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Benzylic C(sp®)—H Bond Oxidation with Ketone Selectivity
by a Cobalt(IV)-Oxo Embedded in a i-Barrel Protein

Dong Wang,” Aaron A. Ingram,® Akira Okumura,” Thomas P. Spaniol,”

Ulrich Schwaneberg,” and Jun Okuda*®

Artificial metalloenzymes have emerged as biohybrid catalysts
that allow to combine the reactivity of a metal catalyst with the
flexibility of protein scaffolds. This work reports the artificial
metalloenzymes based on the S-barrel protein nitrobindin NB4,
in which a cofactor [Co"X(Me,TACD-Mal)]*X~ (X=Cl, Br;
Me,TACD = N,N,N"-trimethyl-1,4,7,10-tetraazacyclododecane,

Mal = CH,CH,CH,NC,H,0,) was covalently anchored via a Mi-
chael addition reaction. These biohybrid catalysts showed
higher efficiency than the free cobalt complexes for the

Introduction

Selective functionalization of specific C—H bonds remains
challenging due to their high bond dissociation energy."™ In
recent years, there has been growing interest in the develop-
ment of artificial metalloenzymes as catalysts for C—H bond
functionalization.®® In particular, mimics of cytochrome P450
enzymes with iron porphyrins are well-known to activate C—H
bonds.”

Until recently, cobalt complexes have barely been known to
catalyze C—H bond oxidation with high activity.>? The
mechanism of C—H bond oxidation using cobalt catalysts has
been shown to involve the formation of a high-valent
cobalt(IV)-oxo intermediate, which can abstract a hydrogen
atom from the substrate to form a carbon-centered radical that
converts alkanes to alcohols and ketones .64

Homogeneous biohybrid catalysts, so-called artificial metal-
loenzymes (ArMs), contain a synthetic metal cofactor attached
to the protein scaffold by supramolecular, dative, covalent
binding or metal substitutions.”’=% Versatile protein scaffolds,
such as myoglobin®" streptavidin®? nitrobindin,®*="
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oxidation of benzylic C(sp®)—H bonds in aqueous media. Using
commercially available oxone (2KHSO;-KHSO,-K,SO,) as oxi-
dant, a total turnover number of up to 220 and 97 % ketone
selectivity were achieved for tetralin. As catalytically active
intermediate, a mononuclear terminal cobalt(IV)-oxo species
[Co(IV)=0]*" was generated by reacting the cobalt(ll) cofactor
with oxone in aqueous solution and characterized by ESI-TOF
MS.

hemoprotein,®**? HaloTag,“” are available for the construction

of artificial metalloenzymes. The secondary coordination sphere
provided by the amino acid residues of the protein stabilizes
both the cofactor and intermediates and alter its reactivity and
selectivity in chemical reactions.®®*" In the context of C—H bond
oxidation, incorporation of a [Fe"(TAML)]~ cofactor (TAML=
Tetra Amido Macrocyclic Ligand) into streptavidin allowed to
enable the enantioselective hydroxylation of benzylic C(sp®)—H
bonds.“? An artificial metalloenzyme based on myoglobin
reconstituted with a manganese porphycene cofactor was
shown to catalyze the oxidation of ethylbenzene using H,0, as
the terminal oxidant.””

In this study, we synthesized cobalt complexes with a
maleimide  linker  [Co"X(Me;TACD-Mal)]*X~ (X=Cl, Br;
Me,TACD = N,N,N"-trimethyl-1,4,7,10-tetraazacyclododecane,
Mal = CH,CH,CH,NC,H,0,) and conjugated them with a 5-barrel
protein NB4 to form artificial metalloenzymes for the oxidation
of C—H bonds. We assume that the secondary coordination
sphere provided by NB4 affects the catalytic activity of the
cobalt cofactor.

