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Highly regioselective oxidation of C—H bonds in
water using hydrogen peroxide by a cytochrome
P450 mimicking iron complex‘

i ") Check for updates ‘

Cite this: Chem. Sci., 2023, 14, 10515

8 All publication charges for this article
have been paid for by the Royal Society

of Chemistry Sandipan Jana,1? Puja De,f? Chinmay Dey,® Somdatta Ghosh Dey, & *®

Abhishek Dey © *? and Sayam Sen Gupta & *2

Cytochrome P450, one of nature's oxidative workhorses, catalyzes the oxidation of C—H bonds in complex
biological settings. Extensive research has been conducted over the past five decades to develop a fully
functional mimic that activates O, or H,O, in water to oxidize strong C—H bonds. We report the first
example of a synthetic iron complex that functionally mimics cytochrome P450 in 100% water using
H,O, as the oxidant. This iron complex, in which one methyl group is replaced with a phenyl group in
either wing of the macrocycle, oxidized unactivated C—H bonds in small organic molecules with very
high selectivity (pH 8.5). Several substrates (34 examples) that contained arenes,
heteroaromatics, functional groups were oxidized with predictable selectivity and

in water
and polar

stereoretention with moderate to high yields (50-90%), low catalyst loadings (1-4 mol%) and a small
Received 8th July 2023 f H,O, (2-3 equiv) in water. Mechanistic studies indicated the oxoiron(v) to be the acti
Accepted 28th August 2023 excess of H,O, equiv.) in water. Mechanistic studies indicate e oxoiron(v) to be the active
intermediate in water and displayed unprecedented selectivity towards 3° C—H bonds. Under single-

DOI: 10.1039/d35c03495] turnover conditions, the reactivity of this oxoiron(v) intermediate in water was found to be around 300
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Introduction

Nature utilizes earth-abundant iron-based enzymes, such as
cytochrome P450, for the highly selective oxidation of C-H and
C=C bonds, under mild physiological conditions using
molecular oxygen (O,) or hydrogen peroxide (H,O,) as the
terminal oxidant." The quest for synthesizing biologically or
industrially significant molecules via C-H bond functionaliza-
tion has driven researchers worldwide to develop synthetic
model complexes of these oxygenases and other enzymes,>*”
which can also prove essential in deciphering the mechanism of
action of natural enzymes. Synthetic models* of heme enzymes
(or Cyt P450), which are excellent structural models due to their
ability to activate H,O, to form the oxoiron(iv) porphyrin -
cation radical,® showed limited ability in catalytic hydroxyl-
ation and were not scalable. In addition, they mostly function in
organic solvents.
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fold higher than that in CH=CN, thus implying the role water plays in enzymatic systems.

The major breakthrough in selective metal-catalyzed C-H
oxidation arrived in the form of structural Rieske dioxygenase
model complexes, using H,O, as the oxidant and an acid
source. Starting from less bulky and less selective Fe-TPA** and
Fe-MEP complexes® to pyrrolidine containing pyridine-N,
ligand-based Fe-PDP,**? Fe-CF;PDP* and related sterically
bulky ligated catalysts (Fe-MCPP, Fe-"P°MCP, Fe-"P*PDP, and Fe-
PyTACN),* they performed highly regioselective oxidation of C-
H bonds in a scalable manner. Meanwhile, our group has
developed a robust iron complex based on a biuret-modified
tetra-amido macrocyclic ligand (Fe-bTAML)*** which, unlike
Fe-N, systems, can perform selective hydroxylation of tertiary C—
H bonds containing arenes and heteroarene compounds using
mCPBA as the terminal oxidant.>> It is worth mentioning here
that none of the synthetically useful biomimetic non-heme
model complexes utilizes the green solvent “water” as the
predominant solvent under non-acidic conditions (acetonitrile
had been operational in the majority of the reported literature).
Reports on the oxidation of C-H or C=C bonds in water are
quite rare and limited to small substrate scopes, poor yields,
and poor selectivities. These include the use of expensive
second row transition metals® like ruthenium or rhodium, as
well as earth-abundant metals” like iron and manganese as
oxidation catalysts. On the other hand, oxidation of methane to
methanol using H,O, in water has been achieved by iron based
catalysts® such as the p-nitrido diironphthalocyanine com-
plex® and N-heterocyclic carbene-ligated iron(u) complex.* In
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Fig. 1 Comparison of various Fe-complexes used in C—H oxidation.

2020, a new heterogenous construct involving an immobilized
iron porphyrin complex on a self-assembled monolayer on Au
electrodes was implemented for the oxidation of organic
substrates in an aqueous solution using H,0,.** In summary,
iron complexes that utilize H,O, as an oxidant in 100% water
under homogeneous conditions to catalyze selective and scal-
able oxidation of unactivated C-H bonds are unknown (Fig. 1).
Fe-TAMLs are historically known to activate H,0O, for oxida-
tion in water under near-neutral conditions with properties
comparable to those of native peroxidase enzymes,®** namely, for
the degradation of dyes, drugs, and pesticides which have
mainly very weak C-H and O-H bonds.**? The main species
formed in this case, however, were Fe™ and Fe" dimers in near-
neutral pH and Fe™(O) in highly basic pH respectively, which
were unable to oxidize strong sp® C-H bonds. The fifth-
generation Fe-bTAMLs reported so far also form non-catalytic
wFe™V-oxo dimers in pH < 10 in the presence of H,O,.
However, in CH;CN and CH3;CN:H,O mixtures, Fe-bTAML
activates mCPBA or NaOCI to generate the oxoiron(v) interme-
diate which is capable of oxidation of strong C-H bonds (<99
kcal mol "), both under single-turnover and catalytic
conditions.?*¢ However, no reaction occurred in 100% water.
In TAMLs and bTAMLs reported so far, high-valent reactive
oxoiron(v) species, except in one case,' cannot be generated in
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100% water or 100% aq. buffer solutions chemically, photo-
chemically, or electrochemically (the one reported is not reac-
tive toward C-H bonds). Generation of oxoiron(v) is critical for
catalytic hydroxylation reactions. Hence activation of H,0, to
catalytically hydroxylate C-H bonds via the formation of an
oxoiron(v) intermediate has been an unrealized dream. Such
systems would be the first functional models of the Cyt P450
that hydroxylates C-H bonds using H,0, as the terminal
oxidant.

