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ABSTRACT: 2-Aminophenol dioxygenases catalyze the oxidative ring IF 5 11
cleavage of 2-aminophenol to 2-picolinic acid using O, as the oxidant. , x=AA R Catalytically
Inspired by the reaction catalyzed by these nonheme iron enzymes, a S -l H active
biomimetic iron(III)-2-amidophenolate complex, [(tBu-L™®)Fe'!(4,6-di- o R o R\ Z~~CO®H
tBu-AP)](ClO,) (1a) of a facial tridentate ligand (tBu-L™® = 1-[bis(6- /\p — g
methyl-pyridin-2-yl)-methyl]-3-tert-butyl-urea and 4,6-di-tBu-H,AP = 2- ‘ R
amino-4,6-di-tert-butylphenol) bearing a urea group have been isolated. - Cataly:cally

The complex reacts with O, to cleave the C—C bond of 4,6-di-tBu-AP || R = tert-butyl  ? inactive
regioselectively and catalytically to afford 4,6-di-tert-butyl-2-picolinic acid. Ik ‘I

An iron(II)-chloro complex [(tBu-LM®)Fe"Cl,(MeOH)] (1) of the same

ligand also cleaves the aromatic ring of 4,6-di-tBu-AP catalytically in the reaction with O,. To assess the effect of urea group on
the ring cleavage reaction of 2-aminophenol, two iron complexes, [(BA-LM®),Fe',CL] (2) and [(BA-LM*)Fe"(4,6-di-tBu-
AP)](ClO,) (2a), of a tridentate ligand devoid of urea group (BA-L™® = benzyl-[bis(6-methyl-pyridin-2-yl)-methyl]-amine) have
been isolated and characterized. Although the iron complexes (1 and 1a) of the ligand with urea group display catalytic reaction,
the iron complexes (2 and 2a) of the ligand without urea group do not exhibit catalytic aromatic ring fission reactivity. The
results support the role of urea group in directing the catalytic reactivity exhibited by 1 and 1a.

B INTRODUCTION

Aromatic ring-cleaving dioxygeneases belong to the family of
nonheme enzymes that are involved in the biodegradation of
aromatic molecules with the incorporation of both atoms of
dioxygen into cleavage products.'”® 2-Aminophenol-1,6
dioxygenase (APD) is a ring-cleaving enzyme and belongs to
a small group of extradiol dioxygenases. APD, involved in the
biodegradation of nitroaromatics in soil, was first isolated and
purified from soil bacteria Pseudomonas pseudoalcaligenes.*™®
The biodegradation process is initiated by partial reduction of
nitrobenzene to hydroxylaminobenzene and further to 2-
aminophenol.”*~"" The C—C bond cleavage of 2-aminophenol
with molecular oxygen is then catalyzed by APD. The C—C
cleavage product, 2-aminomuconic acid semialdehyde, sponta-
neously loses a water molecule to form 2-picolinic acid
(Scheme 1).* A related enzyme, 3-hydroxyanthranilate-3,4-
dioxygenase (HAD), isolated from Saccharomyces cerevisiae,
catalyzes the ring opening of 3-hydroxyanthranilate to
quinolinic acid in the tryptophan catabolism pathway (Scheme

Scheme 1. Reactions Cata]yzed by APD and HAD
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1).*7'* Very recently, the crystal structures of APD from
Comamonas sp. strain CNB-1 in complex with the lactone
intermediate (4Z,6Z)-3-iminooxepin-2(3H)-one and the prod-
uct 2-aminomuconic acid-6-semialdehyde and in complex w1th
the suicide inhibitor 4-nitrocatechol have been reported.'®

the active site of APD, the iron center is ligated by Hlsl3
His62, and Glu251 in the first coordination sphere, whereas
Tyr129 and His195 residues are present in the second
coordination sphere. 2-Aminophenol substrate binds to the
iron(II) center in a bidentate mode to initiate the aromatic ring
cleavage reaction by activating dioxygen. Mutation studies on
APD from Comamonas sp. with a mutant YI29F has been
reported to exhibit complete loss of enzymatic activity toward
2-aminophenol.'® On the basis of mutation studies, a hydrogen
bonding interaction between the oxygen of 2-aminophenol and
the OH group of Tyr129 has been proposed where the
tyrosinate residue (Tyr 129) deprotonates the hydroxyl group
of 2-aminophenol during the catalytic reaction.

