) in frozen CH;CN. One has been identified as the
photoreduced five-coordinate ferrous trans-[(cyclam)-
Fe''(N;)]*, formed via homolytic Fe—N; bond cleavage,
whereas the other is photo-oxidized trans-[(N;)(cyclam)-
Fe(N)]*, formed via homolytic N—N bond cleavage and N,
evolution.” Subsequently, the synthesis and photolysis of
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[(cyclam-ac)Fe(N;)]* (cyclam-ac™ = 1,4,8,11-tetraazacyclote-
tradecane-1-acetate) was initially proposed to have an S = 3/,
spin state,”*® and its conversion to the desired [(cyclam-
ac)Fe(N)]" species and dinitrogen can be enhanced at 4 > 420
nm under 80 K. However, in a following in-depth spectroscopic
and theoretical work, Aliaga-Alcalde et al>>° elucidated the
electronic structure of the fascinating high-valent systems
[(cyclam-ac)Fe(N;)]* and [(cyclam-ac)Fe(N)]*, and con-
cluded that [(cyclam-ac)Fe"(N)]* has an anomalous orbitally
degenerated S = L , ground state. In 2004, Betley and Peters**
synthesized and characterized the first terminal iron(IV)—
nitrido complex [(PhBPiPr;)Fe™V(N)] which is stable in
solution at room temperature through N-atom transfer via
strain release by anthracene elimination from 2,3:5,6-dibenzo-7-
azabicyclo[2.2.1]hepta-2,5-diene. This compound was shown to
exhibit N NMR resonances near § = 952 ppm and a v/(FeN)
stretching frequency of 1034 cm™". Further, a very short Fe—N
bond of 1.49 A has been calculated by density functional theory
(DFT) methods.”* The crystallographic characterizations of
iron(IV) nitrido complexes [(TIMEN™*)Fe(N)]* (TIMEN™*
tris[2-(3-mesitylimidazol-2-ylidene)ethyl]amine) have been
reported, which are supported by bulky and flexible tris-
(carbene)amine ligands.”” It is very recently reported that an
iron nitrido complex supported by the phenyltris(1-tert-
butylimidazol-2-ylidene)borate (L®") ligand has been realized
by Scepaniak et al,*** which presents a pseudotetrahedral
geometry with an § = 0 ground state. This [(PhB(‘Bulm);)-
Fe'V(N)] species can react with phosphines, like PhyP, but no
reactivity toward protons and electrons. Most interestingly,
similar to the above [(PhB(‘Bulm);)Fe(N)], the synthesis of
the iron(IV) nitrido complex [PhB(MesIm),Fe(N)] was
achieved, where PhB(MesIm),~ is a bulky tris(carbene)borate
ligand.30b It is found that the reaction of a suitable hydrogen-
atom donor TEMPO-H (TEMPO-H = 1-hydroxy-2,2,6,6-
tetramethylpiperidine) with this iron(IV) nitrido complex
leads to the formation of ammonia. Although not conclusively,
mechanistic investigations suggest that at least one H-atom
transfer step is involved in the reaction. However, more
correlative details concerning this H-atom transfer reaction
involving metal nitride complexes in solution are still not
available up to now.*’

Despite the remarkable progresses in this field, there remain
a number of challenges in developing the chemistry of iron
nitride complexes, especially the viable ligand design, the
reactivity pattern, and mechanistic investigation of iron(IV)—
nitrido complexes toward hydrogen atom transfer in solution. It
is worth mentioning that extensive investigations have been
devoted to the mechanistic analysis of C—H bond activation by
mononuclear nonheme iron(IV)—oxo models,>*** even by the
analo}gous iron(IV)—sulfido complexes, yet with little prece-
dent.>* Toward this end, we attempt to devise a mononuclear
nonheme iron(IV)—nitrido complex where the metal ion is
surrounded by a distorted octahedral coordination environment
of approximately C,, symmetry, including a TMC ligand (TMC
= 1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetradecane) in
roughly planar geometry and one ligand in the axial position
to the nitride, for which can mimic a similar ligand sphere
found in the mononuclear iron(IV)—oxo complex. Moreover, a
detailed H-atom abstraction mechanism involving this iron-
(IV)—nitrido complex has been described. To obtain more
information on the relative efficiencies of the iron(IV)—nitrido
oxidants, we compare their corresponding geometries, elec-
tronic properties, and reactivities with the iron(IV)—oxo and
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—sulfido counterparts toward H-atom abstraction reactions. In
addition, the axial ligands’ effect on the performances of
iron(IV)—nitrido oxidants in the methane C—H activations has
also been elaborated.

Here, we study with DFT calculations the alkane
hydroxylation by [Fe'V=0(TMC)(CF;CO,)]*, [Fe'V=Ss-
(TMC)(CF;C0,)]*, and [Fe'V=N(TMC)(CF;CO0,)]
(Scheme 1a) as well as a series of iron(IV)—nitrido complexes

Scheme 1. Methane Hydroxylation Process by Nonheme
Reagents in This Work: (a) [Fe'V=E(TMC)(CF,C0,)]*°
(E = 0%, §*, and N*) and (b) [Fe""=N(TMC)(L,)]"" with
Variable Axial Ligands (L, )“

a) E EH

—f|'e“’— + CHy —» ==Fell— + CHy
Lilx L.‘N

1: E= 0%, L,, = CF;,COy N

2: E=8§%, L, = CF;CO; __s<: }TMC

3 E=N* L, =CF,COy N N

£\

b) N

e
1|,. L,, = None, CH;CN, Ny°, CI', NC, SR°

“L,, = none, CH;CN, CF;CO,”, N;7, CI7, NC7, and SR".

with various axial ligands bound [Fe"V=N(TMC)(L,,)]"" (L,
= none, CH,CN, CF;CO,~, N;~, CI7, NC~, and SR™) (Scheme
1b). Methane is sampled for the alkane to serve as a naive
choice where its results can be used to model trends and to
make predictions on relevant data.