In this paper, we report a new modified Fe-bTAML complex
that can generate an oxoiron(v) intermediate in 100% water that
is competent to oxidize strong C-H bonds. The reactivity of this
intermediate was a few hundred fold higher than the reactivity
in CH3CN. We also show, for the first time, that this newly
modified bTAML can activate hydrogen peroxide in water and
oxidize a wide variety of substrates containing 3° C-H bonds
(including natural products) and substrates containing C=C
bonds in a selective and scalable manner. Notably, the selec-
tivity and reactivity in water far exceed those observed in CH;CN
- which helps us understand how protic solvents like water are
critical to such reactivity.

Results and discussion
Synthesis and characterization of “picket-fence” Fe-bTAML

We report the synthesis of a Fe-bTAML complex (Et,N),[Fe-
(C)(Ph,Me-bTAML)], 2, where a phenyl group replaces a methyl
group on either side of the biuret moiety (Scheme 1); thereby
creating a steric bulk akin to a “picket fence”, in close proximity
to the iron center. (Et,N),[Fe(Cl)(Ph,Me-bTAML)] (2) was
synthesized following a new methodology (9 steps) wherein (pL)-
2-phenylpropanoic acid was chosen as the starting material.
Before metalation, the macrocyclic ligand was crystallized (Fig.
S177) and found to be racemic and optically inactive (Fig. S18:+
chiral HPLC, optical rotation measurement). It should be noted
that during the macrocyclization reaction, the diastereomer of
amine (R, S) does not cyclize since the resultant macrocycle
would have both the Ph groups oriented in a sterically unfav-
ourable cis conformation to each other. Likewise, 2 was also
found to be achiral (optically inactive), and crystallizes in an
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Scheme 1 Formation of oxoiron(v) species (1’
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and 3) via two-electron oxidation of 1 and 2 respectively in acetonitrile at room temperature.
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Fig. 2 Left top: previously reported [FeCl(bTAML)>~ complexes (1)
relevant to this work; left bottom: (Et4N),[Fe(Cl)(Ph,Me-bTAML)]
complex (2); right: crystal structure of complex 2.

orthorhombic crystal system (space group, Pbca (no. 61)) (Fig. 2:
right and Fig. S231). The complex was further characterized by
ESI-MS, UV-Vis, EPR, and electrochemical studies. EPR of 2
exhibited g-values of 4.94, 4.29, and 2.02, suggesting an S = 3/2
spin state (Fig. S24+1), similar to regular Fe(m)-bTAML (1A).>* The
electrochemical properties of this complex in CH;CN revealed
two reversible peaks with peak potentials at E;,, = 0.227 V (AE,
=64 mV) and E;;, = 0.786 V (AE, = 71 mV) vs. Ag/AgNO; (0.01
M) (Fig. 5277). The peak-to-peak separation (AEp) indicated that
both involve one electron redox process, which may be assigned
to the Fe™/Fe™ and Fe'/Fe'V couples. In 100% water the Ey,
o[Fe"/Fe™] value has increased up to 0.63 V (vs. Ag/AgCl, 3 M
KCl), albeit with a loss of reversibility (Fig. S287). This may be
attributed to the formation of a six coordinated diaquo Fe™
complex upon the addition of water."

Two-electron oxidation of 2 in acetonitrile by either meta-
chloroperbenzoic acid (mCPBA) or aqueous sodium hypochlo-
rite (NaOCl) led to the formation of oxoiron(v) species (3) whose
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UV spectral features (green colour, Ay, 442 nm and 625 nm) are
reminiscent of 1A’ (Fig. 3A). 3 was well-characterized by UV-Vis
(Fig. S29t), HRMS (Fig. S321), EPR, and Mossbauer spectros-
copies. The X-band EPR spectrum of 3 at 85 K revealed
a rthombic S = 1 species with g = 2.00, 1.98, and 1.83 (gaye 1.93)
(Fig. 3B and S257), consistent with oxoiron(v)}-TAML'? and 1A’
respectively. The Mossbauer spectrum of *”Fe enriched 3 at 77 K
showed characteristic 6;, and AEq of —0.58 ecm ' and
4.11 cm™, respectively (Fig. S267), consistent with the oxoir-
on(v) species (>60%). In addition to this, there was another
species with d;5, and AE, of —0.2 cm™ ' and 3 cm ™', respectively,
which may correspond to a monomeric Fe' species (23%)
forming under the same reaction conditions. These values are
nearly identical to that of oxoiron(v) species of bTAML, 1A”.%
Earlier studies have shown that the formation of the oxoir-
on(v) intermediate of Fe-bTAML (1A") in CH;CN medium upon
the addition of mCPBA or NaOCI occurs through the formation
of the dimeric intermediate, p-oxo-diiron(iv), [{(bTAML)Fe™},-p-
oxo0]*>~.%* In fact, the addition of 0.5 equiv. of mCPBA to 1 led to
the formation of the diamagnetic p-oxo-diiron(w)dimer via
comproportionation of 1A and 1A’ (Scheme 1). The addition of
another 0.5 equiv. of mCPBA converts the p-oxo-diiron(v)dimer
to the oxoiron(v) 1A intermediate. However, unlike 1, complex 2
does not dimerize upon addition of 0.5 equiv. of mCPBA
(Scheme 1). In this case, a new intermediate species with A;,,ax of
432 nm and 625 nm was observed. The UV-Vis spectral features
were devoid of the broad peak between 850 and 1000 nm (Fig.
S291) which is characteristic of dimer formation. EPR (Fig.
S3071) and paramagnetic NMR experiments ((expt) = 3.4) (Fig.
S317) (high magnetic moment value) indicate that this inter-
mediate is paramagnetic and can be best explained as a mixture
of Fe(mr) and Fe(v) or formation of a new monomeric Fe(w)
species (S = 1). In summary, the installation of the phenyl
groups did result in preventing dimer formation as was
hypothesized. The oxoiron(v) species (3) was reactive towards
the hydroxylation of unactivated C-H bonds and the mecha-
nism observed was similar to that reported for oxoiron(v)
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(A) Formation of 3 by addition of mCPBA to 0.12 mM 2 both in CH3CN and 100% water; (B) EPR spectra of 3 at 85 K (black: experiment, red:

simulation; * mark: impurity coming from mCPBA), formed in both acetonitrile (blue spectrum) and 100% water medium (black).
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FebTAML 1A’. However, 3 was found to be around 300 times
more reactive toward C-H bonds in comparison to 1A".

Formation of oxoiron(v) in 100% water and its reactivity
towards C-H bonds

The formation and spectroscopic characterization of the oxoir-
on(v) intermediate in 100% water is extremely challenging. In
2016, Collins et al. reported a beheaded TAML activator that can
stabilize oxoiron(v) species in pure water, although it was not
shown to be reactive towards C-H or C=C bonds." Barring this
report, quantitative oxoiron(v) formation was not achieved
using any synthetic model complexes including Fe-TAML and
bTAML systems in 100% water.

Addition of mCPBA to the parent (Et,N),[Fe(Cl)(Ph,Me-
bTAML)] complex 2 at 10 °C in >99.5% water (0.5% CH;CN)
produced green-coloured species, whose UV-Vis showed spec-
tral features at Apax Of 442 nm and 630 nm that are similar to
that obtained in CH3CN (Fig. 2A and S377). The X-band EPR
spectrum at 85 K showed a rhombic § =1 species with g = 1.985,
1.950, 1.755 (Fig. 3B). HRMS examination of the green-coloured
species in 100% water revealed one prominent ion at a mass-to-
charge ratio of 553.1165, which corresponds to the oxoiron(v)
species 3 (calculated m/z 553.1064 of 3) (Fig. S38%). The intro-
duction of H,0'® as the solvent medium during HRMS showed
70% incorporation of labeled oxygen (m/z 555.0997; corre-
sponding to the '®0-incorporated 3) (Fig. $397).

The self-decay rate of 3 in water at 10 °C, measured by
monitoring the decrease in the characteristic 630 nm band of 3
(0.1218 s~ 1), was ~200 times faster (Fig. S401) than in CH3CN
(6.0531 x 10~* s7') medium and also ~2700 times faster than
oxoiron(v) of regular bTAML (1A’). However, this low self-
stability in water does not compromise its reactivity toward C-
H bonds (Fig. S41%). In fact, 3 was found to be highly reactive
toward the oxidation of strong C-H bonds. In water, under
single turnover conditions, 0.5 mM 2 selectively oxidized 250
mM toluene leading to the exclusive formation of benzaldehyde

4 equiv. nCPBA

H,O, RT
Cl Ph 2- o Ph -
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Scheme 2 Formation of the oxoiron(v) species in 100% water and its
reactivity towards strong C—H bonds.
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in 35% yield (the yield is greater than the theoretical yield of
25% since a slight excess of mCPBA is present in the solution).
Similar selectivity, conversion, and formation of the corre-
sponding 3° hydroxylated product were also obtained for cis-/
trans-dimethylcyclohexane and decahydronaphthalene. Espe-
cially remarkable is the 100% stereo- and regioselectivity (3°)
observed for the trans-hydroxylated product during the oxida-
tion of trans-isomers of dimethylcyclohexane and decahy-
dronaphthalene. Earlier studies showed that oxidation of 3° C-
H bonds in these substrates is difficult because 1,3-diaxial
interaction and oxidation are preferred towards the 2° C-H
bonds. For example, in oxidation using Fe-PDP complexes,* the
selectivity towards 2° C-H bonds over 3° C-H bonds in trans-
dimethylcyclohexane is approximately 9-fold. Similarly, in the
case of 1B catalyzed oxidation in CH3;CN,> 24% and 62% of the
2° products were obtained for trans-isomers of dimethylcyclo-
hexane and decahydronaphthalene respectively, along with 3°
products. Based on these literature reports, the complete stereo
retention observed in the hydroxylated product for these trans
isomers with 2 in water is truly remarkable. For the determi-
nation of reaction rates in 100% water, 6-methylheptan-2-yl
isonicotinate (alkane substrate, BDE >92 kcal mol ') and
cyclohexanol®* (alcohol substrate, BDE 92.4 kcal mol ') were
used as substrates due to their comparatively higher water-
solubility and the presence of C-H bonds with BDEs >90 kcal
mol ™" (Scheme 2) (conventional benchmarked substrates like
cyclohexane, 2,3-dimethylbutane, toluene, etc. were not used
since they were almost insoluble in >95% water). Oxidation
under single turnover conditions also led to the selective
formation of 6-hydroxy-6-methylheptan-2-yl isonicotinate and
cyclohexanone in 32 and 75% yield respectively (in cyclohexanol
the yields were greater than the theoretical yield of 50% since
a slight excess of mCPBA was used). The second-order rate
constants for 6-methylheptan-2-yl isonicotinate and cyclo-
hexanol at 10 °C were determined to be 14.4 (Fig. S5071) and
90.55 M~ " s~ (Fig. S44t) respectively. The kinetic isotope effect
(KIE) for the oxidation of cyclohexanol at 10 °C was determined
to be 10 (Fig. S44t), ensuring that the rate-determining step
involves H-atom abstraction from the C-H bond by 3, similar to
that observed for 1A. Moreover, the '*0 labelling experiment
was performed on the oxidation of toluene, using H,0'® as the
solvent, resulting in oxygen incorporation from 3 into the
substrate toluene, yielding 45% '®0 enriched product [a
previous study**? shows that <5% 20 is incorporated from the
exchange of benzaldehyde with H,0'®] with benzaldehyde,
thereby supporting a rebound mechanism (Fig. S517)."* The
absence of exclusive formation of '*0-benzaldehyde negates the
possibility of a direct water attack.