The oxidative transformation of 2-aminophenol to 2-picolinic
acid by molecular oxygen has attracted the attention of
biomimetic chemists to develop synthetic models of 2-
aminophenol dioxygenases. Fiedler et al. have reported the
synthesis and characterization of iron(II)-2-iminobenzo-
semiquinonato radical complexes relevant to an intermediate
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proposed for APD."”'” Recently, we have reported the
dioxygen reactivity of six-coordinate iron(II)-2-aminophenolate
complexes of an N, ligand using substituted 2-aminophenols.
The complexes have been shown to react with dioxygen under
ambient conditions to afford substituted 2-picolinic acids
mimicking the function of 2-aminophenol dioxygenases (APD
and HAD).***' These model complexes provide useful insight
into the mechanism of aromatic ring cleavage of 2-amino-
phenols. However, all these model complexes exhibit
stoichiometric reactivity and as of now there is no report on
catalytic model of 2-aminophenol dioxygenases. In developing
the catalytic model, one of the major challenges is to regulate
the interactions between second sphere residues and substrate
in synthetic catalysts as in the enzyme—substrate complex.”>**
The importance of second coordination sphere has been shown
in bioinorganic model chemistry.'***™>* The effect of second
coordination sphere has also been documented on the dioxygen
reactivity of biomimetic comsplexes and on the stability of
metal—oxygen oxidants.””*' ™3

With an objective to develop catalytic models of 2-
aminophenol dioxygenases, we have explored the iron-amino-
phenolate chemistry of a facial tridentate ligand bearing urea
group (Chart 1). The urea-bearing ligand is expected to provide

Chart 1. Ligands and Aminophenol Substrate

P

H Hydrogen Ph
-_bond donor J

HN™ O

OH
‘ NH,
BA-L“ 4,6-di-tBu-H,AP

the necessary second coordination effect through hydrogen-
bonding interactions. To probe the effect of urea group on the
reactivity of iron-2-aminophenolate complex toward dioxygen,
we have also studied the reactivity of two iron complexes
supported by another facial Nj; ligand devoid of urea moiety. In
this article, we report the synthesis and characterization of two
iron(1I)-chloro complexes, [(fBu-LM)Fe!'CL,(MeOH)] (1),*
and [(BA-L™*),Fe',Cl,] (2), and two iron(III)-2-amidophe-
nolate complexes, [(tBu-L"*)Fe'!(4,6-di-tBu-AP)](ClO,) (1a)
and [(BA-LM®)Fe'(4,6-di-tBu-AP)](ClO,) (2a) (Bu-LMe = 1-
[bis(6-methyl-pyridin-2-yl)-methyl]-3-tert-butyl-urea, BA-LM® =
benzyl-[bis(6-methyl-pyridin-2-yl)-methyl]-amine, 4,6-di-tBu-
H,AP = 2-amino-4,6-di-tert-butylphenol) (Chart 1). The pH-
dependent regiospecific C—C bond cleavage of 4,6-di-tBu-
H,AP on the iron complexes and the role of urea group on the
catalytic ring opening reactivity of 2-aminophenol are discussed.

B RESULTS AND DISCUSSION

Synthesis and Characterization. The iron(II)-chloro
complexes, 1 and 2, were isolated by mixing FeCl, with tBu-
LMe and BA-LM¢, respectively, in dichloromethane.®® The
iron(III)-2-amidophenolate complexes (la and 2a) were
isolated from the reactions of a basic solution of 2-amino-4,6-
di-tert-butylphenol with the respective iron(1I)-chloro complex
under controlled O, atmosphere. The iron(III)-amidopheno-
late complexes can also be isolated from the reaction of the
respective ligand (fBu-L™® or BA-LM), iron(III) perchlorate
hydrate and 4,6-di-tBu-H,AP in the presence of 2 equiv of

triethylamine in methanol under inert atmosphere (see
Experimental Section). The violet solution of complex la in
acetonitrile displays intense and broad absorption bands at 548
and 880 nm, whereas complex 2a displays absorption bands at
618 and 1002 nm, typical of amidophenolate-to-iron(III)
charge-transfer (CT) transitions (Figure S1, Supporting
Information (SI)). The 'H NMR spectra of 1°° and 2 display
paramagnetically shifted resonances of the protons as observed
with high-spin iron(II) complexes (Figure S2, SI). The room
temperature magnetic moments of 5.98 ug for 1a and 5.96 g
for 2a are indicative of the high-spin nature of the iron(III)
complexes. The X-band EPR spectra of both 1a and 2a at 77 K
display rhombic signals typical of high-spin iron(III) complexes
(Figure S3, SI).

The crystal structure of the mononuclear iron(II)-dichloro
complex 1 has recently been reported by our group.36 For solid-
state structural verification, single crystals of 2 were isolated by
diffusion of diethyl ether into a mixture of dichloromethane—
methanol solution of the complex. X-ray crystal structure of the
neutral complex (2) reveals a chloro-bridged di-iron complex
where each six-coordinate iron center adopts distorted
octahedral coordination geometry (Figure 1). The complex