2. COMPUTATIONAL METHOD

All electronic structure calculations were performed with the ORCA
program package developed by the Neese group, Bonn University.*®
To take account of the solvent effect, the conductor-like screen model
(COSMO) was utilized for all the calculations, and acetonitrile was
chosen as the solvent. In geometric optimizations, the def2-TZVP
basis sets>® on the active atoms Fe, O, C and the transferred H atom as
well as the hybrid B3LYP density functional®” in combination with
triple-{ quality TZVP basis sets®® on the remaining atoms were used
throughout. The RIJCOSX approximation® was used to accelerate the
calculations in combination with the auxiliary basis sets def2-TZV/]J
(the active atoms Fe, O, C and the transferred H atom) and TZV/]
(rest).* This kind of basis set system is labeled as B1. These
combinations of functionals/basis sets are reliable in the 2prediction of
geometries and properties of high-valent iron complexes.”>%*”*" All of
the geometries were fully optimized without symmetry constraints.
Harmonic vibrational frequencies were computed to verify the nature
of the stationary points. All optimized transition states (TSs) described
in this work have only one negative eigenvalue, whereas minimum
structures have only positive eigenvalues of the Hessian matrix. The
zero-point energies, thermal corrections, and entropy terms for the
optimized geometries were obtained from the frequency calculations.
The temperature and pressure for all the calculations were 298.15 K
and 1.00 atm, respectively. Single point calculations were carried out
with B3LYP hybrid density functional using the new default basis sets
of triple-{ quality including high angular momentum polarization
functions (def2-TZVPP)** for all elements. The density fitting and
chain of spheres (RIJCOSX) approximations have been employed
together with the def2-TZVPP/J auxiliary basis set,*® labeled as B2.
To consider dispersion forces, single-point calculations were
undertaken where the semiempirical van der Waals corrections
(VDW) were included.** Alternative functionals (B3LYP-G and

dx.doi.org/10.1021/ic302766f | Inorg. Chem. 2013, 52, 2684—2696



Inorganic Chemistry

[Fe'¥(0)(TMC)(0,CCF,)]*

(Fe-0) = 1.62/1.62
r(Fe-N,) =2.14/2.23
r(Fe-L_) = 2.05/2.00

[Fe(N)(TMC)(None)]*

9L

r(Fe-N) = 1.74/1.68
r(Fe-N,) = 2.16/2.26
r(Fe-L ) =2.12/2.18

r(Fe-N) = 1.67/1.65
r(Fe-N,) = 2.10/2.20

[Fe"(N)(TMC)(CD)]

[Fe™(S)(TMC)(0,CCF,)J*

r(Fe-S) =2.10/2.07
r(Fe-N,) = 2.14/2.24
r(Fe-L,) = 2.07/2.04

[Fe'¥(N)(TMC)(NCCH,]*

[Fe(N)(TMC)(SR)]

[Fe"(N)(TMC)(0,CCF,)]

S

y/

ol

r(Fe-N) =1.71/1.68
r(Fe-N,) = 2.15/2.26
r(Fe-L,) = 2.28/2.21

[Fe"(N)(TMC)(N,)]

r(Fe-N) = 1.72/1.68
r(Fe-N, ) = 2.16/2.26
r(Fe-L,) = 2.18/2.16

[Fe"(N)(TMC)(NC)]

r(Fe-N) =1.71/1.68
1(Fe-N,) =2.16/2.27
r(Fe-L_) = 2.73/2.58

r(Fe-N) =1.73/1.70
r(Fe-N,) = 2.17/2.26
r(Fe-L_) = 2.55/2.53

r(Fe-N) =1.74/1.70
r(Fe-N,) = 2.16/2.26
r(Fe-L ) =2.11/2.11

Figure 1. B3LYP/B1 optimized structures of all the complexes for the triplet and quintet states. Key bond lengths are shown for triplet/quintet

states, respectively.

PBE0) were also used in single-point evaluations.* As expected,
B3LYP-G single-point calculations gave the same trends as B3LYP and
were found to not change the spin state ordering (Table SI, in the
Supporting Information), since the results of the other functionals
were found to be similar to B3LYP. Therefore, for simplicity, we
mainly discuss the B3LYP results in the work, and collect the
analogous results for the other functionals in the Supporting
Information.

The bond dissociation energy of the E—H bond in the iron(IV)—
hydroxo complex with ligand L,, (BDEg;) was calculated from eq 1
with the same methods mentioned above, namely geometry
optimizations using basis set Bl, while energies are taken from
single-point calculations with basis set B2. Reorganization energies
(REgepy) were calculated as before from the difference in energy of the
substrate in the transition state geometry and its fully relaxed
structure. '™
Fe'(E)(TMC)(L,) + H —» Fe"™(E-H)(TMC)(L,,) + BDEgy

(1)
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3. RESULTS AND DISCUSSION

We start our investigation with a detailed study of the
fundamental distinctions of methane C—H activation catalyzed
by iron(IV)—nitrido, —oxo, and —sulfido oxidants, respectively,
where they are modeled by a TMC unit and a CF;CO,™ axial
ligand, as illustrated in Scheme 1, namely, [Fe"=0(TMC)-
(CE,CO)T (1), [FeV=S(TMC)(CE,CO,)]" (2), and
[Fe""=N(TMC)(CF;C0,)] (3). Subsequently, the effect of
axial ligands on their reactivity in methane hydroxylation is
elaborated with sampling a series of axial ligands (L,) in
[FeY=N(TMC)(L,,)]"": L, = none, CH,CN, CF,CO,", N,
CI, NC7, and SR™. Although these complexes have not yet
been obtained experimentally, our selected range of axial
ligands cover a much larger spread in the electron-releasing
capabilities, whose properties can be comparable to those with
the real iron(IV)—oxo species.'”"*