Results and Discussion

Cobalt(ll) catalyst precursors Co—X*X~ (X=Cl, Br) containing
the macrocyclic ligand Me;TACD-Mal (L) were straightforwardly
prepared, isolated as violet (Co—CI*Cl") or blue crystals
(Co—Br*Br") (Scheme 1), and characterized by single crystal X-
ray crystallography (Figure 1 and Supporting Information).
Selected bond distances and angles are listed in Tables S3 and
S5 in the Supporting Information. Both complexes have a five-
coordinate, square pyramidal cobalt(ll) center (z;=0.0008 for
Co—CI*CI™ and 0.0068 for Co—Br*Br~) with four nitrogen atoms
of the macrocyclic ligand L in equatorial positions and one
halogen atom in the axial position. The average Co—N,,.,; bond
distance of Co—Br*Br~ (2.156 A) is comparable to that of

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Scheme 1. Synthesis of cofactors.
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Figure 1. X-ray crystal structures of (a) Co—CI*Cl™ and (b) Co—Br*Br~ with displacement parameters drawn at the 50% probability level. Hydrogen atoms and

solvent molecules are omitted for clarity.

Co—CI*Cl™ (2.158 A) and with other bond distances reported
for cobalt complexes with the parent TACD ligand.*** As
expected, the Co—Hal,,, bond distance of Co—CI*Cl~ (2.2566(8)
A) is shorter than that of Co—Br*Br~ (2.3766(7) A). The N—Co—N
bond angles between two neighboring nitrogen atoms around
the Co(ll)-center are in the range of 81.16(9)°-82.75(9)° for
Co—CI*Cl- and Co—Br*Br. The bond angles of N—Co—N with
two opposite nitrogen atoms are in the range of 136.32(9)°-
137.59(13)°, comparable to the reported data.”*

Cobalt(ll) complexes with the maleimide linker Co—CI*CI~
and Co—Br*Br~ were covalently attached by a Michael addition
reaction to the cysteine residue C96 of the engineered nitro-
bindin variant NB4 (M75L/H76L/Q96C/M148L/H158L; Figure S21
in Supporting Information; Scheme 2). The biohybrid catalysts
were purified by centrifugation and size exclusion chromatog-
raphy to remove any unreacted cobalt compounds. The
conjugation efficiencies (determined by inductively coupled

-

A%

NB4-SH (20 pM)

plasma atomic emission spectroscopy, ICP-AES, Table S8) of the
cobalt(ll) complexes in NB4 were around 90%, suggesting that
one cobalt ion per NB4 protein molecule was incorporated.
Since the cobalt cofactors might be non-specifically bound to
NB4 through non-covalent binding or other interactions, the
bioconjugation yield was further confirmed by cysteine titration
using a maleimide-bearing fluorescence indicator ThioGlo-1
(Figure S20). The control measurement of the NaPB buffer
(100 mM, pH 8.0) and the cobalt complexes only showed a very
low fluorescence intensity. Upon addition of ThioGlo-1 to the
solutions of the biohybrid catalysts, a slightly higher
fluorescence intensity compared to the NaPB buffer, and the
free cofactors was observed, while the sample of NB4 showed a
significantly increased fluorescence after the addition of
ThioGlo-1. Compared to the solution of free NB4, samples of
NB4_Co—CI*Cl™ and NB4_Co-Br*Br exhibited only 10%
fluorescence, indicating a coupling efficiency of approximately

X—C @;\/N _N‘\/\ o X _Hs0,15% MeCN (vv) X_Co@\/N _N'\/\ 5 X
\ N Tris-HCI buffer (10 mM, \ N
b P pH 7.5), 50 mM NaCl, b _NB4
v 0 25 °C, 60 min v o S

X = Cl; Co-CI*CI”
X = Br; Co-Br*Br~

Scheme 2. Coupling of cobalt cofactors to C96 of NB4.
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X = Cl; NB4_Co-CI*CI-
X = Br; NB4_Co-Br*Br~
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Figure 2. Representation of the cavity size in the monomeric structures of NB4_Co—CI*Cl~ (a) and NB4_Co—Br*Br~ (b) calculated using the software YASARA

Structure. Cobalt is represented as a red ball.

90%. The conjugation yields determined by cysteine titration
are similar to those obtained from ICP-AES, suggesting that the
cobalt cofactors are covalently bound to NB4.