Figure 1. ORTEP plot of complex 2 with 40% thermal ellipsoid
parameters. All hydrogen atoms except those on C6 and N3 have been
omitted for clarity. Selected bond lengths [A] and angles [°] for 2:
Fe(1)—N(1) 2.358(5), Fe(1)—N(2) 2.317(5), Fe(1)—N(3) 2.242(5),
Fe(1)—CI(1A) 2.4932(18), Fe(1)—CI(1B) 2.5402(19), Fe(1)—CI(2)
2.3109(19), C(6)-N(3) 1.462(7), C(14)-N(3) 1.474(7), N(2)—
Fe(1)-N(3) 72.16(18), N(1)—Fe(1)-N(3) 72.51(19), N(1)—
Fe(1)-N(2) 86.32(18), N(1)—Fe(1)—CI(1A) 93.60(14), N(2)—
Fe(1)—CI(1A) 166.55(14), N(3)—Fe(1)—CI(1A) 94.97(13), N(1)—
Fe(1)—CI(1B) 160.48(15), N(2)—Fe(1)—CI(1B) 88.95(13), N(3)—
Fe(1)—CI(1B) 88.01(14), N(1)—Fe(1)—CI(2) 98.91(15), N(2)—
Fe(1)—Cl(2) 95.67(14), N(3)—Fe(1)—CI(2) 165.21(13), CI(1A)—
Fe(1)—CI(2) 97.63(7), CI(1A)—Fe(1)—CI(1B) 86.68(6), CI(1B)—
Fe(1)—CI(2) 100.40(7).

consists of two identical monomeric [FeLCl] units held
together through two bridging chloro ligands. One face of
the octahedron at each iron center is coordinated by two
pyridine nitrogens (N1 and N2) and an amine nitrogen atom
(N3). The other face is occupied by three chloride ions where
the Fe—Cl2 bond is shorter compared to the bridging Fel—Cl
bonds. One pyridine nitrogen (N1), the amine nitrogen (N3),
and the two chloride atoms (CI2 and Cl1B) occupy the
equatorial plane. The pyridine nitrogen (N2) and the other
bridging chloro atom (CI1A) form the axial plane with the
ClIA—-Fel—N2 angle of 166.55 (14). The average iron—
nitrogen distance (2.31 A) is close to that observed in complex
1.’ Two metal ions along with the two bridging chloro atoms
form a four-membered [Fe,Cl,] core with the Fe---Fe
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separation of 3.661 A. Although complex 2 is dimeric in the
solid state, optical titration reveals that 1 equiv of 2 consumes 2
equiv of 4,6-di-tBu-H,AP to form 2 equiv of complex 2a
(Figure S4, SI). Complex 1, being a mononuclear complex,
consumes 1 equiv of 4,6-di-tBu-H,AP to quantitatively generate
the monomeric iron(IIl)-amidophenolate complex 1a (Figure
SS, SI). Unfortunately, all attempts to isolate single crystals of
the iron(III)-2-amidophenolate complexes la and 2a failed.
The structures of 1a and 2a were therefore optimized by DFT
calculations (Figure S6 and S7, SI). The ligand Bu-L™® has
been reported to coordinate to the iron(II) center in [(fBu-
LM)Fe'Cl,(MeOH)] through three nitrogen donors (NNN
binding mode).>® However, in iron(I1I)-amidophenolate
complex 1la, the ligand may exhibit several binding modes.
The urea group of Bu-L™® can coordinate either via a nitrogen
atom or through the oxygen atom. Therefore, the structure of
la was optimized considering NNN, NNO, monoanionic
NNN, and monoanionic NNO binding modes of the ligand.
The iron complex in S = 5/2 spin state with NNN binding
mode of the ligand is found to be energetically more favorable
than that with NNO binding mode (Tables S1 and S2, SI). The
DFT calculations on la with the monoanionic NNN form of
the ligand, when performed using various functionals, did not
converge to an energy minimized structure with S = 5/2 spin
state. The energy for 1a from DFT optimized structure with
monoanionic NNN binding mode of the ligand (for S = 1/2
spin state) is energetically higher than the complex with neutral
NNN binding mode (Table S3, SI). The structure of the
complex with monoanionic NNO binding mode of the ligand,
however, could not be optimized. From the optimized
geometries (Figures S6 and S7, SI), it is observed that the
dianionic 2-amidophenolate binds to the iron center in a
bidentate mode in both the five-coordinate iron(IIT) complexes.
With the NNN form of the ligand in 1a, a moderate H-bonding
interaction between the N—H of urea moiety and the nitrogen
atom of the coordinated aminophenol is observed with the N---
N distance of 3.1 A and the N—H---N angle of 155.6° (Figure
S6a, SI). However, no such interaction is observed with the
NNO form of the ligand (Figure S6b, SI).

Reactivity of the Complexes toward Dioxygen. Both
the iron(III)-2-amidophenolate complexes la and 2a are
reactive toward dioxygen. For complex 1a, during the reaction
with O, the CT bands at 548 and 880 nm gradually diminish
and the violet solution turns light green over a period of 3 h
(Figure S8, SI). The 'H NMR spectrum of the organic product
obtained from the oxidized solution reveals 87% conversion of
2-amino-4,6-di-tert-butylphenol to a mixture of 4,6-di-tert-butyl-
2H-pyran-2-one (20%) and 4,6-di-tert-butyl-2-picolinic acid
(67%) (Scheme 2 and Figure S9, SI). For complex 2a, the CT

Scheme 2. Reaction of Iron(III)-2-amidophenolate
Complexes (1a and 2a) with O,

—‘q-
e S
N CH,CN

H.E NH,OAc/AcOH-
2H,CN (1:1) 20% 67% (1a)
20% 80% (2a)
OH 43% 57% (1la+H)Y

100%
(1a and 2a)

bands at 618 and 1002 nm slowly decay in less than 1 h (Figure
S10, SI). Analyses of organic products by 'H NMR spectros-
copy indicate a quantitative transformation of 4,6-di-tBu-H,AP
to 4,6-di-tert-butyl-2-picolinic acid (80%) and 4,6-di-tert-butyl-
2H-pyran-2-one (20%) (Scheme 2).