3.1. Comparison of [FeY=N(TMC)(CF;CO,)] to [FeV=
E(TMC)(CF;CO,)I* (E = 0% and S?). Calculations on these
complexes (1, 2, and 3) in both the triplet and quintet states
have been performed. The geometric details in Figure 1 reveal
the Fe=FE bond distances of 1.62, 2.10, and 1.71 A for cases 1,

dx.doi.org/10.1021/ic302766f | Inorg. Chem. 2013, 52, 2684—2696
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Table 1. Bond Orders and Spin Populations of the Oxidants

Fe=E bond order” Fe—N,, bond order®

Fe—L bond order” Fe spin population® E spin population”

S=1 S=2 =1 S=2
1 (O—CF,CO,") 1.86 1.85 0.51 041
2 (S=CF,CO,") 1.80 1.88 0.51 0.39
3 (N—CF,CO,") 1.93 2.08 0.39 027
4 (N—none) 1.79 1.90 0.44 035
5 (N—CH,CN) 1.70 1.93 0.39 028
6 (N-N;") 1.80 1.96 0.38 027
7 (N=CI") 1.61 1.77 0.38 027
8 (N—NC") 1.73 1.93 0.37 026
9 (N=SR") 1.61 1.80 0.36 026

“Bond orders from Mayer analysis. YValues from Mulliken analysis.

S=1 §$=2 S=1 §=2 S=1 $§=2
0.69 0.65 151 3.16 0.70 0.57
0.55 0.58 1.04 2.85 0.97 0.87
0.39 0.45 0.51 2.74 1.46 1.08

0.46 2.89 1.52 0.94
0.30 0.23 0.44 2.64 1.50 1.18
0.27 0.33 0.51 2.72 1.44 1.09
0.22 0.29 0.48 2.75 1.49 1.06
0.40 0.40 0.48 2.68 1.47 1.14
0.48 0.51 0.53 2.70 1.42 111

Opz

Figure 2. Orbital occupancy diagram for the triplet (S = 1) and quintet (S = 2) states of case 1 ([Fe""=0(TMC)(CF;CO,)]").

2, and 3 in the triplet state, respectively. The Fe=O bond
length in the high spin state is not different from that in the
ground state, while both the Fe=S and Fe=N bond lengths in
the triplet spin state are slightly longer by 0.03 A than those in
the quintet spin state. Similar to those previously found in
several nonheme iron(IV)—oxo species,'***3%*1% the equato-
rial Fe—N distances in 1, 2, and 3 are expanded by 0.09, 0.10,
and 0.11 A in the high spin state relative to the S = 1 state,
respectively. This geometric difference is attributed to the
occupation of the ¥ > orbital, which is strongly antibonding
with respect to the equatorial Fe—N bonds. Another
comparison of the structures in 1, 2, and 3 is that the axial
Fe—L,, distances trans to the oxo, sulfide, and nitrido groups in
the low spin state are slightly longer than those in the high spin
state. The axial Fe—L,, distances are 2.05 A in case 1, 2.07 A in
case 2, vs 2.28 A in case 3 in the triplet state, suggesting that the
nitrido ligand exerts the strongest trans influence among these
three ligands, so it is as observed in the high spin state where
the longer Fe—L,, length in case 3 exerts a more of a trans
influence than those in 1 and 2.

Table 1 lists important information from the electronic
structure calculations with the B3LYP functional. The
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calculated bond orders of 1.86, 1.80, and 1.93 in cases 1, 2,
and 3 for the triplet state are close to the ideal value of 2.00 for
oxidation state IV, in particular in the Fe"'=N species due to
the less significant L,,=Fe=N three-center bonding. In both
the triplet and quintet states, the stronger Fe==N bond occurs
at the expense of equatorial Fe—N bonding to the TMC
ligands. The average Fe—N bond orders (0.39 in S = 1 and 0.27
in S = 2) in case 3 are significantly less than the corresponding
Fe—O/S bond orders of both 0.51 in the triplet state as well as
0.39 and 0.41 in the quintet state of cases 1 and 2. Another
interesting result of the bond order analysis presented in Table
1 is the trend in Fe—L,, bond orders trans to the Fe=E bond.
The largest bond order (0.69 in S = 1 and 0.65 in S = 2) has
been observed in case 1, while the values of 0.55 and 0.58 in the
triplet and quintet states are obtained in case 2. The smallest
bond order is calculated for case 3 (0.39 in S = 1 and 0.4S5 in S
= 2). Obviously, the nitrido ligand exerts a stronger trans
influence than both the oxo and sulfide ligands.

Since some unpaired spin density in the paramagnetic 3
typically delocalizes onto the multiply bonded E atom, the
distributions of spin for S = 1 and S = 2 in the analogous
iron(IV)—oxo, —sulfido, and —nitrido are comparable. The iron

dx.doi.org/10.1021/ic302766f | Inorg. Chem. 2013, 52, 2684—2696
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Figure 3. Calculated potential-energy surface corresponding to the methane hydroxylation by case 1 ([FeV=0(TMC)(CF;CO,)]*). All energies
are relative to isolated reactants in the triplet spin state. Bond lengths are given in Angstroms, and the imaginary frequency in the transition state is in
wave numbers.
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Figure 4. Calculated potential-energy surface corresponding to the methane hydroxylation by case 2 ([FeV=S(TMC)(CF;CO,)]*). All energies are
relative to isolated reactants in the quintet spin state. Bond lengths are given in Angstroms, and the imaginary frequency in the transition state is in
wave numbers.

atom in case 1 carries only some of the spin population (1.51 corresponding sulfide ligands. Differently, in case 3, the spin
and 3.16 for S = 1 and S = 2, respectively) with the remainder population for the S = 1 state is more localized on the N atom
essentially locating on the oxo ligand, in contrast to the iron than are the iron(IV)—oxo and —sulfido compounds, indicating
spin population value of 1.04 and 2.85 for the triplet and the larger covalency of Fe=N as compared to Fe=O and
quintet states in case 2, while 0.97 and 0.87 for the Fe=S.
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Figure 5. Calculated potential-energy surface corresponding to the methane hydroxylation by case 3 ([Fe"'=N(TMC)(CF;CO,)]). All energies are
relative to isolated reactants in the quintet spin state. Bond lengths are given in Angstroms, and the imaginary frequency in the transition state is in

wave numbers.