The second order rate constants of cyclohexanol and 6-
methylheptan-2-yl isonicotinate indicated that these reactions
performed in 100% water were ~281 times and ~350 times
faster, respectively, as compared to that in 97:3 CH;CN: H,0O
medium (Fig. S42 and S45t). We have earlier reported up to 70-
fold rate enhancements in C-H oxidation by 1A’ (oxoiron(v)
formed from regular FebTAML 1A) upon the addition of water
in CH;CN."* To further understand the role of water, the
solvent kinetic isotope effect (SKIE) was estimated for

© 2023 The Author(s). Published by the Royal Society of Chemistry
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cyclohexanol oxidation with D,O as the solvent maintaining pH
using a buffered solution. An SKIE (kiy,o/kp,0) value of 2 was
observed in 100% D,O (Fig. S487), indicating the involvement of
possible hydrogen bonding in the transition state. Earlier DFT
studies have indicated that the high reactivity upon the addition
of water resulted from the preferential stabilization of the rate-
determining transition state in 100% water.** We believe that
in 100% water, the transition state during the C-H abstraction
is significantly stabilized resulting in very high reaction rates in
comparison to CH;CN. Such stabilization of transition states by
water molecules may also occur in enzymes since the reaction
also occurs in 100% water.

Activation of H,0,: formation of oxoiron(v) and its
regioselective hydroxylation of C-H bonds

Intrigued by the absence of dimer formation as well as the faster
reaction rate in C-H bond hydroxylation, we perceived the need
to perform the same oxidation by a more natural oxidant (after
dioxygen) in the form of hydrogen peroxide, which is also a 2e™
reduced surrogate of 0,.?

Recent studies by our group have demonstrated that oxoir-
on(v) can only be formed via the addition of strong oxidants like
mCPBA and NaOCl to 1.°»'* In contrast, the addition of
hydrogen peroxide to 1 resulted in the formation of unreactive
and non-catalytic p-oxo-dimeric species (mixture of Fe™Fe™ and
Fe'VFe', characteristic broad peak at ~900 nm) (Fig. S567),
which were unreactive towards strong C-H bonds.*****? Herein,

>
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Fig. 4 (A) UV-Vis spectra of 3 (red) formed upon addition of H,O, to 2
in CH3sCN-H,O (1:1) solvent (B) HRMS of 3 formed upon addition of
H,0, to 2 in 80:20 acetonitrile—water medium; experimental m/z
(M7) 553.1024 (100%); calc'd m/z (M™) 553.1049 (100%).
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Fig. 5 (A) Absorption spectra of 3 formed upon addition of H,O, to 2
in CH3CN-H,O (1:1) solvent. (B) Reaction kinetics upon addition of
H>O5 to 2 in CHzCN-H,O (1:1) solvent, with Anax at 621 nm. (C)
Reaction kinetics upon addition of H,O, to 2 in CHsCN-H,O (1:1)
solvent, with Anax at 830 nm.

the addition of aqueous hydrogen peroxide to 2 in 1: 1 CH;CN-
H,O0 (phosphate buffer pH 8.5) medium resulted in a green
coloured species with the characteristic UV-Vis spectrum (Amax
of 435 nm and 625 nm) (Fig. 4A), HRMS (m/z 553.01165)
(Fig. 4B) and EPR spectrum (g values: 2.13, 2.09 and 1.98);
reminiscent of 3 (Fig. S531).

Stop flow kinetics of the reaction of 2 with hydrogen peroxide
in 1:1 CH3CN-H,O (phosphate buffer pH 8.5) showed the
formation of both the oxoiron(v) species, with A,.x at 620 nm,
and a minor monomeric Fe' species, (as indicated in the
Mossbauer data, Fig. S26T) with A, at 830 nm, simultaneously
(Fig. 5A). The absorbance vs. time plots show that the “Fe(wv)”
species initially formed decays with time while the concentra-
tion of oxoiron(v) increases with time continuously (Fig. 5B and
Q).