Recently, we reported an iron(IIl)-catecholate complex
supported by tBu-L™® ligand where the extent of C—C bond
cleavage of catechol has been shown to enhance dramatically in
the presence of a protic acid.*® The reaction of 1a with O, in
the presence of 1 equiv of pyridinium perchlorate exhibits a
quantitative transformation of 4,6-di-tBu-H,AP to a mixture of
4,6-di-tert-butyl-2H-pyran-2-one (43%) and 4,6-di-tert-butyl-2-
picolinic acid (57%) (Scheme 2, Figure S11, SI). At low
concentration of pyridinium perchlorate, the reaction is not
quantitative. On the other hand, the presence of excess
pyridinium perchlorate (more than 1 equiv) lowers the yield of
the C—C bond cleavage products probably due to the
decomposition of the metal complex. Quantitative C—C bond
cleavage is observed only with 0.8—1.0 equiv of pyridinium
perchlorate. The amount of pyridinium perchlorate not only
controls the overall yield of the aminophenol cleavage products
but also affects the distribution of products (Table S4 and
Figure S12, SI). The GC-mass spectrum of organic products (2-
picolinic acid was esterified with diazomethane) shows two
distinct ion peaks at m/z = 208 and 249 with the expected
fragmentation patterns of 4,6-di-tert-butyl-2H-pyran-2-one and
methyl-4,6-di-tert-butyl-2-picolinate (Figure 2a,b). When the
reaction is carried out with #0,, the ion peak at m/z = 208 is
shifted two mass unit higher to m/z = 210 and the peak at m/z
= 249 is shifted to m/z = 251 (Figure 2c,d). Partial loss of the
labeled oxygen in methyl-4,6-di-tert-butyl-2-picolinate occurred
due to elimination of a water molecule during esterification of
the acid. The labeling experiment confirms the incorporation of
one 0 atom into each of the cleavage products. Of note,
complexes 1 and 2 react with 4,6-di-tBu-H,AP in the presence
of dioxygen to afford almost same amounts of C—C bond
cleavage products as observed with 1a and 2a, respectively. The
iron(1I1)-2-amidophenolate complexes (1a and 2a) are there-
fore functional models of 2-aminophenol dioxygenases.

Interestingly, complex la reacts with dioxygen at room
temperature in a mixture of acetonitrile and ammonium
acetate/acetic acid buffer (1:1; pH = S5.5) at a much faster
rate (ky,, = 4.53 X 107 s7') (Figure 3). In the reaction,
quantitative yield of 4,6-di-tert-butyl-2-picolinic acid is observed
(Figure S13, SI). Although the buffer has no effect on the rate
of the reaction of 2a with dioxygen, the complex undergoes
oxidative C—C bond cleavage to afford 4,6-di-tert-butyl-2-
picolinic acid as the only product (Scheme 2).

Catalytic Reactivity. The catalytic aromatic ring fission
reactivity of la was studied in a mixture of acetonitrile and
buffer at different pH. The use of buffer for catalytic
experiments was initiated in order to develop a suitable
experimental method for catalysis, where both deprotonation of
aminophenol as well as proton supply necessary for C—C bond
cleavage reaction would be available. In biological systems, pH
plays a crucial role in controlling various biologically relevant
oxidative transformation reactions.>” Similar to that observed
with a related iron(III)-catecholate complex of tBu-LMe 3 the
catalytic activities of iron complexes 1 and 1a not only depend
on the concentration of substrate but also are affected by pH of
the reaction medium. The use of buffer with higher or lower
pH exhibits lower catalytic turnover number (TON). When the
reaction is carried out in pure acetonitrile, the complexes (1 or
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Figure 2. GC-mass spectra of organic products from 1a after the reaction with %0, (a and b) and **0, (c and d). The metal ion was removed, and

picolinic acid was esterified prior to analysis.
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Figure 3. Optical spectral changes with time during the reaction of 1a
(0.5 mM solution in acetonitrile and NH,OAc/AcOH buffer mixture
(1:1) of pH = 5.5) with dioxygen at 298 K. Inset: plot of absorbance vs
time.

la) do not exhibit catalytic turnover (for 4,6-di-tert-butyl-2-
picolinic acid); the auto-oxidation product 3,5-di-tert-butylben-
zoquinone is found as the major product. The auto-oxidation
pathway gets inhibited in buffer medium, and an optimum pH
of 5.5 is required for the highest catalytic efficiency (Figure 4).
Similar results are obtained when the catalytic experiments are
carried out in phthalate buffer.