The protein structures calculated by YASARA software
(Figure 2) indicated that the cavity of NB4 (volume 855 A) is
sufficiently large to accommodate the cobalt cofactors (van der
Waals volumes: Co—CI*Cl~, 417 A% Co—Br*Br~, 419 A%). Electro-
spray ionization time-of-flight mass spectrometry (ESI-TOF MS)
analysis indicated the attachment of the cobalt catalyst to the
protein by covalent binding (Figures S17-5S19 and Table S7 in
the Supporting Information). The calculated mass for catalysts
NB4_Co-CI*Cl™ (m/z=19,898) and NB4_Co-Br*Br (m/z=
19,987), in which one cofactor molecule is bound to the protein
scaffold, was observed in the ESI-TOF MS spectra.

The secondary structure of the biohybrid catalysts was
investigated by circular dichroism (CD) spectroscopy at 25°C in
Tris-HCI buffer (10 mM, pH 7.5; 50 mM NaCl) with 15% MeCN.
Both biohybrid catalysts showed a characteristic minimum at
A=215 nm, which is similar to that of NB4 (Figures S12 and S13
in the Supporting Information). The thermal stability of NB4_
Co—Br*Br~ was investigated between 25 and 60°C in sodium
phosphate buffer (100 mM, pH 8.0) with 15% MeCN used for
the catalysis. The B-barrel structure of NB4_Co—Br*Br~ was
retained at temperatures of up to 40°C (Figure 3).

The catalytic activity was initially performed for the
oxidation of ethylbenzene (BDE, =87 kcal/mol)*”*¥ using
2 equivalents of commercially available oxone
(2KHSO;-KHSO,-K,S0,) in sodium phosphate buffer with 15%
MeCN as co-solvent under argon atmosphere. Under these
conditions, 1-phenylethanol and acetophenone were formed in
the presence of the cobalt cofactors Co—CI*Cl~ or Co—Br*Br~
and the corresponding biohybrid catalysts NB4_Co—CI*Cl™ or
NB4_Co—Br*Br~. No other over-oxidized products were ob-
served (Table 1). The total turnover number (TTON) and the
ketone selectivity of catalytic reactions with both biohybrid
catalysts were higher than those obtained with the protein-free
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Figure 3. CD spectra of NB4_Co—Br*Br~ in sodium phosphate buffer
(100 mM, pH 8.0) with 15% MeCN at 25 °C (black), 40 °C (red), 50°C (purple)
and 60 °C (blue).

catalysts under similar reaction conditions. We hypothesize that
NB4 provides an environment for the cobalt cofactor during the
catalysis, which prevents them from degrading or from being
consumed by other side reactions such as ligand exchange and
decomposition in the buffer solution. Moreover, the hydro-
phobic cavity of NB4 allows nonpolar ethylbenzene molecules
to diffuse faster, increasing the local concentration of ethyl-
benzene near the catalyst. Both biohybrid catalysts showed
higher catalytic activity and ketone selectivity under basic
conditions (pH 8.0) than under acidic conditions (pH 6.0). The
reaction using NB4_Co—Br*Br~ as catalyst led to a TTON of 89
with a pronounced ketone selectivity of 96% (Table 1, entry 8),
while NB4_Co—CI*Cl™ catalyzed the oxidation of ethylbenzene
with a lower TTON of 70 (Table 1, entry 6). The catalytic
reactions with other co-solvents such as acetone, THF and 1,4-
dioxane showed lower TTON compared to using MeCN as co-
solvent. Furthermore, the presence of Tris-HCl buffer at pH 8.0
appears to negatively affect the activity of the catalyst NB4
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Table 1. Catalytic oxidation of ethylbenzene with oxone.
OH
Oxone (2.0 equiv.)
[Catalyst] (0.2 mol%) .
NaPB (100 mM, pH 6.0-8.0)
15% MeCN, 25 °C, 2 h
10 mM A K
1.0 equiv.
Entry Catalyst pH [KI/[A]® TTON® Ketone selectivity [%]
1 Co—ClI*Cl” 6.0 9.1 47 920
2 Co—ClI*Cl” 8.0 10.8 69 92
3 Co—BrtBr~ 6.0 10.6 55 91
4 Co—Br*Br~ 8.0 1.9 80 92
5 NB4_Co—CI*Cl~ 6.0 151 56 94
6 NB4_Co-Cl*Cl 8.0 16.9 70 94
7 NB4_Co—Br*Br~ 6.0 204 65 95
8 NB4_Co—Br*Br~ 8.0 218 89 96
9 NB4_Co—Br*Br- 8.0 5.7 14 85
10 NB4_Co—Br*Br~ 8.0 19.5 77 95
11 NB4_Co—Br*Br- 8.0 149 38 94
120 NB4_Co-Br*Br- 8.0 15.1 15 94
139 NB4_Co—Br*Br~ 8.0 22.1 920 96
140 NB4_Co—Br*Br~ 8.0 20.3 85 95
15 no catalyst 8.0 n.d. <1 n.d.
16" no catalyst 8.0 nd. <5 nd.
[a] Ketone to alcohol ratio, determined by GC-MS analysis. [b] TTON = ([alcohol] + 2x[ketone])/[catalyst]. [c] Tris-HCI buffer (50 mM, pH 8.0). [d] Catalysis with
15% acetone. [e] Catalysis with 15% THF. [f] Catalysis with 15% 1,4-dioxane. [g] 16 h reaction time. [h] Reaction in air. [i] Oxidation of 1-phenylethanol.
Conditions: 10 mM substrate, 20 mM oxone, 15% MeCN, 25 °C, 2 h, sodium phosphate buffer (100 mM, pH 8.0). n.d. = not detected.