In 100% water medium, however, we were unable to fully
form this intermediate under ambient conditions (4 to 27 °C),
with hydrogen peroxide, as evident from both UV-Vis (Fig. S547)
and stop flow measurements at room temperature, since the
highly reactive intermediate decomposed in the presence of

y )\/\)of
@ [
H (o] Me
H,0,, 4::1:"5135*“f_ H,0,,
100% H,0 NN 100% H,0
H o P# =
OH

Fig. 6 Selective hydroxylation of trans-DMCH and 6-methylheptan-
2-yl acetate by catalyst 2 using H,O, in 100% water.
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excess H,0,. However, when 2 equiv. of H,0, was added to 2
(0.2 mM) in 100% water (pH 8.5, 10 mM phosphate buffer) in
the presence of 10 mM cis-dimethylcyclohexane, exclusive
formation of the 3° hydroxylated product was observed in high
yield. This result encouraged us to perform catalytic reactions in
100% water.

Table 1 Substrate scope for C—H bond oxidation in water

View Article Online

Edge Article

Catalytic activity of 2 towards C-H hydroxylation with H,0, in
water

Catalytic reactions were performed using the Fe-complex 2 (1-
4 mol%), substrate (0.2-0.5 mmol scale), and H,0, (2-3 equiv.),
which was added using a syringe pump in a complete aqueous

[Fe"(Ph,Me-bTAML)] o]

Y

R-OH __ N

H>0,, HO R™°R
(Phosphate buffer 8.5)

Tertiary C-H bonds

CC

1, 85(100%) 2°, 54(68%) 3¢, 79(92%)
[100% cis] [100% trans] [100% cis]
NHBoc NHAc

O‘CDCQ

4 48 65%)
[100% trans]

saliWes

5°, 89(96%)
[100% A]

6°, 82(95%)
[100% A]

z@@@ww@iw

7° 67(82%) 8¢, 52(70%) 98, 53(65%) 109, 77(95%) 11¢, 56(75%) 12°, 71(82%)
[100% 3°] [100% 3°] [3°: 2° 98:2] [100% 3°] [100% 3°] [100% 3°]
o]
X 9 w
Ph o J\/\/k w
/\/\oi Ph)J\O OH
132, 40(50%) 14°, 33(49%) 159, 71(92%) 16°, 66(84%)
[100% 3°] [100% 3°] [3°: 2° 86:14] [3°: 2° 85:15]
“ Secondary and benzylic C-H bonds
o]

o o

182, 93(100%) 19¢, 92(100%)
[100% K] [100% K]

172, 85(98%)
[K: A 92:8]

cealicolivs

209, 86(100%) 21%,91(99%) 22° 85(100%)

| Natural products and drugs |

239, 52(68%)
[100% A]

24P, 80(93%)
[100% K]

25, 65(86%)
[K:A 92:8]

[100% K] [100% K] [100% K]
|
pH l
[‘ - j\o Ac : OAc
PN OH
27a 27b
262, 85(95%) 27¢, 62(82%)

[100% K] [272:27b 80:20]

“0.20 mmol. ? 0.25 mmol. ¢ 0.27 mmol. ¢ 0.30 mmol. ° 0.40 mmol./ 0.50 mmol scale; A and K denote alcohol and ketone respectively. Loading:
2 mol% catalyst (entries 1, 3, 5, 6, 10, 15, 16, 17, 18, 19, 20, 21, 22 and 26); 3 mol% (entries 2, 4, 7, 8, 9,11, 23, 24 and 25); 4 mol% (entries 12,
27, 13 and 14); for hydroxylation, % isolated yield (GC conversion) [selectivity]. For details and structure determination see the ESI.
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medium comprising pH 8.5 phosphate buffer (Fig. 6 and Table
1). A wide range of 3° C-H bond substrates including complex
products were oxidized with low catalyst loadings (1-4 mol%) in
2-8 h. Here, 3° C-H bonds were found to be preferentially
oxidized in the presence of statistically more important 2° C-H
bonds with high retention of configuration (RC). Although these
organic substrates are in general insoluble in an aqueous
solvent system, good yields (except entries 13 and 14) along with
very high retention of configuration (stereoselectivity) have
been obtained.

Both cis- and trans-isomers of dimethylcyclohexane and
decahydronaphthalene (entries 1 to 4, Table 1) were solely
hydroxylated at tertiary 3° C-H sites, along with 100% retention
of configuration. Cumene (5), para-acetoxy substituted cumene
(6), -Boc and acetate protected adamantane derivatives (entries
7 and 8, Table 1), and substrates containing acetate, benzoate,
and phthalimide functionalities (entries 10 to 14, Table 1) were
all preferentially hydroxylated at 3° C-H sites only, which is
unprecedented, whereas, carbamate (15) and isonicotinate (16)
containing substrates yielded little amount of ketone (14-15%
w.r.t. 3° site). For menthyl acetate (27), oxidation occurred only
at the two available 3° C-H positions (no ketone formation),
leading to the formation of products 27a and 27b in 62% overall
yield at a ratio of 4: 1 in favor of the more sterically available 3°
C-H bond. Natural products containing non-activated methy-
lene sites which include (+)-cedryl acetate were hydroxylated
very selectively at the least sterically hindered 3° C-H bond to
give product 23 with an isolated yield of 52%. The substrates
bearing activated methylenic C-H bonds like (—)-ambroxide
and papaverine (opium alkaloid) were selectively oxidized at the
2° site to give (+)-sclareolide (entry 24, 72% yield; which is in
contrast to the formation of 2-oxosclareolide by Fe-PDP com-
plexes®*?) and papaveraldine (entry 26, 85% yield; no formation
of the undesired papaverine N-oxide) respectively. Besides, the