With an increase in the amount of aminophenol (4,6-di-tBu-
H,AP), the turnover number (TON) of 4,6-di-tert-butyl-2-
picolinic acid increases (Figure S). Complex 1la is found to be
an efficient catalyst with a maximum TON of 83 at pH = 5.5
after S h with 100 equiv of aminophenol (Figures S and S14,
SI). When complex 1 is used as a catalyst under the same
experimental conditions, a maximum TON of 82 is observed.

110+
1004
904
80
70+
60+
504
40 4
30
20+
10+

0-

Yield (TON)

40 45 50 55 60 65 7.0 75
pH

Figure 4. Plot of turnover number of products derived from 4,6-di-
tBu-H,AP vs pH for complex 1la.
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Figure 5. Plot of TON vs equiv of 4,6-di-tBu-H,AP added in the
catalytic reaction with 1 and 1la.

The catalytic results with complex 1 support in situ formation
of 1a quantitatively in the reaction with aminophenol. On the
contrary, complex 2a, which shows comparable reactivity to 1a
under stoichiometric conditions, does not exhibit catalytic
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Inorg. Chem. XXXX, XXX, XXX—XXX


http://dx.doi.org/10.1021/ic502658p
http://pubs.acs.org/action/showImage?doi=10.1021/ic502658p&iName=master.img-005.jpg&w=311&h=267
http://pubs.acs.org/action/showImage?doi=10.1021/ic502658p&iName=master.img-006.jpg&w=230&h=171
http://pubs.acs.org/action/showImage?doi=10.1021/ic502658p&iName=master.img-007.jpg&w=171&h=128
http://pubs.acs.org/action/showImage?doi=10.1021/ic502658p&iName=master.img-008.png&w=168&h=129

Inorganic Chemistry

Scheme 3. Proposed Catalytic Pathway for the Regiospecific Aromatic Ring Cleavage of 2-Aminophenol Using O, as the

Oxidant
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rearrangement via alkenyl migration to form C. The lactone
ring in C gets hydrolyzed to afford the regiospecific C—C bond
cleavage product, 4,6-di-tert-butyl-2-picolinic acid. In the
presence of excess aminophenol substrate, complex la is
regenerated to get into the catalytic cycle.

In the catalytic cycle, it is likely that the resting state of the
reaction after the first cycle gets destabilized in case of 1. To
test the hypothesis if picolonic acid product inhibits the
reaction of 2 and not that of 1, we have isolated iron(III)-2-
picolinate complexes, [(fBu-LM¢)Fe™(picolinate)]** (1b) and
[(BA-LM¢)Fe(picolinate)]** (2b) (see Experimental Section).
Reaction of 1b with 1 equiv of 4,6-di-tBu-H,AP in a mixture of
acetonitrile and acetate buffer regenerates la immediately,
which is evident from the characteristic LMCT bands at 548
and 880 nm (Figure 6). Thus, the picolinate group in the
iron(III)-picolinate complex of the urea ligand is more labile for
incoming substrate 4,6-di-tBu-H,AP, and the product-bound
form (see E in Scheme 3) of the catalyst is destabilized favoring
catalyst regeneration for la. On the contrary, the iron(III)-
picolinate complex (2b) of BA-L™® does not regenerate the
iron(III)-amidophenolate complex even after treatment with an
excess amount of 4,6-di-tBu-H,AP (Figure S1S, SI). The

Figure 6. Optical spectral change upon addition of 4,6-di-tBu-H,AP to
an acetonitrile-acetate buffer solution (0.5 mM) of iron(III)-picolinate
complex, 1b.

formation of a stable product-bound complex as the resting
state prevents the catalytic reactivity in 2.

The iron(III)-2-amidophenolate complexes (1a and 2a) have
similar primary coordination sphere around the iron center, but
the only difference is that the urea group in la (Bu-L™¢) can
provide necessary second sphere interaction via hydrogen
bonding interaction; however, the ligand (BA-L™®) in 2a
cannot engender such interaction. DFT optimized geometry of
the peroxo intermediate (B) reveals a hydrogen bonding
interaction between a nitrogen of urea group and a peroxo
oxygen with the N---O distance of 2.79 A and the N—H:--O
angle of 139.1° (Table SS and Figure S16, SI). In the reaction
pathway, the urea group may also supply the proton to the
peroxo intermediate leading to the cleavage of the O—O bond.
The deprotonated urea moiety then can pick up a proton at a
later stage in the catalytic cycle. The effect of proton (buffer)
on the rate of reaction and on the catalytic activity of la
indicates the involvement of the urea group in the second
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coordination sphere. However, in the absence of crystal
structure of complex la or E, the exact mode of interaction
between the urea group and the substrate/product cannot be
unambiguously predicted.

