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Abstract

In this report we compare the geometric and electronic structures and reactivities of [FeV(0)]~ and
[Fe!V(0)]?~ species supported by the same ancillary nonheme biuret tetraamido macrocyclic
ligand (b TAML). Resonance Raman studies show that the Fe=0 vibration of the [Fe!V(0)]?~
complex 2 is at 798 cm™1, compared to 862 cm™ for the corresponding [FeV(O)]~ species 3, a 64
cm™1 frequency difference reasonably reproduced by density functional theory calculations. These
values are, respectively, the lowest and the highest frequencies observed thus far for nonheme
high-valent Fe=O complexes. Extended X-ray absorption fine structure analysis of 3 reveals an
Fe=0 bond length of 1.59 A, which is 0.05 A shorter than that found in complex 2. The redox
potentials of 2 and 3 are 0.44 V (measured at pH 12) and 1.19 V (measured at pH 7) versus normal
hydrogen electrode, respectively, corresponding to the [Fe!V(0)]2~/[Fe!!'(OH)]2~ and [FeV(0)]
~/[Fe'V(0)]%~ couples. Consistent with its higher potential (even after correcting for the pH
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difference), 3 oxidizes benzyl alcohol at pH 7 with a second-order rate constant that is 2500-fold
bigger than that for 2 at pH 12. Furthermore, 2 exhibits a classical kinteic isotope effect (KIE) of 3
in the oxidation of benzyl alcohol to benzaldehyde versus a nonclassical KIE of 12 for 3,
emphasizing the reactivity differences between 2 and 3.
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INTRODUCTION

Monomeric iron-oxo units have been proposed as intermediates involved in either C—H bond
cleavage or O atom transfer reactions for several oxidases and oxygenases.! For nonheme
iron-containing enzymes, both iron(I1V)- and iron(V)-oxo species have been proposed as
active intermediates.? Understanding the role of the iron oxidation state in the
thermodynamics and kinetics of C—H bond cleavage is important not only for understanding
the underlying principles that guide these natural enzymes but also for designing synthetic
catalysts that mimic the action of these enzymes. It has been shown that both the redox
potential of the high-valent species and the basicity of the terminal oxo unit contribute to the
reactivity of C—H bond abstraction by metal oxo complexes.3 In previous reports,®
reactivity comparisons of model complexes of Compound Il (Cpd II; oxoiron(IV)) and
Compound I (Cpd I; isoelectronic to oxoiron(V)) have been reported, but no correlation of
this intrinsic difference to their spectroscopic properties has been provided. Theoretical
studies on the H atom abstraction capabilities of Cpd | and Cpd Il mimics have also found
sluggish oxidative properties for the latter, with H atom abstraction barriers of 2-5 kcal/mol
higher than those computed for the former.8 For nonheme systems, the geometric and
electronic structures as well as reactivities of oxoiron(IV) and oxoiron(V) species having the
same ancillary nonheme ligand have, to date, not been experimentally compared, primarily
due to the paucity of systems with reasonably stable oxoiron(V) species. However, note that
computational investigations on hypothetical iron-oxo models have been performed by
Neese et al. to correlate the electronic properties and reactivity of these high-valent iron-oxo
complexes.®9€ In their study, the superior reactivity of the hypothetical [FeV(O)
(NH3)4(OH)ayia1]?* over its one-electron reduced species [Fe!V(O)(NH3)4(OH)ayia]** in the
oxidation of ethane was established based on the H atom abstraction barrier, the radical
character of the iron-oxo bond, and the approach of C- H bond. Experimentally, the
reactivities of two pairs of nonheme oxoiron(V) and oxoiron(IVV) complexes have been
compared in the literature, but no rate measurements have been reported.5"9 However, the
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fleeting nature of these iron(V) species renders it difficult to obtain structural and
mechanistic insights into their inherent differences.

However, oxoiron(V),”2 oxoiron(1V),”*¢ and (#-oxo)diiron-(1V)"® complexes of the
tetraamido macrocyclic ligand (TAML) have been obtained in greater than 95% yield and
characterized. Thus, Fe-TAML represents an exciting system, where the spectroscopic
properties and reactivities of the high-valent oxoiron species can be studied and correlated.
To date, however, reactivity comparisons between the oxoiron(V) and oxoiron(1VV) TAML
complexes have not been reported.’®€ A likely reason is the instability of a completely
characterized oxoiron(V) complex at temperatures above —40°C, which precluded the use of
a common temperature and solvent system to study their reactivity toward substrates.

The synthesis of a room-temperature stable oxoiron(V)-(bTAML) (bTAML = biuret
tetraamido macrocycle ligand) complex (b TAML depicted in Figure 1) in greater than 95%
yield has been recently reported.8 This oxoiron(V) complex is also stable in solvent
containing up to 70% water.8® Additionally, the oxoiron(IV) complex can be generated
under the same conditions. Thus, we are able to prepare both the oxoiron(IV) and the
oxoiron(V) complexes in very high purity at room temperature using the same solvent
system, which facilitates reactivity comparisons using a common substrate. In this report, we
compare resonance Raman, X-ray absorption, and electrochemical data for the oxoiron(1V)
and oxoiron(V) complexes of the bTAML ligand. Their room-temperature reactivity
difference in the oxidation of benzyl alcohol (BnOH) and its correlation with spectroscopic
properties supported by density functional theory (DFT) calculations are also discussed in
this manuscript.