Shown in Figure 2 are the electron configurations
corresponding to the low-spin and high-spin states of case 1
(same electron configurations as case 1 are observed in cases 2
and 3). This d block spreads into the two typical patterns of
distorted octahedral with the overlap of Fe 3d and O/S/N 2p
orbitals. One group consists of bonding/antibonding pairs with
7 symmetry (O/S/N'Px/y: dxz/yz"'Px/y; Fe’ﬂ*xz/yz: dxz/yz_px/y)
and ¢ symmetry (O/S/N-p,: dg+p,; Fe-c*7: d;—p,),
respectively. The other group involves the 6 and 6,2 »* orbitals
with § symmetry. All of the considered Fe'Y(E) complexes
exhibit two electronic states, the triplet state with a (5)* (7,,*)"
(713,2*)1 electron configuration, and the quintet state possessing
a (6)' (m.*)" (m.*)" (6,2,2%)". A triplet ground spin state is
computed for case 1, which agrees with the experimental
results,'>® whereas all the other functionals used by us predict a
quintet ground state for cases 2 and 3 (Table S1, Supporting
Information). Note that among the energetic gaps between the
S =1and S = 2 states in the cases 1—3, case 3 has larger
energetic gap than cases 1 and 2.

3.2. H-Abstraction Reactions from CH, by [FeY=
N(TMC)(CF5CO,)] and [FeV=E(TMC)(CF,CO,)I* (E = 0%
and S?). In order to get a reliable measurement of the relative
potency of 3 as an oxidant, studies on the reactivity of 1 and 2
under the same conditions with respect to H-atom abstraction
reaction are performed. Figures 3—5 show the calculated energy
profiles for all the reagents 1—3 reacting with CH,, involving
the optimized geometries and the corresponding imaginary
frequencies of the triplet and quintet transition states of the
reagents 1—3.

As usually established for the hydrogen-abstraction reaction,
in the mechanism for 1 the reactants form a reactant cluster
(>*RC), followed by a TS (**TSy) for hydrogen abstraction
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that leads to an intermediate (>°I).>****"*® Figure 3 shows the
calculated energy profile for case 1 reacting with CH,.
Inspection of Figure 3 reveals that case 1 has a triplet ground
state (S = 1) and a low-lying excited-quintet state (S = 2). On
the triplet and quintet surfaces, the free energy barriers at the
B3LYP/B2//B1 level were found to be 37 and 26 kcal mol™*
relative to the separated reactants, respectively. However, as
addressed recently by Lonsdale et al.** and found herein too,
inclusion of dispersion correction lowers the H-abstraction
barriers by about 5 to 32 kcal mol™ for the S = 1 and 21 kcal
mol™" for the S = 2 spin states (Table S3, Supporting
Information). As the quintet state starts as an excited state,
albeit of low energy, and cuts through the larger triplet state
barrier, here, a two-state reactivity (TSR) mechanism is a
plausible scenario for C—H bond activation by case 1, which is
similar to the nonheme iron(IV)—oxo complexes previously
reported.**"

For 2, the methane hydroxylation starts with a hydrogen-
atom abstraction via transition state TSy to yield an
intermediate. The reaction profile for methane hydroxylation
by case 2 is displayed in Figure 4. As shown, the lowest lying
barrier for C—H bond hydroxylation here is on the quintet spin
state surface, which is 6 kcal mol™ lower in energy than that for
the triplet spin state surface. The dispersion correction also
decreases the reaction barriers of case 2, which highlights the
very significant effect of van der Waals interaction (Table S3,
Supporting Information).****=" As such, for case 2 the
reaction starts with a quintet state reactant and then primarily
proceeds on energetically low-lying quintet-state energy surface.

The mechanism for 3 is analogous to that by iron(IV)—oxo
and iron(IV)—sulfido complexes,>****”** which has little
precedent in metal nitride chemistry. This mechanism first
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requires a direct attack on the hydrogen atom of the methane
to form [Fe"=NH(TMC)(CF;CO,)]. Figure § illustrates the
energy profile for hydroxylation of CH, by case 3. At the RC
state, the quintet state is energetically more favorable than the
triplet state by 6 kcal mol™! at the B3LYP/B2//B1 level.
Therefore, it is proposed that the reaction starts exclusively at
the quintet state. The barrier at the B3LYP/B2//B1 level in the
quintet state is calculated to be 28 kcal mol™’, and that for the
triplet state is 42 kcal mol™". BLYP+VDW shown in Table S3
in the Supporting Information lowers these barriers to 23 and
34 kcal mol™ on the quintet and triplet surfaces, respectively.
This means that the reaction for case 3 will proceed faster on
the quintet spin state surface than the triplet one.
Consequently, the quintet state in case 3 will dominate the
reactivity, that is, single-state reactivity on the quintet surface.