Co-Br*Br~ by demetallizing the complex as well as by "

competing with substrate binding, leading to its inactivation.

Longer reaction time did not affect the TTON (Table 1, entry 13), 08 e Ao e Bt B =
indicating that the catalytic oxidation was complete within 2h. & 100

To investigate the sensitivity towards oxygen, the catalytic ~ § 96 80,

oxidation of ethylbenzene was performed in air under similar £ Z 60

conditions as the reaction under argon atmosphere. A slightly E 0.4 40

lower TTON was observed with the biohybrid catalyst NB4_  © 20

Co—Br*Br~ (Table 1, entry 14), which is probably caused by 02 0 4 . : . .
further oxidative decomposition reactions of the intermediate g % 1o 159 200

Reaction time (min)

species formed in the catalytic cycle mediated by oxone.

With a catalyst loading of 0.2 mol% and 2.0 equivalents of
oxone, ethylbenzene was converted to 1-phenylethanol and
acetophenone with a TTON of 80 using Co—Br*Br™ as catalyst
after 150 min at 25°C, while NB4_Co—Br*Br~ accelerated the
oxidation to a TTON of 89 in 80 min. Only a small amount of
alcohol up to 0.13 mM was formed (Scheme 3, red curve). We
assume that the hydrophobic cavity of NB4 stabilizes the
catalytically active cobalt species, thereby reducing its decom-
position in the aqueous medium during the reaction. In both
cases, acetophenone formed very fast within the first 10 min,

0.0 <

100 150 200
Reaction time (min)
Scheme 3. Time dependent monitoring of ethylbenzene oxidation catalyzed
by NB4_Co—Br*Br~ (full curves) and Co—Br*Br~ (dashed curves). Red, 1-
phenylethanol; blue, acetophenone. Inset: TTON for the oxidation reaction
with NB4_Co—Br*Br~ (black) and Co—Br*Br~ (gray). Conditions: 10 mM
ethylbenzene, 20 mM oxone, 20 uM catalyst, 100 mM NaPB pH 8.0, 15 %
MecCN, 25°C.

suggesting that 1-phenylethanol was immediately oxidized.

The oxidation of 1-phenylethanol to acetophenone under
similar conditions as the oxidation of ethylbenzene showed
that 1-phenylethanol was oxidized by oxone using NB4_
Co-Br*Br~ as catalyst significantly faster than ethylbenzene

Chem. Eur. J. 2024, 30, 202303066 (4 of 8)

with a turnover number of 140 within 40 min, while the
oxidation of ethylbenzene only reached a TTON of 81 in the
same reaction time (Figure S4). Blank reaction without NB4_
Co—Br*Br~ showed that the oxidation of ethylbenzene and 1-
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phenylethanol using oxone as oxidant proceeded very slowly at
room temperature (Table 1, entries 15 and 16).