RESULTS AND DISCUSSION

Synthesis

The complexes [(bTAML)Fe!V(0)]2~ (2) and [(bTAML)FeV(0)]~ (3) were obtained from
[(bTAML)-Fe!''(C1)]2~ (1). On the one hand, complex 3 was synthesized by addition of 1.2
equiv of sodium hypochlorite (NaOCI) into a solution of 1 in acetonitrile (CH3CN) as
reported previously; it exhibits a visible spectrum with bands at 445 and 613 nm (Supporting
Information Figure S1 inset).82P On the other hand, the corresponding Fe!V(O) complex 2
could be obtained by two methods, either by treating the CH3CN solution of 3 with 3 equiv
of tetrabutylammonium hydroxide or by the addition of NaOCI to 1 in water (pH 12).
Complex 2 exhibits a visible spectrum with a A,y 0f 429 nm in CH3CN and 460 nm in
water pH 12 (Supporting Information Figure S1). Its Mdssbauer spectrum shows a doublet
with an isomer shift (8) of —0.21 mm/s and a quadrupole splitting (A£g) of 3.89 mm/s
(Supporting Information Figure S2a), similar to those found for the corresponding Fe!V(0)2-
species supported by the related TAML ligand.” On the basis of their Mdssbauer spectra,
the purities of both 2 and 382 complexes were determined to be greater than 95%.

Resonance Raman Spectroscopy

Resonance Raman data for 2 and 3 were obtained in acetonitrile solvent using 476.5 nm
excitation. The Fe=0 vibration of 2 is observed at 798 cm™1 (Figure 2a, blue), which shifts
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to 762 cm~1 (Figure 2a, red) upon 180 substitution (A180/160 = 36 cm™1). On the one hand,
the Fe=0O vibration of 2 is the lowest value reported for a nonheme Fe!V=0 species®&P and
reflects the highly basic nature of the bTAML ligand. On the other hand, the corresponding
Fe=0 vibration for 3 is observed at 862 cm™1 (Figure 2b, blue) and downshifts to 824 cm™1
(Figure 2b, red) upon 180 substitution (see Supporting Information Figure S2b for full
spectra), the observed A0/180 of 38 cm™ being in excellent agreement with that
calculated by Hooke’s Law for an Fe=0 unit. The vire=0) of 3 is higher than any other
Fe=0 vibration measured to date,%° presumably because of the FeV oxidation state. The
next-highest vre=0) Was observed by IR spectroscopy at 856 cm™1 for the recently reported
[Fe!V(Ogyn)-(TMC)(OT)]* complex (TMC = 1,4,8,11-tetramethyl-1,4,8,11-
tetraazacyclotetradecane).%¢ The 64 cm™1 difference observed between 3 and 2 represents
the first time the vibrations of Fe¥=0 and Fe!V=0 units supported by a common ligand can
be compared. Clearly, the oxidation of the Fe(IV) center to Fe(V) results in significant
strengthening of the Fe=0 bond. For comparison, the v(ge=0) values of Fe!V=0 and Fe!ll-0
units supported by trianionic urea-based tripodal ligand (tris(zert
butylureaylethylene)aminato, [Hsbuea]3") reported by Borovik exhibit a frequency
difference of 128 cm~! and an Fe-O bond length difference of 0.15 A.10

X-ray Absorption Spectroscopy

X-ray absorption spectroscopic (XAS) data were collected at the Fe K-edge for 1, 2, and 3in
CH3CN to gain insight into their iron coordination environments. The X-ray absorption
near-edge structure (XANES) region provides information on the oxidation state and
symmetry of an iron center. The Fe K-edge of 1 (Supporting Information Figure S2¢) was
observed at 7122.1 eV, with a pre-edge peak area of 14.1 units (Supporting Information
Table S1), consistent with a five-coordinate ferric center (Figure 3, left panel).1! Analysis of
the extended X-ray absorption fine structure (EXAFS) region of 1 gives ironscatterer
distances that correspond to four N/O atoms at 1.87 A, one Cl atom at 2.37 A, six C atoms at
2.83 A, and multiple scattering pathways involving the carbonyl groups of the ligand at 3.99
A (Figure 4, top row; Supporting Information Table S2), distances congruent with those
from the crystal structure of 1.8

Oxidation of 1 to 2 results in an upshift of the K-edge energy to 7124.2 eV (Supporting
Information Figure S2c), which is comparable to that reported for [Fe!V(O)