In summary, on the basis of the above analysis one may
anticipate a few trends. First, in addition to B3LYP, all the
B3LYP-G, B3LYP+VDW, and PBEOQ uniformly show that the
STSy is the lowest transition state for 1—3 (Tables S2 and S3,
Supporting Information). The heightened reactivity of the S =2
state in cases 1—3 toward C—H bond activation can be nicely
explained by exchange-enhanced reactivity, similarly to the
nonheme iron(IV)—oxo species studied computationally and
experimentally.”>***>* Second, in the reactivities comparisons,
on the S = 1 surface, all the functionals uniformly exhibit that
the iron(IV)—oxo and —sulfido species have similar reactivities,
both of which are reactive relative to iron(IV)—nitrido complex.
By contrast, the reactivity in the quintet state displays a
decrease order as the iron ion gets ligated by 0%, N*, and S,
albeit of the close efficiency in hydroxylating C—H bond of
methane. Apart from the novel iron(IV)—nitrido complex 3
first discussed here, our computational results and reactivity
trends are in perfect agreement with previous studies of
hydrogen-atom abstraction reaction catalyzed by the iron(IV)—
oxo and iron(IV)—sulfido species.**

In order to gain a greater understanding of the preference of
the higher reactivity of S = 2 state relative to the S = 1 state, we
discuss now the reactivities of the triplet and quintet states
using the simplified orbital diagram in Scheme 2 that follows
the electronic re0r§amzat10n during the H abstraction. As
reported previously,”>*** C—H bond cleavage is induced by a
shift of an electron from the C—H «/f orbital into a
corresponding low lying empty molecular orbital of the
iron(IV)—oxo species, for which the Fe-o*; (@) and Fe-
T ety (B) orbitals serve as electron acceptors, namely o-
mechanism and 7z-mechanism, respectively. As shown in Figure
6 a f electron transfers to the Fe-7* selve () orbital and thus
creates the °I intermediates with Fe' centers and C* radical
cation, which can be viewed as the triplet z-mechanism
discussed above. An Fe—O—H angle for the z-mechanism is
close to 120° as found in 3TS, which results from the balance
between the orbital interaction and the Pauli repulsion.””***
Indeed, a sideways trajectory with Fe—O—H angles of 136.5°,
115.7°, and 127.6° on the triplet transition state were found in
cases 1, 2, and 3.

As shown in Figure 7, in contrast to the z-mechanism, for
STSy of case 1, 2, and 3, the H-abstraction reaction during S =
2 is identified as an established o-mechanism in which the
electron is shifted to Fe-o* orbital that is aligned along the
Fe—O axial. The geometry parameters are in line with the
reaction mechanisms, that is, an Fe—O—H angle of 178.8° for 1
and 178.7° for 3 in °TS. Nevertheless, the Fe—S—H angle of
116.0° computed in *TS of case 2 presents a significant
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Scheme 2. Electron Shifts Diagrams for Hydrogen-
Abstraction Reactions from CH, by All the Complexes in (a)
S=1,6,(b) S=1,x and (c) S = 2 Spin States
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deviation from ideal linear geometry, which may be explained
by the fact that the reaction for case 2 has higher barrier in the
quintet state compared to cases 1 and 3, and thus, the reaction
involves rather late transition state.

The geometric features of the optimized transition states,
here too, are in accordance with the nature of the electron shifts
as well as the general reactivity patterns of the Fe-bound
ligands’ reagents. The geometries of the triplet and quintet
transition states of the reagents 1—3 are displayed in Figures
3—5. One of the most prominent changes in **TS is the
elongation of the Fe=E bond in comparison with that in the
reactant. Case 3 exhibits a slight lengthening of the Fe=N
bond by 0.07 A for S = 1 and 0.08 A for S = 2 relative to those
in case 1 (0.15 A for S = 1vs 0.14 A for S = 2) and case 2 (0.20
A for S =1 vs 0.34 A for S = 2). Furthermore, close inspection
of the cleavage of a C—H bond and the formation of an O/N—
H bond indicates that *TS species in cases 1 and 3 are
somewhat earlier transition states compared to the triplet one,
which is consistent with the higher reactivity of the quintet
state. Note that the equatorial Fe—N distances of the transition
states are greatly determined by the spin state. For the
complexes 1, 2, and 3, the averaged Fe—N distances in *TS are
found to be 2.24, 2.24, and 2.27 A, which are longer than those
of 2.14, 2.14, and 2.15 A in TS, respectively. This geometric
difference arises from the occupation of the 6,2,»* orbital only
in the quintet state, rather than in the triplet state. As such, we
may conclude that the spin-dependent equatorial Fe—N bond is
common not only to the nonheme iron(IV)—oxo oxidants, but
also to the iron(IV)—sulfido and iron(IV)—nitrido complexes
used herein, wherever the two transition states could be
located.

Subsequently, to explore the oxidative power of the Fe'V(E)
complexes, we investigated the correlation between the barrier
heights of C—H hydroxylation with cases 1—3 and the bond
dissociation energies (BDEs) of E—H bond in the
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TMCFe™(E)—H species, as done before by Mayer,>> Borovik
et al,>* and their respective co-workers for the contribution on
BDE(O—H) chemistry and its correlation with reaction rates.
Table 2 summarizes the barriers of methane hydroxylation by
the three oxidants 1—3 as well as the BDE values of each model
(BDEqy, BDEgy, and BDEyy). Figure 8 displays the calculated
hydrogen abstraction barriers of methane as a function of
BDEqy/sp/nu for the quintet spin state. The calculated BDEgy
values of cases 1, 2, and 3 are 91.0, 82.8, and 86.2 kcal mol ™},
respectively. Despite the somewhat different BDEqy,/sy/ny
values, it is seen that the largest BDE is for case 1, the smallest
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is for case 2, and the BDEyy; of case 3 is between that of cases 1
and 2, which is in accord with the computed trend of the
barriers and further reflects that the iron(IV)—nitrido complex
is able to serve as oxidant candidates and have the oxidative
power of hydroxylating C—H bond of methane as efficiently as
the iron(IV)—oxo and —sulfido species.