To gain insight into the nature of the oxidant, we monitored
the reaction of Co—Br*Br~ with 5.0 equivalents of oxone in
sodium phosphate buffer (100 mM, pH 8.0) with 15% MeCN at
25°C by UV-Vis spectroscopy (Figure 4a). Two absorption bands
of cobalt cofactor were observed at A=502 and 608 nm, which
resemble the spectra for the cobalt complexes with the TACD
ligands."®* The addition of oxone (5.0 equiv.) to a solution of
Co-Br*Br~ (2mM) in sodium phosphate buffer (100 mM,
pH 8.0) with 15% MeCN at 0°C immediately generated a
transient brown species, which converted to a dark green
intermediate with a UV-Vis absorption band at A=542 nm and
a shoulder at A=386 nm within a few seconds (Figure 4a, red
curve). We suggest that this dark green species is the
corresponding Co(IV)=0 species [Co"“(=0)(Me,TACD-Mal)]**.
Observation of similar Co(IV) =0 species was reported in the
literature when an oxidant was added to solutions containing a
cobalt(ll) complex.'***? The transient brown color may
indicate the coordination of oxone to the Co(ll) center of
Co—Br*Br~, which is rapidly converted to the Co(IV) = O species.
The Co(IV)=0 species formed is metastable and decomposed
within a few seconds.”

The metastable intermediate [Co"“(=0)(Me,TACD-Mal)]**
with a terminal Co(IV)=0 bond was characterized by ESI-TOF
MS. The spectrum exhibits a significant peak at m/z=505.108
(Figure 4b), which is in accordance with the mass and isotope
distribution patterns of [Co"(=0)Br(Me,TACD-Mal)]™ (calcd. m/
z=505.109).

The substrate scope (Table2) for NB4_Co—Br*Br~ was
expanded to molecules containing C(sp®)-H bonds such as
benzylic alkanes and cyclohexane (BDE.,=99 kcal mol™").5¥
Compared to the oxidation of ethylbenzene (Table 2, entry 1),
n-propyl- and n-butylbenzene were oxidized with lower TTONs
and ketone selectivity. The ethylbenzene derivatives with
electron-rich substituents at para-position afforded higher
TTONSs.

Notably, tetralin and indane (BDE.,,=85.7 and 87 kcal
mol~")®¥ were oxidized with high TTONs (TTON =220 and 162,
respectively) and ketone selectivity (97% and 95%, respec-

tively). The catalytic activity of NB4_Co—Br*Br~ was sufficiently
high for the oxidation of cyclohexane with a TTON of 29
(Table 2, entry 9). Over-oxidized products of ketones were not
observed in any of these reactions.

We propose the following catalytic cycle for the oxidation of
ethylbenzene using NB4_Co—CI*Cl~ and NB4_Co-Br*Br~
(Scheme 4) based on the results of UV-Vis spectroscopy and
reactivity studies. Starting from NB4_Co—X*X", one KHSOs unit
from oxone is coordinated to the Co(ll) center by ligand
substitution. The weaker acidity of HSOs~ (pK,=9.4)*® com-
pared to that of HX (pK,=-7 for X=Cl and pK,=-9 for X=Br)
should facilitate the substitution of X~ against chelating HSO;".
A high-valent cobalt(IV)-oxo species is presumed to form via
heterolytic cleavage of the O—O bond of the coordinated KHSO,
under expulsion of a KHSO, unit. The Co(IV)=0 intermediate
formed acts as the oxygen source, which oxidizes the benzylic
C(sp’)—H bond of ethylbenzene as well as the alcohol to yield 1-
phenylethanol and acetophenone as products, respectively.