(TAML)]?™ (7124.5 eV)’® and consistent with its assignment as an Fe!V center. However, the
K-edge energy of 2 is 2.1 eV higher than for that for 1. This larger difference in K-edges is
likely due to the bound ClI in 1, as chloride ligands are known to decrease the K-edge
energies of the metal centers to which they are bound.”" Complex 2 exhibits a pre-edge area
of 52 units (Figure 3, middle panel; Supporting Information Table S1), which is larger than
that found for [Fe!V(O)(TAML)]%™ (41 units).”® EXAFS analysis of 2 shows one O/N atom
at 1.64 A, four N/O at 1.86 A, six C at 2.82 A, and scatterers at 4.01 A involving ligand
carbony! groups (Figure 4, middle row; Supporting Information Table S3). The 0.05 A
shorter Fe=0 bond distance found for 2 compared to that of [(TAML)Fe!V(0)]2~ (1.69 A)7C
may rationalize the larger pre-edge area observed for 2.
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Complex 3 exhibits a K-edge at 7125.4 eV (Supporting Information Figure S2c), which is
very close to that of the related [(TAML)FeV(0)]~ complex reported by Collins (K-edge =
7125.3 eV).’@ Complex 3 also gives rise to a pre-edge feature at 7114.3 eV with a very large
peak area of 65 units (Figure 3, right panel; Supporting Information Table S1), which is
comparable in size to that of [(TAML)FeV(0)]~ (~70 units).”® These quite large values
reflect a high degree of distortion from centrosymmetry that is matched only by that
estimated for the aqueous oxoiron(IV) complex described by Pestovsky et al.12 Analysis of
the EXAFS region of 3 gives ironscatterer distances that correspond to one O/N atom at 1.59
A, four N/O atoms at 1.86 A, and six C atoms at 2.82 A (Figure 4, bottom row; Supporting
Information Table S4), which agree with the results for [FeV(O)(TAML)]~ (0.7 O/N at 1.58
A, four N/O at 1.87 A, and five C at 2.82 A).” Within error, the structures of the two
FeV(0O) complexes are identical. The significant shortening of the axial Fe=O bond in what
is postulated to be a square pyramidal complex is very likely the factor that gives rise to the
much larger pre-edge area observed for 3 versus that of 2,11 as well as the 64 cm™ higher
Fe=0 stretching frequency of 3.

Density Functional Theory

DFT calculations are used to obtain hypothetical three-dimensional models for species 2 and
3. The optimized geometries for 2 and 3 show Fe—O bond lengths of 1.64 and 1.59 A,
respectively, consistent with results from the EXAFS analysis. The predicted 0.05 A
shortening of the Fe—O bond in 3 relative to that of 2 is complemented by an increase in the
computed viee—q from 895 to 964 cm-1, the calculated difference of 69 cm™1 approaching
the experimentally observed difference of 64 cm™. The molecular orbital (MO) diagram

(Figure 5) of 2 indicates the presence of a strong o interaction between the Fe 3d , and the O
Z

2p s orbitals (Figure 5, left, contour second from top). For an S= 1 ground state, this d ,
z

orbital is unoccupied. Additional strong r interactions between the singly occupied Fe 3d,
yz and O 2p,y, orbitals (Figure 5, left, contour at the bottom) result in an Fe-O formal bond
order of 2 (1 o+ 2 half ). Note that the strong equatorial ligand field of bTAML raises the

energy of thed ,  , above that of the d , orbital, which is o antibonding with respect to
X" =y 4

the strong axial oxo ligand. This is in contrast to most known nonheme Fe systems, where
the strong o interaction of the oxo ligand places d , orbitals higher in energy than the
Zz

d ,./C9NJ Rather, the higherd , , orbital energy, as observed here, is a common
Xy Xy

feature of heme systems, where the porphyrin ligand provides a strong equatorial ligand
field.6271 The same situation has been encountered recently in an Fe(I\V/)=0 species having a
tetracarbene macrocycle in the equatorial plane.”9

The calculations show that there is strong charge transfer from the tetraanionic equatorial
ligand in 2, which appears to result in a decrease in the oxo ligand character of the Fe=O
bond. Thus, the 0y, coefficients in the Fe-0 o (10% OZp(z)in dz2) and r (17.36% Oy

54.99% d,; Figure 5 left) in 2 are much smaller than those encountered for other nonheme

Fe(IV)=0 complexes with weaker equatorial ligands, for example, 32% O20(2) ind , and
Z
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36% Osp(x) 54%d XZ([:e).7h_j These differences may be interpreted as a decrease in the bond

covalency of the Fe=0 unit in 2 relative to these other complexes, as reflected by the lower
Fe=0 frequency it exhibits.

The [FeV(O)]™ species is one-electron-oxidized, which results in depopulation of one of the
two singly occupied d,,, orbitals (~55% metal 3d contribution, Figure 5 right), indicating
that the oxidation is metal-based and not ligand-based as is the case for high-valent heme
systems (e.g., Compound 1%3.71), Thus, the oxidation leads to depopulation of an Fe-O n*
orbital and results in an increase in the Fe—O bond order to 2.5 (1 o+ 1.5 ) in 3. The
increase in the Fe—0 bond order upon oxidation is reflected in the shorter Fe—O bond found
by EXAFS and the higher vre—g value in 3 relative to 2 observed in the Raman data.