3.3. Predict Reactivity Model for the Iron(IV)—Nitrido
Complexes. 3.3.1. Properties of the [Fe"=N(TMC)(L,)I"*
Complexes. Considering that the iron(IV)—nitrido complex
[Fe"=N(TMC)(CF;CO,)] has been found to be highly
reactive and capable of activating the C—H bond of methane, in
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Table 2. DFT Calculation Hydrogen Abstraction Barriers for
the Quintet State by All the Oxidants and the Calculated
Values of BDEgy, REgy

oxidant BDEgy REgesn STS,?
1 (O—CF;CO,") 91.0 —-19.6 259
2 (S—CF,C0,") 82.8 -29 29.1
3 (N=CF;CO;,") 86.2 —49 27.9
4 (N—none) 96.0 =77 20.7
5 (N—CH;CN) 88.7 —6.3 272
6 (N-N;) 86.2 —47 27.7
7 (N=CI7) 85.2 —42 28.0
8 (N-NC") 85.6 —4.8 28.5
9 (N=SR") 85.5 —4.3 282

“All values are in kcal mol™ and calculated at B3LYP/B2//B3LYP/
B1.
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Figure 8. Correlation between the height of the barrier (*TSy) for
methane hydroxylation and BDEgy value. The complexes tested were
[Fe!V=E(TMC)(CF,CO,)]*°: E = 0%, §%, and N*. All values were
in keal mol™" and calculated with B3LYP/B2//B3LYP/BI.

a further set of calculation, we therefore searched for the more
iron(IV)—nitrido complexes and elaborated the axial ligand
effect on the C—H hydroxylation using the extensive iron(IV)—
nitrido systems with variable axial ligands (L,): [Fe"V'=
N(TMC)(L,)]"™ (L, = none, CH,CN, CF,CO,, N;-, CI,
NC, and SR™). As simple notations for the iron(IV)—nitrido
reagents, we shall use the symbol N—L,,, where L,, indicates
the axial ligand.

Figure 1 illustrates the optimized geometries of the oxidants
[Fe"=N(TMC)(L,)]"" (L, = none, CH,CN, CF,CO,”, N,
Cl7, NC7, and SR") in the two states of triplet and quintet,
whereas the optimized transition state structures are given in
Figure 9. The geometric data of the iron(IV)—nitrido species in
Figure 1 agree well with the discussion above, that is, a fairly
constant Fe=N bond length. By contrast, the Fe—N,, bonds
undergo lengthening in the quintet state, in accord with the
occupation of the 6% orbital (Figure 2). Additionally, the
amount of the spin population on the N atom increases as the
electron releasing power of the axial ligand enhances. It is seen
that these oxidants are characterized by a quintet ground state,
(8)' (z*)" (7*,)! (6%,2,2)" (6%2)°, with a triplet state of a
(6)* (m*,)" (ﬂ*yz)l (G*xl_yl)o (6*2)° electron configuration
lying above energetically. All the functionals uniformly give the
same spin-state ordering (Table S1, Supporting Information),
which enables us to confidently assign the ground state of the
oxidants as a quintet state.

According to the calculations, the triplet—quintet-state gaps
increasing in the order of N—none < N—CH;CN < N-—
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CF;CO, are obtained: the N—none case being devoid of an
axial ligand displays the smallest gap, while the N—CF;CO,’
case, where the axial ligand possesses a negative charge,
presents the largest gap. We start with considering the main
factors that may have contributed to the state ordering. First,
the binding strength of the equatorial Fe—N bonds is stronger
in N—none compared to N—CH;CN and N—CF;CO,, as
reflected by the shorter Fe—N,, bonds and larger bond orders
(Table 1). The greater antibonding interactions between the
o* . orbital and the equatorial TMC ligand lead to the higher
energy of the 6*,2> orbital, and therefore the triplet—quintet-
state gap is smaller in N—none relative to N—CH;CN and N—
CF;CO,. The other one impacting the energy gap is the
electron—electron repulsion between the electrons of the axial
ligand and the electron pair in the § orbital in the triplet state.
As the electron—electron repulsion of the axial ligand with the
electron pair in 6 orbital of iron gets stronger, an electron in the
o orbital can be excited to the G*xz_yl orbital more easily, which
would further stabilize the quintet state. In our system, the
series with different axial ligands show apparent signs for the
electron—electron repulsion with the axial ligand. For example,
the N—none case without an axial ligand exhibits relatively
close energy for the triplet and quintet states, while the N—
CF;CO, case, where the axial ligand possesses a negative
charge, displays an enlarged gap. Taken together, the present
analysis implies that, for the [Fe™"=N(TMC)(L,)]"" species
in the H-atom abstraction, the triplet—quintet energy gap
increases as the electron-donating capabilities of the axial
ligands strengthen.

Interestingly, a reverse trend of the triplet—quintet gap has
been observed in the previous investigation on the hydrogen
abstraction reactions of 9,10-dihydroanthracene in the [Fe''=
O(TMC)(L,,)]"" complexes (L, = CF;CO,”, CH;CN, and
none).>** These behaviors between the [Fel=N(TMC)-
(Ly)]™ and [Fe=0(TMC)(L,)]" complexes arise, how-
ever, simply from the difference in their ground states: quintet
for [Fe"'=N(TMC)(L,)]", whereas triplet for [Fe"'=
O(TMC)(L,)]™. Clearly, if S = 2 is the ground state, to
lower its energy means to increase the gap; in contrast, if S = 1
is the ground state, lowering the energy of the quintet state
means decreasing the gap. Therefore, it seems that the effect of
axial ligand (L) is fundamentally the same for [Fe"V'=
N(TMC)(L,)]" as for [Fe=0(TMC)(L,)]"" complexes,
i.e,, enhancing the stabilization of the quintet state with respect
to the triplet state in the series L,, = none, CH;CN, CF;CO,".