Conclusions

Cobalt(ll) complexes containing an NNNN-type macrocyclic
ligand with a maleimide linker Me;TACD-Mal were prepared,
characterized and covalently anchored in the engineered fj-
barrel protein NB4 to form biohybrid catalysts. The catalytically
active high-valent cobalt(IV)-oxo species generated from
Co—Br*Br~ was characterized by UV-Vis spectroscopy and ESI-
TOF MS. This cobalt(lV)-oxo intermediate oxidizes the benzylic
C(sp’)-H bond as well as benzylic alcohols to form the
corresponding alcohol and ketone products. The biohybrid
catalysts (NB4_Co—X*X", X=Cl, Br) outperformed protein-free
cobalt complexes in catalyzing the oxidation of benzylic
substrates under mild conditions (pH 8.0, 25°C) by exhibiting
higher catalytic efficiency (TTON up to 220 for tetralin) and
selectivity toward ketone products. This effect may be due to
the presence of a hydrophobic cavity provided by the NB4
scaffold, which stabilizes the cobalt cofactors and increases the
local concentration of the substrates.

a) b) 20
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Figure 4. (a) UV-Vis spectra of Co—Br*Br~ (black curve, 2.0 mM) in sodium phosphate buffer (100 mM, pH 8.0) with 15% MeCN. The addition of oxone
(5 equiv.) leads to the immediate formation of [Co"(= 0)Br(Me;TACD-Mal)]* (red curve). (b) ESI-TOF MS spectrum of [Co" (= O)Br(Me;TACD-Mal)]* (calculated
m/z=1505.109). The inset shows the isotope distribution patterns for [Co"(=O)Br(Me,TACD-Mal)]* at m/z=505.108. The peaks at around m/z=650 are due to

an impurity.
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Table 2. Screening of substrates.”
Entry Substrate [KI/[A]® TTON® Ketone selectivity [%]
1 ©/\ 218 89 96
2 ©/\/ 8.2 52 89
3 ©/\/\ 18.5 38 90
4 /©/\ 10.1 42 91

Cl
5 /©/\ 9.8 62 91

Br
6 - /©/\ 116 145 92

0]

7 ©© 36.2 220 97
8 @Q 19.8 162 95
9 O 3.1 29 76
[a] Conditions: 20 uM NB4_Co—Br*Br~, 10 mM substrate, 20 mM oxone, sodium phosphate buffer (100 mM, pH 8.0), 15% MeCN, 2 h at 25 °C. [b] Ketone to
alcohol ratio, determined by GC-MS analysis. [c] TTON = ([alcohol] 4 2x[ketone])/[catalyst]. More details in Figure S5. [d] Catalysis in the presence of 15%
acetone.

Experimental Section

Full details of all experiments and characterization data of the
described compounds are given in the Supporting Information.

Reagents: All chemicals were obtained from commercial suppliers
(Sigma-Aldrich/Merck, Alfa Aesar, TCl), unless stated otherwise. N-(3-
bromopropyl)phthalimide,*” N-(methoxycarbonyl)maleimide®® and
Me,TACDH®™" were synthesized according to procedures previously
described.

General procedure for the catalysis with purified protein: The
purified NB4_Co—CI*Cl~ or NB4_Co—Br*Br~ in the reaction buffer
(100 mM NaPB, pH 8.0, total volume 500 pL, c(ArM)=20 uM) was
incubated with substrate (10 mMM) and 15% acetonitrile. The
reaction was started by adding 2.0 equiv. of oxone (20 mM). The
reaction mixture was stirred in a thermoshaker (900 rpm) at room
temperature for the given reaction time. The reaction was
quenched by adding 10 uL HCI (2 M). The reaction mixture was
extracted with dichloromethane (500 pL) containing nitrobenzene
(1 mM) as an internal standard. The extract was analyzed with GC-
MS.
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Deposition  Numbers 2278290 (Me;TACD-HBr), 2278291
(Co—CI*Cl™), and 2278292 (Co—Br*Br") contain the supplementary
crystallographic data for this paper. These data are provided free of
charge by the joint Cambridge Crystallographic Data Centre and
Fachinformationszentrum Karlsruhe Access Structures service.

Supporting Information

Experimental procedures, crystal structures, spectroscopic char-
acterization, and additional data are available in the Supporting
Information. Additional references cited within the Supporting
Information.®”7
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