Electrochemistry

The electrochemical properties of the b-TAML complexes 1-3 were investigated in water.
Cyclic voltammetry (CV) of 1 was performed between pH 11 and 12.5 using a scan window
from 0.2 to 0.9 V versus normal hydrogen electrode (NHE; Supporting Information Figure
S4). Note that [(bTAML)Fe!''CI]2~ in water converts to the diaqua complex
[(bTAML)Fe'l((H,0),]~.13:14 The first pKj of the coordinated water has been determined to
be ~10.3, leading to the formation of [(b-TAML)Fe!'((OH)(OH,)]%~.14 A quasireversible
one-electron wave at £y, = 0.44 V versus NHE (with a peak-to-peak separation of A&, = 66
mV and 4,2/ c ~ 0.8) was observed by CV of chemically synthesized 2 at pH 12 (Figure
B6A). This feature corresponds to the Fe!V(0)/Fe!'((OH)(OH,) couple. Furthermore,
controlled potential electrolysis of a pH 12 solution of 1 at 0.55 V versus NHE afforded the
well-characterized deep red [(bTAML)Fe!V(0)]2~ complex described before in this work.
The Fe!V/Il electrochemical wave is pH-dependent between 10.5 and 12.2 with the £/
versus pH decreasing by 58 mV per pH unit (Supporting Information Figure S5), indicating
a proton-coupled electron transfer (PCET) step.1®> On the basis of all these observations, we
propose that the Fe!V/!!l couple is consistent with the following electrochemical process
between pH 10.5 and 12.2:

[(bTAML)Fe[ Vo]2 T HHY0

H+e_[(bTAML)Fe| ' |(OH)(H20)]2 -

Below pH 10, a [Fe!V(0)]27/[Fe''(OH,),]~ couple corresponding to a two-proton/one-
electron transfer process was observed, as recently reported.162

The redox potential for the [FeV(0)]/[Fe!V(0)]%~ couple in H,0 has been determined by
square-wave voltammetry experiments at pH 7 to be £2'= 1.19 V versus NHE.162 There is
an apparent difference in potential of 750 mV between the redox couples [FeV(0)~/
Fe!V(0)27] at pH 7 and [Fe!V(0)2/Fe'!l(OH)27] at pH 12. After correcting for the pH
difference based on the observation of a [Fe!V(0)]2/[Fe!'!(OH,),]~ couple between pH 7
and 10, we estimate a redox potential of 0.9 V versus NHE at pH 7, decreasing the redox
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potential gap to ~300 mV. For comparison, the corresponding heme analogues that serve as
models of Cpd I and Cpd II exhibit a difference of ~250 mV.160

To compare the reactivity of these related iron-oxo species toward C—H bonds, the choice of
substrate was important. The calculated bond dissociation energy (BDE) of the Fe!ll(O-H)
bond that corresponds to one-electron reduced [(bTAML)Fe!V(0)]%™ has a value of only 83
+ 2 kcal/mol,17 obtained using the modified Bordwell equation.1® The expected inability of
the oxoiron(1V) complex 2 to oxidize strong C—H bonds is confirmed by its unchanged UV
-vis spectrum upon addition of cyclohexane, toluene, and cumene. This moderate BDE of
[Fe"(bTAML)O-H]?~ (~83 kcal/mol) is similar to that of nonheme iron complexes such as
[Fe!'l(N4Py)O-H]2* (~78 kcal/mol)!® (N4Py = N, A-bis(2-pyridylmethyl)-Atbis(2-
pyridyl)methylamine) but lower than their heme analogues ([Fe!''(TMP)O-H] (~88 kcal/
mol)> (TMP = 5,10,15,20-tetramesitylporphyrin) and [Fe!!'(TMPS)O-H] (~90 kcal/mol);
TMPS = 5,10,15,20-tetramesitylporphyrinoctasulfonate).160:19 On the other hand, the
oxoiron(V) complex 3 is known to react with strong C—H bonds like cyclohexane.82 The
Fe!VO-H BDE of [(bTAML)Fe!VOH]~ is estimated to be about 99 kcal/mol, 20 which is
roughly the same as that for the Compound | mimic [(4-TMPyP*)Fe!V(0)] (4-TMPyP =
5,10,15,20-tetrakis(A-methyl-4-pyridinium)porphyrin tetracation) with an Fe'YO-H BDE of
100 kcal/mol. We therefore chose benzyl alcohol (BnOH) as the substrate as it has a C-H
bond with a BDE of <80 kcal/mol.19

The reaction of 3 with benzyl alcohol in CH3CN was recently shown to be a two-electron
process involving abstraction of a C—H bond in the rate-determining step.212 The electron
transfer/proton transfer (ET/PT) mechanism after H—-atom abstraction from the benzylic
position over rebound of hydroxyl radical was proved by using cyclobutanol as a radical
clock probe.212 To compare the reactivity of both oxoiron (-TAML) complexes under the
same conditions, their reactions with benzyl alcohol were performed under pseudo-first-
order conditions in 80% CH3CN/20% H-O0 as the solvent, which is compatible with both
oxoiron(V) and oxoiron(IV) complexes (Scheme 1).