3.3.2. H-Abstraction Reactions from CH, by a Series of the
[Fe"=N(TMC)(L,)]"* Complexes. Figures S1—S6 illustrate the
generic energy profiles for the [Fe!"=N(TMC)(L,)]""
oxidants with methane, in which all the functionals have the
same spin-state ordering of the energy. All the C—H activation
reactions by the [Fe'"=N(TMC)(L,)]"* systems with CH,
start with the quintet ground state, which benefits from the
exchange-enhanced stabilization, as discussed above, and it is
the lowest profile throughout.

As the simplified orbital diagrams in Scheme 2 that shows the
evolution of d-orbital occupancy during the H-abstraction, on
the triplet state surface, the Fe-r*,,, orbital of all the
iron(IV)—nitrido complexes acts as the electron acceptor,
except for N—none, whereas the Fe-c*? orbital accepts
electron from the substrate on the quintet state. The geometric
features of the optimized transition states for the iron(IV)—
nitrido complexes are in line with the nature of the electron
shifts in Figures S7—S12. Thus, as further shown in Figure 9,
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Figure 9. Optimized geometries of triplet and quintet transition states for H abstraction. Bond lengths are in Angstroms, angles in degrees, and the
imaginary frequency in the transition state is in wave numbers. For the triplet and quintet transition states structures of cases 1—3, see Figures 3—5.

3TS is characterized by a bent sideways trajectory, which
reflects the compromise between the orbital interactions and
Pauli repulsion.””*** By contrast, TS requires an essentially
linear attack. The unusual reaction pattern of N—none will be
analyzed below.

As inferred from the group spin densities and charges
collected in Tables S3 and S4 in the Supporting Information, all
the transition states and intermediates in the substrates
considered have significant radical characters. For example,
when L,, = CI7, the intermediate is radical in character with
group spin densities of pcyz = —0.98 (1.00) for SI¢; (*1;), while
the charge on this group is Qcys = —0.02 (0.00). Similar
observations have been made for the hydrogen-atom transfer
from ethylbenzene hydroxylation by [FeV=0(TMC)(Cl)]***
and [Fe'Y=0(Por+)(Cl)],% as reported recently. However, in
sharp contrast to the hydride transfer with ethylbenzene in the
aliphatic hydroxylation of the ethylbenzene with [FeV=
O(TMC)(NCCH;)]**,*® the acetonitrile axial ligand in
[FeY=N(TMC)(L,,)]"* here still gives a radical intermediate.

Now we check the influence of the axial ligand carrying
different charges on the reactivity by examining the systems
[FeV=N(TMC)(L,,)]"", whose axial ligand is substituted with
neutral ligand CH;CN and negatively charged ligands
CF;CO,7, CI7, NC7, N;7, and SR, respectively. As the energy
profile suggests, the CH;CN-substituted complex features a
lower barrier than the negatively charged ligands in both the
triplet and quintet states. Therefore, we can conclude that the
axial ligand carrying more negative charge could weaken the
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ability of a [Fe"=N(TMC)(L,,)]"" complex to promote C—H
bond breaking.

Furthermore, different electron pushing capabilities of the
negatively charged axial ligand has been found to impact the H-
abstraction barriers. For all the computed barriers of the
iron(IV)—nitrido series, those obtained from the lowest quintet
state of [Fe'"=N(TMC)(L,,)]"" also represent the observed
axial ligand effect, showing a decrease of the reactivity in the
following order of the axial ligand L,,: N;~ > CF;CO,™ > Cl” >
SR™ > NC™. As will be analyzed subsequently, this can be
explained in terms of the destabilization effect of the Fe-o* 2
orbital by the anionic axial ligand.so’szb It is seen from Scheme 2
that in S = 2 an a-spin electron is shifted to the Fe-o* 2 orbital,
which has strong L, —Fe antibonding character, !5%20:332b,50,52
When the electron-donating ability of the axial ligand (L,,) is
strong (such as NC™ and SR”), the quintet barriers are high,
which, on the contrary, decrease when the electron-donating
ability of the axial ligand is weak. As such, the catalytic
properties of the [Fe"'=N(TMC)(L,,)]"* systems can be fine-
tuned by varying the electron pushing abilities of the axial
ligands.

We have verified that a stronger o-donating axial ligand in the
[Fe""=N(TMC)(L,)]" systems could weaken the reactivity
of methane C—H activation reactions, and the barriers on the
quintet surface follow the electrophilicity of the iron(IV)—
nitrido reagents: the barrier is lower in the case of N—CH;CN
than those with the charge —1. It is thus natural to expect that a
iron(IV)—nitrido system with no axial ligand might yield an
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even higher reactivity than that with neutral CH;CN ligand.
For that reason we studied the compound [Fe"V=N(TMC)-
(None)]*, in which the axial ligand is removed. Figure S1
displays the corresponding reaction profile of N—none with
CH,. The reaction starts on the quintet ground state and then
proceeds along the energetically low-lying quintet state reaction
pathway. Different from the triplet 7-mechanism in the other
iron(IV)—nitrido cases discussed above, N—none proceeds
through a nonclassical o-mechanism in which the substrate
approaches the oxidant from the top due to an a-spin electron
transfer from the C—H bond into Fe-o* > antibonding orbital
that is located along the Fe—O axis (Figure S7), as do the
features in the corresponding *TSy with a nearly collinear Fe—
O—H arrangement. Compared with the barrier on the triplet
surface, the reagent N—none has by far the lowest barrier
among all the [Fe!Y=N(TMC)(L,)]"" reagents, even
following the triplet o-mechanism.