Table 2 Substrate scope for alkene epoxidation in water®

View Article Online
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benzylic position in the ibuprofen methyl ester (derivatized
anti-inflammatory drug) was predominantly oxidized to the
ketone (25) along with minor hydroxylation at the 3° C-H bond
adjacent to the isopropyl group. In addition to this, cyclooctane,
which contains only 2° C-H bonds, gets primarily oxidized to
ketone (17) with an overall yield of 85% along with a minor
hydroxylated product. Additionally, when cyclohexane was used
as a substrate, cyclohexanol was predominantly formed (GC
yield of 71% with a high A: K ratio of 9 : 1; Fig. S577). Substrates
containing benzylic C-H bonds like ethylbenzene, diphenyl-
methane, 2-ethyl naphthalene, tetralin, and indan were
oxidized at the benzylic position with excellent yields to form
ketone as products (entries 18 to 22, Table 1). In cyclohexane
derivatives, the stereochemical orientation of the 3° C-H bonds
(axial or equatorial) controls the rate of regioselective oxidation.
Higher reactivity for cis isomers (entries 1 and 3) w.r.t. trans
isomers (entries 2 and 4) is expected which can be attributed to
the strain release in the transition state for the cis isomers, as
was observed in our previous reports.*»*** Remarkably, in our
case, despite having a statistically higher number of methylenic
C-H bonds, there is no 2° C-H bond oxidation accompanied by
100% RC, unlike observed previously for 1B catalyzed C-H bond
oxidation using mCPBA* (where 98% RC was observed) and
other previously reported non-heme complexes (Tables 3 and
S8t). For catalysis with 1B, the ratio of oxidation at the tertiary
C-H site vs. secondary C-H site (i.e. 3°:2° ratio, or alcohol:
ketone ratio) for entries 2 and 4 was reported to be around 3:1
and 2:3 respectively.> Thus, we believe that such regiose-
lectivity with no secondary alcohol or ketone product has never
been encountered before. Moreover, for substrate entries 10
and 27 (menthyl acetate), catalysis with 1B exhibited 25% and
15% 2° C-H bond oxidation (i.e., 75% 3° and 85% 3° respec-
tively), whereas catalysis with 2 showed none.

<

[Fe"'(Ph,Me-bTAML)] _ \ 2
H,0,, H,0 -

(Phosphate buffer pH 8.5)

I Alkene epoxidation ‘l

SVl v ol e aliogh o

29, 92(100%)

a-aY

33, 65(87%)
100% trans

28, 89(92%)

30, 91(100%)

32, 71(92%)

0,
¥, 80908 [100% cis]

(>

34, 94(100%)

“ For epoxidation, % GC yield based on standard (bromobenzene) (conversion)[selectivity], for alkenes 1 mol% loading (entries 28, 29, 30, 31 and

34); 2 mol% (entries 32 and 33); here selectivity was determined by GC.
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Table 3 Comparison of selectivities of different substrates with previous reports using Cat 1B

% Isolated yield (GC conversion) [selectivity]

OH

Cfr -

OH
Sl. no. Reaction condition
1 Water (100% buffer), Cat 2 85 (100%), [100% RC], [100% 3°] 54 (68%), [100% RC], [100% 3°] 48 (65%), [100% RC], [100% 3°]
2 CH,CN : water (4:1), Cat 1B 85(97%), [99% RC], [100% 3°] 60 (85%), [98% RC], [3°:2° 76:24] 27 (90%), [98% RC], [3°: 2° 38:62]

Apart from aliphatic C-H bond oxidation, epoxidation of
alkenes was also performed (Table 2). Full conversion of alkenes
to epoxides was obtained with very low catalyst loading and with
high retention of configuration. Here, it can be noted that with
1A/, via the formation of dimeric species, alkene epoxidation
was successful albeit in CH;CN solvent with modest yields."*

Conclusions

A new modified “picket fence” bTAML based iron complex was
synthesized upon substituting one methyl group present in
either wing of the macrocycle with one phenyl group. By doing
this, we were able to fine-tune the reactivity of Fe-TAMLs from
a peroxidase to a cytochrome P450 mimic. During oxidation
reactions, this complex activated hydrogen peroxide to generate
oxoiron(v), and thereby selectively oxidized strong C-H bonds in
water medium (pH 8.5 buffer). The oxoiron(v) intermediate
generated in water was around 300 times more reactive towards
C-H bonds than in CH;CN under single turnover conditions.
Catalytic oxidation was performed on substrates containing C—-
H and C=C bonds using H,0, as the terminal oxidant in water.
Several substrates (34 examples) that contained arenes, heter-
oaromatics, and polar functional groups were oxidized with
predictable selectivity and stereoretention using steric, elec-
tronic, and stereoelectronic rules with moderate to high yields
(50-90%), low catalyst loadings (1-4 mol%) and a small excess
of H,0, (2-3 equiv.). Mechanistic studies indicated the oxoir-
on(v) to be the active intermediate during the catalytic reactions
and displayed unprecedented selectivity towards 3° C-H bonds.
To summarize, for the first time, using H,0, as the sole oxidant,
an iron complex was synthesized that performs highly selective
and efficient catalytic hydroxylation of strong C-H bonds and
epoxidation of alkenes in 100% water. However, the exact
nature of the oxoiron(v) in water is still not fully understood and
requires further investigation.

Data availability

All the data supporting this article have been uploaded as part
of the ESLt

Author contributions

The concept of the work was designed by S. S. G. S. J. optimized
and synthesized the molecular catalyst followed by its

10522 | Chem. Sci, 2023, 14, 10515-10523

characterization. P. D. with the help of S. J. performed all the
oxidation reactions and their optimizations with H,O, along
with kinetic studies with both H,0, and mCPBA. C. D. per-
formed stop flow UV experiments and Mdssbauer analysis. A. D.
and S. G. D. gave their inputs to improve the manuscript. S. J., P.
D., and S. S. G. analyzed the data and wrote the manuscript. All
authors have given approval to the final version of the
manuscript.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

S. J. thanks UGC for the fellowship, P. D. thanks CSIR for the
fellowship. S. J. and P. D. acknowledge Aranya Sarkar for
assisting in complex synthesis. S. S. G. acknowledges SERB, New
Delhi (grant no. EMR/2017/003258) for funding.