The kinetics of BnOH oxidation to benzaldehyde by 2 in an 80:20 acetonitrile—water solvent
mixture pH 12 at room temperature (RT) was studied under pseudo-first-order conditions. A
decrease in the characteristic [Fe'V(0)]%~ absorption band at 460 nm was observed
(Supporting Information Figure S7A) due to oxidation of BnOH to benzaldehyde (yield =
43%; Supporting Information Figures S8 and S9). The less than 50% yield and generation of
[Fe!ll- OH] 2- at the end of the reaction indicate a nonrebound mechanism similar to that
reported for other nonheme oxoiron(1V) complexes.?1¢ Analysis of the pseudo-first-order
reactions as a function of substrate concentration gave a second-order rate constant 4, of
0.08(0.01) M1 s71 (Figure 7A, Supporting Information Figure S7B) and a classical An/Ap
kinetic isotope effect (KIE) of ~3 (Table 1). For comparison, the reaction of 3 with BnOH in
an 80:20 acetonitrile-water (pH 7) solvent mixture was monitored by UV-vis absorption
spectroscopy as a function of BnOH concentration as recently reported by us (yield of
benzaldehyde ~ 75% yield).212 Resulting 4ops (Supporting Information Figure S6) values
from pseudo-first-order fits correlated linearly with substrate concentration to give a second-
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order rate constant A, (220 + 20 M~1 s™1; Figure 7B). A nonclassical KIE ky/kp ~ 12 was
determined (Table 1). Thus, 2 has a BnOH oxidation rate that is significantly lower (~2500-
fold) than that of 3. Note that oxidation of benzyl alcohol was performed by 2 and 3 at pH
12 and 7, respectively. The pH of the medium can have a crucial role in hydrogen atom
abstraction, as has been observed for [Fe!V(O)N4Py]2* 21b

To gain better insight into the differential reactivity of 2 and 3 toward BnOH, an Eyring
analysis was performed to obtain their activation enthalpies (A/#) and entropies (AS¥; Table
1 and Supporting Information Figure S10). For both of the oxidants, the negative entropy of
activation observed is indicative of a tightly bound transition state involving both the iron
oxo and the substrate. The contribution of A/ to the free energy of activation is greater than
that of the 7ASF term for both 2 and 3, indicating that the process is enthalpically driven.
However, for 3, the difference between AAH* and 7AS* term is much smaller (~1 kcal/mol).
These results are in contrast to alcohol oxidation by Cpd I and Il mimics reported by van
Eldik, where the process is entropically controlled for the Cpd I mimic but enthalpically
controlled for the Cpd Il mimic.22 The difference in reactivity of benzyl alcohol oxidation to
benzaldehyde between both the Cpd I and Il mimics reported by van Eldik is only ~100-
fold.22 Groves et al.%l have also reported a highly reactive Cpd | analogue [(4-TMPyP**)-
Fe!V=0]* in comparison to its one-electron reduced Cpd 11 analogue [(4-TMPyP)Fe!V=0]
toward xanthene oxidation albeit with a low KIE (2.1). This large reactivity difference of the
highly cationic compound | analogue was rationalized by considering a low-lying ay,
porphyrin highest occupied molecular orbital (HOMO) that facilitated spin-state crossing in
the course of the reaction. In contrast, studies on the [Mn(Hsbuea)] complexes reported by
Borovik showed a higher reactivity toward dihydroanthracene (DHA) for the monomeric
[Mn!(0)]2~ complex relative to the [Mn'V(O)]~ complex, which was attributed to the much
enhanced basicity of the [Mn'"(0)]2~ complex.232

Before concluding, two important points are worth noting. First, for C—H bond abstraction
of benzyl alcohol by 2 and 3, the events accompanying formation of the transition state are
not only determined by the electron affinity of the oxidant (which is manifested in the huge
difference in their redox potentials reported earlier) but also by the proton affinities of the
one-electron reduced species formed after electron transfer. The pK; of the one-electron
reduced species generated from 2 (i.e., [Fe!''(0)]3") should be significantly higher than for
the one-electron reduced species of 3 (i.e., [Fe!V(0)]%™; pK; ~ 10) but could not be
determined experimentally (Supporting Information Figure S3). The pK; of a related
[Fe''l(0)-(H3buea)]?~ species has been determined by Borovik to be greater than 20.19 This
high pK; of the putative Fe!''(O) would offset the reactivity of 3 in comparison to 2 that
would be expected only due to the 300 mV redox potential difference.

The second relates to the respective KIEs of 3 and 12 observed for the reactions of 2 and 3
with BnOH. These values indicate that H atom abstraction is likely an important contributor
to the rate determining step for both these complexes.24 Interestingly, the pattern of KIE
values observed for 2 and 3 is the reverse of what is observed for nonheme oxoiron(1V)
complexes supported by neutral N4 or N5 ligands. For the latter, nonclassical KIE values are
observed for $= 1 Fe!V(0) complexes,3-24¢ but classical KIE values are found for catalytic
alkane hydroxylation by related nonheme iron complexes for which a powerful FeV(O)(OH)
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oxidant has been implicated.24™" The KIE differences could arise from differences in
electronic structure between 2 and other S= 1 nonheme Fe!V(O) complexes. As shown for 2
inFigure 5,thed ,  , orbital lies well above the d , orbital due to the strong equatorial

xXT =y Z

field of the bTAML ligand, resulting inad, | ta ! d, ", ! configuration for the excited
Z

; - ; ; 1 1 1 1 : ;
quintet (S = 2) state instead of the more typical dxy d,. dyZ dx2 2 configuration

associated with the other nonheme Fe!V=0 complexes supported by neutral polydentate
ligands. A consequence for 2 is that its S= 2 excited state is calculated to be 20-26 kcal/mol
higher in energy than its ground triplet state (5= 1), depending on which functional (UBP86
or UB3LYP) is used (Supporting Information Table S5). A similarly large energy gap is
calculated for the Fe!V=0O(tetracarbene) complex reported by Neese and Meyer,’9 but the
triplet-quintet energy gap calculated for the prototypical [Fe!V(O)(TMC) (NCCH3)]?*
complex is much smaller at 3-5 kcal/mol.24¢i On the one hand, for 2 and the tetracarbene
complex, the presence of an unpaired electron in the d , orbital of the excited S= 2 state