Bl CONCLUSION

In conclusion, we have isolated and characterized two iron(II)-
chloro complexes and two iron(III)-2-amidophenolate com-
plexes of facial tridentate ligands. All the iron complexes are
found to exhibit regiospecific cleavage of the C—C bond
adjacent to the phenolic OH group of 2-amino-4,6-di-tert-
butylphenol to form 4,6-di-tert-butyl-2-picolinic acid. The iron
complexes of the ligand containing a urea group exhibit
catalytic aromatic ring cleavage of 2-aminophenol in acetoni-
trile-acetate buffer mixture (1:1) at pH = S.5. On the other
hand, the iron complexes of the ligand without a urea group
studied in this work do not show catalytic aromatic ring
cleavage reactivity. The results reported here support the role of
urea group on catalytic turnovers. The strategy of using a ligand
with hydrogen bond donor group has been successfully
employed in developing a nonheme iron catalyst for the
conversion of 2-aminophenol to 2-picolinic acid using O, as the
oxidant. Detailed structural and mechanistic studies are being
pursued to unravel the role of urea group in the catalytic
pathway.

B EXPERIMENTAL SECTION

All chemicals and reagents were obtained from commercial sources
and were used without further purification unless otherwise noted.
Solvents were distilled and dried before use. Preparation and handling
of air-sensitive materials were carried out under an inert atmosphere in
a glovebox. The ligand tBu-L™® and the complex [(fBu-LM°)-
Fe''Cl,(MeOH)] (1) were prepared according to a procedure
reported in the literature.*

Fourier transform infrared spectroscopy on KBr pellets was
performed on a Shimadzu FT-IR 8400S instrument. Elemental
analyses were performed on a PerkinElmer 2400 series II CHN
analyzer. Electro-spray ionization (ESI) mass spectra were recorded
with a Waters QTOF Micro YA263 instrument. Solution electronic
spectra (single and time-dependent) were measured on an Agilent
8453 diode array spectrophotometer. All room temperature NMR
spectra were collected on a Bruker Avance 500 MHz spectrometer.
Room temperature magnetic data were collected on Gouy balance
(Sherwood Scientific, Cambridge, U.K.). Diamagnetic contributions
were calculated for each compound using Pascal’s constants. X-band
EPR measurements were performed on a JEOL JES-FA 200
instrument. GC-MS measurements were carried out with a
PerkinElmer Clarus 600 using Elite S MS (30 m X 0.25 mm X 0.2§
um) column with a maximum temperature 300 °C. Labelin
experiments were carried out with 180, gas (99 atom %) or HZOl
(98 atom %) purchased from Icon Services Inc., U.S.A.

Synthesis. Ligand BA-L¢, To a solution of bis(6-methylpyridin-2-
yl)methanamine (0.84 g, 4 mmol) in dry methanol (10 mL) was
added benzaldehyde (408 uL, 4 mmol) and stirred for 24 h. To the
resulting solution, sodium cyanoborohydride (0.28 g, 4.5 mmol) was
added and stirred overnight. The yellow solution thus formed was
treated with concentrated hydrochloric acid until the effervescence
ceased. The solvent was then removed and the residue was treated
with a saturated solution of sodium bicarbonate. The organic product
was extracted with dichloromethane. The organic layer was then dried
over anhydrous sodium sulfate, and the solvent was removed to isolate
a pale yellow oil. Yield: 0.90 g (75%). "H NMR (CDCl,, 500 MHz): §
(ppm) 7.52 (t, 2H, J = 7.8 Hz), 7.37 (d, 2H, ] = 7 Hz), 7.33 (t, 2H, ] =
7.5Hz),7.22 (d, 1H, J = 7 Hz), 7.19 (d, 2H, ] = 8 Hz), 7.01 4(d, 2H, ]
=7 Hz), 5.13 (s, 1H), 3.83 (s, 2H) 2.55 (s, 6H). ESI-MS (positive ion

mode, acetonitrile): m/z = 326.21 (10%. [M + Na]*, 304.20 (100%,
[M + H]Y).

[(tBu-L"®)Fe"(4,6-di-tBu-AP)](CIO,) (1a). To a solution of tBu-LM
ligand (0.16 g, 0.5 mmol) in methanol was added Fe(ClO,);-6H,0
(0.23 g, 0.5 mmol). To the resulting yellow solution was added a
methanolic solution ($ mL) of 2-amino-4,6-di-tert-butylphenol (0.11 g,
0.5 mmol) and triethylamine (130 uL). The resulting dark violet
solution was stirred at room temperature under nitrogen atmosphere
for 2 h. A violet precipitate was formed, which was filtered and washed
with diethyl ether to isolate a violet crystalline solid. Yield: 0.25 g
(73%). Elemental Anal. Caled (%) for C;,H,sCIFeN;O,4 (687.03 g/
mol): C, 55.94; H, 6.60; N, 10.19. Found: C, 55.86; H, 6.43; N, 10.17.
IR (KBr): 3367(br), 3093, 3068, 2958(vs), 2908, 2867, 1641, 1593,
1552(vs), 1456(vs), 1417, 1390, 1361, 1234, 1176, 1145, 1105(s),
1043, 999, 902, 831, 804, 765, 748, 659, 628 cm ™", UV—vis in MeCN:
A, nm (&, M 'em™): 548 (1100), 880 (1400). Magnetic moment (298
K): 5.98 ug.