Notes and references

1 M. Costas, M. P. Mehn, M. P. Jensen and L. Que, Chem. Rev.,
2004, 104, 939-986.

2 (@) M. Guo, T. Corona, K. Ray and W. Nam, ACS Cent. Sci.,

2019, 5, 13-28; (b) G. Olivo, O. Cussd, M. Borrell and

M. Costas, JBIC, J. Biol. Inorg. Chem., 2017, 22, 425-452; (c)

H. Lu and P. X. Zhang, Chem. Soc. Rev., 2011, 40, 1899-

1909; (d) J. T. Groves, R. C. Haushalter, M. Nakamura,

T. E. Nemo and B. J. Evans, J. Am. Chem. Soc., 1981, 103,

2884-2886.

(@) K. Chen and L. Que, J. Am. Chem. Soc., 2001, 123, 6327-

6337; (b) T. Okuno, S. Ito, S. Ohba and Y. Nishida, J. Chem.

Soc., Dalton Trans., 1997, 3547-3551; (¢) M. S. Chen and

M. C. White, Science, 2007, 318, 783-787; (d) M. S. Chen

and M. C. White, Science, 2010, 327, 566-571; (e)

P. E. Gormisky and M. C. White, J. Am. Chem. Soc., 2013,

135, 14052-14055.

4 (@) L. Gomez, 1. Garcia-Bosch, A. Company, ]J. Benet-
Buchholz, A. Polo, X. Sala, X. Ribas and M. Costas, Angew.
Chem., Int. Ed., 2009, 48, 5720-5723; (b) D. Font, M. Canta,
M. Milan, O. Cusso, X. Ribas, R. J. M. Klein Gebbink and
M. Costas, Angew. Chem., Int. Ed., 2016, 55, 5776-5779; (c)
A. Company, L. Gomez, X. Fontrodona, X. Ribas and
M. Costas, Chem.-Eur. J., 2008, 14, 5727-5731; (d) L. Prat,

w

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3sc03495j

Open Access Article. Published on 08 September 2023. Downloaded on 6/20/2026 6:08:14 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Edge Article

L. Gomez, M. Canta, X. Ribas and M. Costas, Chem.-Eur. J.,

2013, 19, 1908-1913.

5 (a) C. Panda, M. Ghosh, T. Panda, R. Banerjee and S. Sen
Gupta, Chem. Commun., 2011, 47, 8016-8018; (b) M. Ghosh,
K. K. Singh, C. Panda, A. Weitz, M. P. Hendrich,
T. J. Collins, B. B. Dhar and S. Sen Gupta, J. Am. Chem.

(¢) S. Jana, M. Ghosh,

M. Ambule and S. Sen Gupta, Org. Lett., 2017, 19, 746-749;

(d) M. Ghosh, S. Pattanayak, B. B. Dhar, K. K. Singh,

C. Panda and S. Sen Gupta, Inorg. Chem., 2017, 56, 10852-

Soc., 2014, 136, 9524-9527;

10860.

6 (@) T. Ishizuka, T. Kogawa, M. Makino, Y. Shiota, K. Ohara,
K. Yamaguchi,
K. Yoshizawa and T. Kojima, Inorg. Chem., 2019, 58, 12815-
H. H. Y. Sung,
I. D. Williams and W.-H. Leung, Eur. J. Inorg. Chem., 2019,
2019, 2368-2374; (c) J. Zhang, B. B. Wayland, L. Yun, S. Li

H. Kotani, S. Nozawa, S.-i. Adachi,

12824; (b) Y-M. So, K.-L. Wong,

and X. Fu, Dalton Trans., 2010, 39, 477-483.

7 (@) T. Chantarojsiri, Y. Sun, J. R. Long and C. J. Chang, Inorg.
Chem., 2015, 54, 5879-5887; (b) H. Fujisaki, T. Ishizuka,
Y. Shimoyama, H. Kotani, Y. Shiota, K. Yoshizawa and
T. Kojima, Chem. Commun., 2020, 56, 9783-9786; (c)
R. J. Balahura, A. Sorokin, J. Bernadou and B. Meunier,

Inorg. Chem., 1997, 36, 3488-3492.

[e]

Chem. Commun., 2008, 2562-2564; (c) H.

and A. Dey, ACS Cent. Sci, 2019, 5, 671-682;

M. Mukherjee and A. Dey, Chem. Commun., 2020, 56,

11593-11596.

9 (@) C. P. Horwitz, D. R. Fooksman, L. D. Vuocolo,
S. W. Gordon-Wylie, N. J. Cox and T. J. Collins, J. Am.
Chem. Soc., 1998, 120, 4867-4868; (b) A. Chanda, X. Shan,
M. Chakrabarti, W. C. Ellis, D. L. Popescu, F. Tiago de
Oliveira, D. Wang, L. Que Jr, T. J. Collins, E. Miinck and
E. L. Bominaar, Inorg. Chem., 2008, 47, 3669-3678; (c)
A. Ghosh, D. A. Mitchell, A. Chanda, A. D. Ryabov,

© 2023 The Author(s). Published by the Royal Society of Chemistry

(@) S. J. Freakley, N. Dimitratos, D. J. Willock, S. H. Taylor,
C. J. Kiely and G. J. Hutchings, Acc. Chem. Res., 2021, 54,
2614-2623; (b) A. B. Sorokin, E. V. Kudrik and D. Bouchu,
Fujisaki,
T. Ishizuka, H. Kotani, Y. Shiota, K. Yoshizawa and
T. Kojima, Nature, 2023, 616, 476-481; (d) M. Mukherjee

View Article Online

Chemical Science

D. L. Popescu, E. C. Upham, G. J. Collins and T. J. Collins,
J. Am. Chem. Soc., 2008, 130, 15116-15126; (d) L. L. Tang,
W. A. Gunderson, A. C. Weitz, M. P. Hendrich,
A. D. Ryabov and T. J. Collins, J. Am. Chem. Soc., 2015, 137,
9704-9715.