4

significantly weakens the Fe=0 bond, thereby destabilizing this spin state. On the other
hand, our calculations on 3 show that its doublet (S= 1/2) spin state is more stable than the
quartet (S = 3/2) by 10-14 kcal/mol (Supporting Information Table S5a). Future work will
focus on gaining further insight into the consequences of these differences in electronic
structure on the reactivity of the high-valent oxoiron complexes supported by tetraanionic
TAML ligands versus its neutral counterparts.

SUMMARY

In summary, the resonance Raman and XAS properties of [Fe!V(0)]%~ (2) and [FeV(0)]™ (3)
species have been characterized, allowing the first detailed comparison of complexes with
oxoiron(1V) and oxoiron(V) units supported by the same ancillary bTAML ligand under the
same conditions. These results show significant strengthening and shortening of the Fe=0
bond upon oxidation from Fe!V to FeV due to an increase in 7 bond order. This structural
change translates into a significant difference in redox potential between 2 and 3 and a 2500-
fold greater reactivity of 3 over its one-electron reduced analogue 2 in oxidizing benzyl
alcohol. DFT calculations provide a computational basis for rationalizing the observed
differences in properties.

EXPERIMENTAL SECTION

Materials

(EtaN),[Fe''(CI)(bTAML)] 1 was synthesized as described before.8¢ Aqueous sodium
hypochlorite (reagent grade, Aldrich, available chlorine 4.00-4.99%) was used as received
and quantified by iodometry. Acetonitrile (LCMS grade, Aldrich) was used by passing
through an activated neutral alumina column and then dried as described elsewhere.?
Benzyl alcohol (Aldrich, 99.8%) was passed through activated neutral alumina and distilled
prior to use; its purity was checked by gas chromatography-mass spectrometry (GC-MS).
All reactions were performed without any special precautions under atmospheric conditions
unless otherwise specified. Deionized water was used to make all of the stock solutions for
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the reaction and kinetic runs. Enriched (180) water (98%) was procured from the Shanghai
Research Institute of Chemical Industry (China).

Generation of [Fe!V(0)]2~ (2) and [FeV(0)]~ (3) Samples
On the one hand, a 0.5 mM solution of [(bTAML)Fe!''CI]?~ (1) was converted to 3 by using
1.2 equiv of sodium hypochlorite (NaOCI) in acetonitrile.8? On the other hand, the
corresponding Fe!V(O) complex 2 was obtained by two methods, either by treating the
CH3CN solution of 3 with 3 equiv of tetrabutylammonium hydroxide or by addition of
NaOCIl to 1 in water (pH 12). In both cases, nearly quantitative conversion was confirmed by
UV-vis spectroscopy.

Instrumentation

UV-vis spectral studies were performed using an Agilent diode array 8453
spectrophotometer attached with a Peltier temperature controller. CV experiments were
performed on a CHI-660 potentiostat. Solutions of 1 were placed in one-compartment three-
electrode cells. Glassy carbon (3 mm of diameter) was used as the working electrode, silver/
silver chloride (3 M KCI) as reference electrode (unless explicitly mentioned), and Pt wire
as counter electrode. Working electrode pretreatment before each measurement consisted of
polishing with 0.05 xm alumina paste, rinsing thereafter with water/acetone, and finally
blow-drying. All redox potentials in the present work are reported versus NHE by adding
0.21 V to the measured potential. Mdssbauer spectra were recorded with two spectrometers
using a Janis Research Super Varitemp dewar. The isomer shift was reported relative to Fe
metal. The Mdssbauer spectrum of 2 was simulated with least-squares fitting using the
program SpinCount and the standard spin Hamiltonian.

GC was performed on a PerkinElmer Arnel Clarus 500 instrument equipped with a hydrogen
flame ionization detector and HP-5 (30 m x 0.32 mm x 0.25 xm) column. Helium was used
as carrier gas at a flow rate of 30 mL min~1. GC-MS analyses were performed on an Agilent
5977A mass-selective detector interfaced with an Agilent 7890B GC in similar conditions
using an HP-5-Ms capillary column (30 m x 0.32 mm x 0.25 ym, J & W Scientific).

X-ray Absorption Spectroscopy

The XAS sample of 1 was prepared by dissolving isolated solid in CH3CN to make a 5 mM
solution at 20 °C, which was then transferred to an XAS cup and frozen in liquid nitrogen.
The XAS sample of 3 was prepared by treating a 5 mM solution of 1 in anhydrous
acetonitrile at 20 °C with 1.2 equiv of NaOCI to generate 3 in near-quantitative yield. The
green solution was transferred to an XAS cup, and the sample was frozen in liquid nitrogen.
The sample of 2 was prepared by generating a 5 mM solution of 3 at 20 °C, then adding 3
equiv of tetrabutylammonium hydroxide to form the Fe!V(O) complex.