[(BA—LMe)zFeﬂzC/‘,] (2). To a solution of BA-LMe ligand (0.15 g, 0.5
mmol) in dichloromethane was added FeCl, (0.064 g, 0.5 mmol). The
resulting yellow solution was stirred for 1 h to precipitate a yellow
solid. The precipitate was filtered and then washed with dichloro-
methane to isolate a yellow powder. X-ray quality yellow single crystals
were isolated by diffusion of diethyl ether into a mixture of
dichloromethane-methanol solution of the complex. Yield: 0.38 g
(88%). Elemental Anal. Calcd (%) for C,H,,Cl,Fe,Ns (860.30 g/
mol): C, 55.84; H, 4.92; N, 9.77. Found: C, 55.74; H, 4.83; N, 9.94. IR
(KBr): 3396(br), 3060, 2923, 2088, 1639, 1604(s), 1571(m),
1460(vs), 1380, 1159, 765, 703 cm™'. Magnetic moment (298 K):
6.90 .

[(BA-LMe)Fe(4,6-dli-tBu-AP)](CIO,) (2a). To a solution of BA-LMe
(0.15 g, 0.5 mmol) in methanol was added Fe(ClO,);-6H,0 (0.22 g,
0.5 mmol). The resulting yellow solution was then treated with a
methanolic solution (S mL) of 2-amino-4,6-di-tert-butylphenol (0.11 g,
0.5 mmol) and triethylamine (130 uL). The resulting dark violet
solution was stirred at room temperature under nitrogen atmosphere
for 2 h. The solvent was removed under vacuum, and the residue was
washed with dichloromethane. The filtrate was concentrated and kept
for layer diffusion with hexane to isolate a crystalline violet complex.
Yield: 0.24 g (70%). Elemental Anal. Caled (%) for C34H,,CIFeN,O;
(678.02 g/mol): C, 60.23; H, 6.24; N, 8.26. Found: C, 60.38; H, 6.02;
N, 8.12. IR (KBr): 3450(br), 3236, 3137, 2929, 1604(s), 1569(m),
1461(s), 1382, 1244, 1143, 1115, 1090 (vs), 1031, 1006, 757, 630
cm™', UV—vis in MeCN: A, nm (g, M'em™): 618 (1040), 1002
(780). Magnetic moment (298 K): 5.96 u;.

[(tBu-LM)Fe" (picolinate)](Cl,) (1b). To a solution of tBu-LM® ligand
(0.16 g, 0.5 mmol) in methanol was added FeCl; (0.08 g, 0.5 mmol).
To the resulting yellow solution was added a methanolic solution (S
mL) of sodium picolinate (0.07 g, 0.5 mmol). The solution slowly
turned orange, and the solution was then stirred at room temperature
under nitrogen atmosphere for 2 h. The solvent was removed under
vacuum and the residue was washed with dichloromethane and
filtered. The filtrate was concentrated and treated with diethyl ether to
isolate an orange crystalline compound, 1b-CH;OH. Yield: 0.24 g
(82%). Elemental Anal. Caled (%) for C,sH;,CLFeN;O, (593.3 g/
mol): C, 50.61; H, 5.44; N, 11.80. Found: C, 50.36; H, 5.17; N, 11.59.
IR (KBr): 3360(br), 2974(s), 2972, 2898, 1645(vs), 1595, 1568, 1552,
1454, 1392, 1365, 1269, 1215, 1170, 1089, 1047(vs), 831, 879, 763,
703, 405, 383 cm™'. Magnetic moment (298 K): 5.97 .

[(BA-LM‘?)Fe’”(picolinate)](CIz) (2b). To a solution of BA-LM (0.15
g, 0.5 mmol) in methanol was added FeCl; (0.08 g, 0.5 mmol). The
yellow solution was then treated with a methanolic solution (5 mL) of
sodium picolinate (0.07 g, 0.5 mmol). The resulting orange solution
was stirred at room temperature under nitrogen atmosphere for 2 h.
The solvent was removed in vacuum, and the residue was washed with
dichloromethane and filtered. The filtrate was concentrated and
treated with diethyl ether to isolate an orange solid, 2b-CH;OH. Yield:
0.22 g (81%). Elemental Anal. Calcd (%) for Cy,H,,CL,FeN,O; (584.3
g/mol): C, 55.50; H, 5.00; N, 9.59. Found: C, 54.90; H, 4.84; N, 9.69.
IR (KBr): 3406(br), 3286, 3256, 3064, 3033, 2923, 2854,1627(vs),
1593(vs), 1568(s), 1460(s), 1377, 1290, 1261, 1240, 1161, 1093 1031,
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1070, 1047, 1014, 912, 852, 825, 798, 761, 702, 640, 622, 441 cm™".
Magnetic moment (298 K): 5.95 ug.