10 M. R. Mills, A. C. Weitz, M. P. Hendrich, A. D. Ryabov and

T. J. Collins, J. Am. Chem. Soc., 2016, 138, 13866-13869.

11 (a) A. Ghosh, A. D. Ryabov, S. M. Mayer, D. C. Horner,

D. E. Prasuhn, S. Sen Gupta, L. Vuocolo, C. Culver,
M. P. Hendrich, C. E. F. Rickard, R. E. Norman,
C. P. Horwitz and T. J. Collins, J. Am. Chem. Soc., 2003,
125, 12378-12379; (b) G. R. Warner, M. R. Mills, C. Enslin,
S. Pattanayak, C. Panda, T. K. Panda, S. S. Gupta,
A. D. Ryabov and T. J. Collins, Chem.-Eur. J., 2015, 21,
6226-6233.

12 F.T. de Oliveira, A. Chanda, D. Banerjee, X. Shan, S. Mondal,

L. Que, E. L. Bominaar, E. Miinck and T. ]J. Collins, Science,
2007, 315, 835-838.

13 (a) Y.-R. Luo, Handbook of Bond Dissociation Energies in

Organic Compounds, CRC Press, 1st edn, 2002; (b)
K. K. Singh, M. k. Tiwari, M. Ghosh, C. Panda, A. Weitz,
M. P. Hendrich, B. B. Dhar, K. Vanka and S. Sen Gupta,
Inorg. Chem., 2015, 54, 1535-1542; (¢) K. K. Singh,
M. k. Tiwari, B. B. Dhar, K. Vanka and S. Sen Gupta, Inorg.
Chem., 2015, 54, 6112-6121; (d) M. Ghosh, Y. L. K. Nikhil,
B. B. Dhar and S. Sen Gupta, Inorg. Chem., 2015, 54(24),
11792-11798; (¢) B. Chandra, P. De and S. Sen Gupta,
Chem. Commun., 2020, 56, 8484-8487; (f) S. Pattanayak,
A. ]. Jasniewski, A. Rana, A. Draksharapu, K. K. Singh,
A. Weitz, M. Hendrich, L. Que Jr, A. Dey and S. Sen Gupta,
Inorg. Chem., 2017, 56, 6352-6361; (g) S. Pattanayak,
F. G. Canta Reinhard, A. Rana, S. Sen Gupta and S. P. de
Visser, Chem.—-Eur. J., 2019, 25, 8092-8104; (k) S. Jana,
J. Thomas and S. Sen Gupta, Inorg. Chim. Acta, 2019, 486,
476-482.

14 (a) L. Gomez, M. Canta, D. Font, I. Prat, X. Ribas and

M. Costas, J. Org. Chem., 2013, 78, 1421-1433; (b) K. Chen,
A. Eschenmoser and P. S. Baran, Angew. Chem., Int. Ed.,
2009, 48, 9705-9708.

Chem. Sci., 2023, 14, 10515-10523 | 10523


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3sc03495j

	Highly regioselective oxidation of Ctnqh_x2013H bonds in water using hydrogen peroxide by a cytochrome P450 mimicking iron complexElectronic...
	Highly regioselective oxidation of Ctnqh_x2013H bonds in water using hydrogen peroxide by a cytochrome P450 mimicking iron complexElectronic...
	Highly regioselective oxidation of Ctnqh_x2013H bonds in water using hydrogen peroxide by a cytochrome P450 mimicking iron complexElectronic...
	Highly regioselective oxidation of Ctnqh_x2013H bonds in water using hydrogen peroxide by a cytochrome P450 mimicking iron complexElectronic...
	Highly regioselective oxidation of Ctnqh_x2013H bonds in water using hydrogen peroxide by a cytochrome P450 mimicking iron complexElectronic...
	Highly regioselective oxidation of Ctnqh_x2013H bonds in water using hydrogen peroxide by a cytochrome P450 mimicking iron complexElectronic...
	Highly regioselective oxidation of Ctnqh_x2013H bonds in water using hydrogen peroxide by a cytochrome P450 mimicking iron complexElectronic...

	Highly regioselective oxidation of Ctnqh_x2013H bonds in water using hydrogen peroxide by a cytochrome P450 mimicking iron complexElectronic...
	Highly regioselective oxidation of Ctnqh_x2013H bonds in water using hydrogen peroxide by a cytochrome P450 mimicking iron complexElectronic...
	Highly regioselective oxidation of Ctnqh_x2013H bonds in water using hydrogen peroxide by a cytochrome P450 mimicking iron complexElectronic...
	Highly regioselective oxidation of Ctnqh_x2013H bonds in water using hydrogen peroxide by a cytochrome P450 mimicking iron complexElectronic...
	Highly regioselective oxidation of Ctnqh_x2013H bonds in water using hydrogen peroxide by a cytochrome P450 mimicking iron complexElectronic...