Iron K-edge X-ray absorption spectra for 1, 2, and 3 were collected on SSRL beamline 9-3
using a 100-element solid-state Ge detector (Canberra) with a SPEAR storage ring current of
~500 mA at a power of 3.0 GeV. The incoming X-rays were unfocused using a Si(220)
double crystal monochromator, which was detuned to 40% of the maximal flux to attenuate
harmonic X-rays. Seven, nine, and eight scans of the fluorescence excitation spectra for 1, 3,
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and 2, respectively, were collected from 6882 to 8000 eV at a temperature (10 K) that was
controlled by an Oxford Instruments CF1208 continuous-flow liquid-helium cryostat. An
iron foil was placed in the beam pathway prior to the ionization chamber / and scanned
concomitantly for an energy calibration, with the first inflection point of the edge assigned
to 7112.0 eV. A 6 um Mn filter and a Soller slit were used to increase the signal-to-noise
ratio of the spectra. Photoreduction was monitored by scanning the same spot on the sample
twice and comparing the first-derivative peaks associated with the edge energy during
collection, but none was observed in the present study.

The detector channels from the scans were examined, calibrated, averaged, and processed
for EXAFS analysis using EXAFSPAK26a to extract x(K). Theoretical phase and amplitude
parameters for a given absorber—scatterer pair were calculated using FEFF 8.402%0 and were
utilized by the “opt” program of the EXAFSPAK package during curve fitting. Parameters
for 1, 2, and 3 were calculated using a model based on the available crystal structure of the 1
complex.8? In all analyses, the coordination number of a given shell was a fixed parameter
and was varied iteratively in integer steps, while the bond lengths (/) and mean-square
deviation (o2) were allowed to freely float. The amplitude reduction factor S was fixed at
0.9, while the edge-shift parameter £y was allowed to float as a single value for all shells.
Thus, in any given fit, the number of floating parameters was typically equal to (2 x num
shells) + 1. The krange of the data is 2-15 A1,

The pre-edge analysis was performed on data normalized in the “process” program of the
EXAFSPAK package, and pre-edge features were fit between 7108 and 7117 eV for 1 and
between 7108 and 7118 eV for 2 and 3 using the Fityk?5¢ program with pseudo-Voigt
functions composed of 50:50 Gaussian/Lorentzian functions.

Resonance Raman Spectroscopy

Resonance Raman spectra were obtained with excitation at 476.5 nm (40 mW at source, Ar*
laser, Spectra-Physics). Data were obtained on samples at room temperature in flat-bottomed
NMR tubes using a 90° backscattering arrangement (parallel to the slit direction) and at 77
K on frozen samples in NMR tubes using a 135° backscattering arrangement. The
collimated Raman scattering was collected using two Plano convex lenses (=12 cm, placed
at an appropriate distance) through a holographic super notch filter (Kaiser Optical Systems,
INC) into an Acton AM-506M3 monochromator equipped with a Princeton Instruments
ACTON PyLON LN/CCD-1340 x 400 detector. The detector was cooled to =120 °C prior to
the experiments. Spectral calibration was performed using the Raman spectrum of
acetonitrile/toluene 50:50 (v/v).278 Each spectrum was accumulated, typically 60 times with
5 s acquisition time, resulting in a total acquisition time of 5 min per spectrum. The
collected data were processed using Spekwin32,27? and a multipoint baseline correction was
performed for all spectra.

Raman samples of 2 were prepared by treating a 0.5 mM solution of 3 generated using
Nalé180ClI with 6 equiv of tetrabutylammonium hydroxide at 20 °C. Nal8OCI was prepared
by dilution of 10% NaOClin H,180 in 1:9 ratio.2’¢ Raman samples of 3 were generated by
addition of 1.2 equiv of Nal®180CI to a 0.5 mM solution of 1 in CH3CN at 20 °C with
stirring.
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Kinetic Experiments

The kinetics for the oxidation of benzyl alcohol by 2 were monitored in the kinetic mode of
the spectrophotometer using 1 cm quartz cell at 395 nm at the isosbestic points of Fe!V
species and Fe!' at 30.0 + 0.5 °C as well as other temperatures. All the kinetic experiments
were performed in a premixed 80% CH3CN/20% water solvent. For kinetic measurements, 3
was synthesized by using 1.2 equiv of sodium hypochlorite as terminal oxidant. The
concentration of 3 (5 x 107> M) was kept constant, while substrate concentration was varied.
The pseudo-first-order rate constants ks (calculated by monitoring changes at 395 nm)
were obtained from nonlinear curve fitting [(A; = Ag — (Ag — Ao)elXpsd]. Resulting Agps
values correlated linearly with substrate concentration to afford the second-order rate
constant 4».28:2% For the kinetic studies of benzyl alcohol oxidation by 2, the complex was
generated in 80% CH3CN/20% pH 12 water (adjusted by 5 mM NaOH) by using NaOCI
(0.5 equiv) at 30.0 £ 0.5 °C. The reaction kinetics was monitored at various temperatures by
the decay in the characteristic absorbance of 2 at 460 nm to extract the pseudo-first-order
rate constant (kops) from nonlinear curve fitting [(4; = A, — (A, — Ar)eTKps)]. Resulting
Kops values correlated linearly with substrate concentration to afford the second-order rate
constant 4».28:2% The reaction of 3 with benzyl alcohol has been monitored at 395 nm, which
is the isosbestic point of Fe!ll (1) and the Fe!V-0O-Fe!V byproduct formed during the
reaction.?12 In short, the reaction of benzyl alcohol with 3 forms benzaldehyde and
regenerates the starting Fe!ll (1). Fast comproportionation of 1 and 3 leads to the formation
of Fe!V-0-Fe!V. Hence monitoring the kinetics at 380 nm (monitoring Fe!!! formation) or at
613 nm (monitoring the decay of the FeV(O) complex) remains complicated. For 2, the
reaction kinetics were measured by monitoring the decay of 2 to Fe!!'-OH at 460 nm.