Accordingly, the reactivity of the [Fe"’=N(TMC)(L,)]"*
oxidants for the H-abstraction reaction was obtained in the
decreased order of L,, at the B3LYP level: none > CH;CN >
N;~ > CF;CO,” > CI” > SR™ > NC, respectively. A similar
trend to that of B3LYP has also been observed when employing
the other functionals, i.e.,, B3LYP-G, B3LYP+VDW, and PBEO.
This result is consistent with the experimental observation by
Rohde and Que that [FeV=0(TMC)(L,)]** with the axial
CH;CN ligand is favored in reactivity over the axial carboxylate
ligand CF;CO,,"> as well as the finding that the acetonitrile
axial ligand in [Fe'"=0(TMC)(L,,)]"" is orders of magnitude
more reactive than a chloride axial ligand, which was
interpreted by the fact that the metal—ligand interactions
influence the orbital energies and, as a consequence, the
electron affinities and hydrogen atom abstraction abilities.>®
However, some synthetic iron and manganese oxo complexes
have utilized electron-rich axial ligands to enhance their
reactivity toward H-atom abstraction, for which multistate
reactivity has been suggested.*>>***%7

Previous computational studies on the substrate epoxidation
reaction using a series of heme and nonheme iron(IV)—oxo
models with varying axial ligands reported a linear relationship
between the barrier height and the BDEy value of the oxidant,
whereby BDEy is a reasonable evaluation for the C—O bond
formation energy.”® Consequently, to mimic the formation of a
H—N bond in substrate-hydroxylation mediated by the
iron(IV)—nitrido complex, we investigated the correlation
between the height of the barrier and the BDEqy value. The
bond dissociation energies (BDEs) of N—H bond in the
TMCL,Fe"™(N)—H species for the preferred quintet channel
have been computed, and the correlation between the
calculated hydrogen abstraction barriers and BDEyy is
presented in Figure 10. Although there is a bit of scatter in
the data, the obtained correlation between barrier height and
BDEyy is reasonable and could well manifest the axial-ligand-
effect on methane hydroxylation mediated by the iron(IV)—
nitrido oxidants. Recent studies of H-abstraction reactions by a
range of iron(IV)—oxo and manganese(V)—oxo corrolazine
complexes showed a strong axial ligand effect on the barrier
heights proportional to a dramatic change in the BDEy value
of the oxidant, in agreement with the trend observed here.*’*
As follows from Figure 10, the hydrogen abstraction barriers
decrease with the increase of the BDEyy of the oxidants. For
example, with BDEyy progressively increasing among the
representative ligands L, none, CH;CN, CF;CO,,
successively, the reaction barriers decrease in the sequence
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Figure 10. Correlation between the height of the barrier (*TSy) for
methane hydroxylation and BDEyy; value. The complexes tested were
[FeV=N(TMC)(L,)]"" with L, = none, CH,CN, CF;CO,", N;,
CI7, NC~, and SR™. All values were in kcal mol™ and calculated with
B3LYP/B2//B3LYP/BI.

N—-none > N—-CH;CN > N—CF;CO,. This implies that
BDEyy is a reasonably excellent representative of the axial
ligand effect in C—H bond activation, and the formation of a
H—N bond can be faithfully mimicked with the formation of a
H—-O bond.

4. CONCLUSIONS

A series of novel octahedral iron(IV)—nitrido complexes using
the TMC ligand in the equatorial plane and one axial ligand
trans to the nitrido have been theoretically constructed, where
the ligand environment is used to mimic the similar ligand
sphere as that in the mononuclear iron(IV)—oxo complex. On
the basis of systematic density-functional theory calculations,
we have presented a comparative study on the electronic
properties and reactivities of iron(IV)—nitrido complexes
regarding the iron(IV)—oxo and iron(IV)—sulfido counter-
parts, and further, the effect of axial ligands has also been
elaborated.

The hydroxylation mechanism promoted by the iron(IV)—
nitrido complexes herein establishes that one hydrogen atom is
abstracted from the methane by the iron(IV)—nitrido species,
leading to an Fe(N)—H moiety together with a carbon
radical, similar to the cases by the iron(IV)—oxo and iron(IV)—
sulfido compounds. DFT results reveal that, unlike the well-
known iron(IV)—oxo species that tends to react on two-state
reactivity surfaces in the H-abstraction reaction with the § = 1
ground state, the sampled iron(IV)—nitrido and iron(IV)—
sulfido complexes are all in a stable S = 2 state, and their
exchange-enhanced reactivity mediates the H-abstraction
reactivity at much lower barriers than that of the S = 1 spin
state, indicating that it may be the single-state reactivity that
dominates on the high-spin quintet surface. Moreover, the
relative reactivity of the different iron-based complexes in
methane hydroxylation reaction demonstrates that the iron-
(IV)—nitrido species are capable of activating C—H bond of
methane, which can exhibit potential reactivity abilities as good
as the iron(IV)—oxo and —sulfido counterparts. Additionally,
analysis of the axial ligand effect on methane hydroxylation by
iron(IV)—nitrido oxidants reveals that the reactivity of
iron(IV)—nitrido oxidants in the quintet state enhances as
the electron-donating ability of the axial ligand weakens.

Note that, apart from the iron(IV)—oxo complex and its
reactivity, no relevant experimental data have been obtained on
the iron(IV)—sulfido and iron(IV)—nitrido complex. However,
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the present calculations predict that the Fe'"N and Fe''S
species can compete in oxidation power with that of Fe'VO,
which may deliver promising potentials in discovering and
devising novel catalysts containing these motifs.
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