Analysis of Organic Products after Reaction with Oxygen. In a
typical stoichiometric reaction, dry oxygen gas was bubbled through an
acetonitrile solution (S mL) of the iron(IIl)-2-amidophenolate
complex (1a or 2a) (0.020 mmol) for 2 min. For iron(II) complex
(1 or 2), a similar procedure was followed in the presence of 1 equiv of
2-amino-4,6-di-tert-butylphenol and 2 equiv of triethylamine to
generate the corresponding iron(III)-2-amidophenolate complexes.
For catalytic experiments, acetonitrile and ammonium acetate/acetic
acid buffer solution (2.5 mL of acetonitrile and 2.5 mL of acetic acid-
acetate buffer, the concentration of the original buffer solution is 1.18
M) was used for all the complexes (0.02 mmol) in the presence of
excess 2-amino-4,6-di-tert-butylphenol. The solution was allowed to
stir at room temperature under oxygen environment. During the
reaction, the violet solution turned deep green and finally to yellow.
After the reaction, the solvent was removed under vacuum and the
residue was treated with 10 mL of 3 M hydrochloric acid solution. The
organic products were extracted with diethyl ether (3 X 1S mL), and
the organic layer was dried over anhydrous sodium sulfate. After
removal of solvent, the colorless residue was analyzed by GC-MS and
'"H NMR spectroscopy. 'H NMR data for 2-amino-4,6-di-tert-
butylphenol cleavage products (500 MHz, CDCl;, 298 K): (i) 4,6-
di-tert-butyl-2H-pyran-2-one (A): § (ppm) 1.22 (s, 9H), 1.36 (s, 9H),
6.05 (m, 2H), (ii) 4,6-di-tert-butyl-2-picolinic acid (B): § (ppm) 1.27
(s, 9H), 1.40 (s, 9H), 7.59 (s, 1H), 8.06 (s, 1H).

Methyl-4,6-di-tert-butyl-2-picolinate. The organic product, iso-
lated from the reaction solution according to the procedure mentioned
above, was reacted with excess diazomethane in dry diethyl ether (5
mL) at 0 °C. The reaction solution was stirred for S min. After
removing the insoluble part, the clear ether layer was analyzed by GC-
MS. 'H NMR (500 MHz, CDCl,, 298 K): 6 (ppm) 7.92 (s, 1H), 7.49
(s, 1H), 3.97 (s, 3H), 1.26 (s, 9H), 1.40 (s, 9H).

X-ray Crystallographic Data Collection and Refinement and
Solution of the Structure of 2. X-ray single-crystal data for 2 were
collected at 120 K using Mo Ka (1 = 0.7107 A) radiation on a
SMART-APEX diffractometer equipped with CCD area detector. Data
collection, data reduction, structure solution, and refinement were
carried out using the software package of APEX IL.*° The structure was
solved by direct method and subsequent Fourier analyses and refined
by the full-matrix least-squares method based on F* with all observed
reflections.*® The non-hydrogen atoms were treated anisotropically.

Crystal data of 2: MF = C,H,,Cl,Fe,N,, MW = 860.30,
monoclinic, space group C2/c, a = 24.995(3), b = 13.8687(17), ¢ =
16.1645(19) A, a = 90.00°, p = 129.524(3)°, y = 90.00°, V =
43223(9) A%, Z = 4, p = 1322 mgm™>, uMo Ka = 0.953 mm™,
F(000) = 1776, GOF = 1.064. A total of 16518 reflections were
collected in the range 1.81 < 6 < 25.10, 2202 of which were unique
(Rine = 0.0857. R1(wR2) = 0.0503 0.1440 for 237 parameters and 1719
reflections (I > 26(I)). CCDC 998584 contains the supplementary
crystallographic data for this paper. The data can be obtained free of
charge from the Cambridge Crystallographic Data Centre via www.
ccde.cam.ac.uk/data_request/cif.

Computational Calculation Details. Density functional theory
(DFT) calculations of the complexes were performed using the
Gaussian 09 program package.*' Geometry of [(L)Fe!'(AP)]* (ie., 1a
and 2a) were optimized with the geometry obtained from the crystal
structure of 1 and 2, respectively. The geometry of the iron(III)-
alkylperoxo intermediate from 1a after reaction with dioxygen was also
optimized. The calculations were performed using spin unrestricted
formalism using WB97XD functional®™** with 6-31G(d) basis
functions for N, C, H, O and effective core potential LANL2 along
with LANL2DZ basis set on Fe atom.**® The optimization of the
complexes were also checked with B3LYP functional*** with 6-311G
basis set and TZVP basis set provided for all the atoms. The bond
parameters and energetics obtained from optimizations using all three
functional were found to be very similar. Geometry of [(L)Fe"(AP)]*
(1a) with all possible spin states and binding modes of the ligand were
calculated. The iron(III)-amidophenolate complex with the NNN
binding mode of the ligand and S = 5/2 spin state was found to be of

lowest energy. Although the complex with monoanionic NNN binding
mode was optimized only in S = 1/2 spin state, the complex with
monoanionic NNO binding mode of the ligand could not be
optimized in any spin state. The vibrational frequency calculations
with the optimized geometries were performed to ensure the local
minima with positive eigen values. The energies reported herein for
the optimized geometries included zero-point and free-energy
corrections.

B ASSOCIATED CONTENT

© Supporting Information

Crystallographic data in CIF format, spectral data, and
Cartesian coordinates, energies and bond parameters for the
DFT optimized structures. This material is available free of
charge via the Internet at http://pubs.acs.org.
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