Product Quantification

Products were first analyzed by GC-MS methods. GC was used for product quantification.
To a solution of 3 or 221 (1 x 1074 M) in CH3CN/water was added benzyl alcohol (1000
equiv, 1 x 1071 M) at room temperature. After completion of reaction (determined by UV
-Vis absorption spectroscopy) the products were passed through a short alumina plug and
immediately quantified by GC.

Computational Details

DFT-based methods were employed to compare the electronic structures of 2 and 3. All the
minima reported in this study were fully optimized at the UBP86/6-311+G* or UB3LYP/
6-311+G* level of theory3C using the Gaussian 09 suite of quantum-chemical programs.3!
The stationary points on the potential energy surface were characterized by evaluating the
vibrational frequencies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
bTAML complexes discussed in this report with tetraethylammonium cations as counterions

for all complexes: 1 = chloroiron(l1l) complex; 2 = oxoiron(IV) complex, and 3 =
oxoiron(V) complex.
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Resonance Raman spectra of 2 in CH3CN at room temperature (left) and 3 in CD3CN at 77
K (right). Blue and red lines represent10- and 180-labeled samples, respectively. gy =
476.5 nm; power ~ 40 mW. (#) Solvent-derived features.
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Figure 3.

Observed X-ray absorption pre-edge regions of 1 (left), 2 (middle), and 3 (right).
Experimental data are represented by black dotted lines, with the best fits as blue solid lines,
the modeled baselines as red dashed lines, the fitted component peaks as red solid lines, and
the residuals as green solid lines.
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Figure 4.
(left) Fourier transforms of the EXAFS data (black dotted) with best fit (solid red) for 1

(top), 2 (middle), 3 (bottom), A range = 2-15 A1, (right) Unfiltered EXAFS data (black
dotted) with best fit (red solid) for 1 (top), 2 (middle), and 3 (bottom).

Inorg Chem. Author manuscript; available in PMC 2018 June 05.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Pattanayak et al.

1.64 A 895cm’ 1.59A 964 cm’
/'J e ." 4
' /
3 { & ;‘.ﬂ
’ FeVO K
g
+4 “ ,i..‘ d e i
» ‘ & £y
dx’ y:,' ..'k‘.-“\: A ‘-a‘ & oy N ;‘0.‘
4 ?\.a A v
— VL =43.25% o o K L o5’
dyz{q{“___ 0.2 0/0 Vo=1438% °“°° [~
A "P‘n—l . 1 :; dzz ‘JJ .
—_—d, 12 >
i “o YeSa% g g &- ea;"
v=ssors | YoT17O1% e San o8 )
B et - y s
drd e 17 3694 V= 5201% 4 4
Q > Xz

=54.99% Yo = 16.96%

LA
. Fe e
dyz{w = 17.03% " # .
0 + o’ ]
¥ A .
- p— P ‘” Q%

f\,“ g . L
_T_l_ dxy dxy _T_L_ " 4

Figureb.

Page 22

Optimized geometries (top) and MO diagrams (bottom) for [(bTAML)Fe!V(0)]2~ (2), left
and [(bTAML)FeV(0)]~ (3), right. wre and vy indicate contributions of Fe and oxo centers
in the individual orbitals. Note that only d orbitals of 3 are shown for clarity, and the energy

of the nonbonding d,, orbital is set to zero for 2 and 3.
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Figure®6.
(A) CV of 2 synthesized from 1 and NaOCI in a pH 12 aqueous solution (conditions: GC

working electrode, Pt counter electrode, 0.2 M KNO3 as supporting electrolyte, scan rate 50
mV s~1; arrow indicates the direction of potential scanning). (B) Plot of £/, vs pH for 1 in

water.
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Plots of kyps Vs benzyl alcohol concentration for reactions with (A) 2 (1.5 x 1074 M) and (B)

3 (5 x 1072 M) performed in a 80:20 acetonitrile-water solvent mixtures at room

temperature.
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Scheme 1.
Reactivity of 2 and 3 with BhOH
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Comparison of Properties of 2 and 3

Table 1

properties 2 3

Vre=0) (cm™) 798 862
r(Fe=0) (A) 1.64 159

XAS pre-edge area units 52 65

£%(V vs NHE) 0.44 (pH 12) 1.19 (pH 7)

k (BnOH) @ RT

KIE (BnOH oxidation)
AHF (keal/mol)

AS* (cal/mol/K)

TAS* (kcal/mol)

AGH (kcal/mol)

0.08(1) M-t st
~3

10.7+0.7
-27+2
-8.1+0.6
19+12
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220(20) Mt 57!
~12

79+05
-23+2
-6.9+0.6
15+1
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