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lex conjugates of bovine serum
albumin as artificial metalloenzymes for eco-
friendly enantioselective sulfoxidation†

Jie Tang,abc Pengfei Yao,b Lina Wang,b Hedong Bian, *ab Meiyi Luoc

and Fuping Huang*b

Artificial metalloenzymes (BSA-ML) have been prepared by non-covalent insertion of transition metal Schiff-

base complexes, ML (L ¼ 2-hydroxynaphthalen-1-naphthaldehyde and 3,4-diaminobenzenesulfonic acid; M

¼ Co, Mn, V, Fe, Cr), into bovine serum albumin (BSA) as the host protein and were characterized by UV-visible

spectroscopy, ESI-TOF mass spectrometry and molecular docking studies. The catalytic activities of the BSA-

ML in the selective oxidation of various prochiral sulfides in aqueous media, using H2O2 as oxidant, have been

evaluated. During the optimization process, pH and the concentrations of catalyst and oxidant were found to

have a remarkable influence on both yield and enantioselectivity. In certain cases, BSA-ML gave satisfactory

results in the oxidation of organic sulfides to sulfoxides (up to 100% conversion, 100% chemoselectivity,

96% ee and 500 h�1 turnover frequency).
Introduction

Asymmetric selective oxidation of suldes to sulfoxides is an
important reaction that deserves much attention because
enantiomerically pure sulfoxides are valuable compounds that
have utility as powerful chiral auxiliaries,1–3 ligands,4,5 organo-
catalysts6,7 in asymmetric organic synthesis,8–10 and as active
pharmaceutical ingredients.11–15 Traditionally, catalysis has
been divided into three subdisciplines: heterogeneous, homo-
geneous, and enzymatic catalysis. Although promising metal
catalysts16 have been developed and show encouraging practical
potential, issues such as compound stability, efficacy, regio- and
stereoselectivity, and environmental toxicity remain to be
addressed.17 Enzymatic activity is reduced by the poor stability
of enzymes outside their natural environment.18,19 In the past
decade, articial metalloenzymes have emerged as attractive
alternatives that complement both homogeneous catalysts and
enzymes.20–23 Articial metalloenzymes are hybrid catalysts that
incorporate non-natural metal cofactors into biological scaf-
folds.24–28 Compared to their natural counterparts, they are ex-
pected to have less complex structures but similar catalytic
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activity, better solubility in a wide range of solvents and higher
stability, especially at high temperatures.29

Schiff-bases are a vital class of organic compounds.30 Schiff
base compounds have been extensively exploited as ligands for
mono- or multinuclear macrocyclic or macroacyclic metal
complexes, which are useful as biomimetic catalysts31 in sul-
foxidation.30,32–36 In particular, the use of transition metal
complexes as catalysts,37 mainly based on titanium,38,39 vana-
dium,40,41 manganese,42,43 and iron,44,45 is an area of current
interest.46,47

Serum albumins, the most abundant blood proteins in
mammals, are globular, water-soluble, un-glycosylated trans-
port proteins.48 They are not only able to recognize and accept
a broad range of substrates,48 but can also discriminate between
the enantiomers of a chiral molecule.49 This makes them
promising candidates for the design of articial metal-
loenzymes. Gross et al.50 embedded bis sulfonated metal cor-
roles containing iron or manganese in to human, bovine,
porcine, rabbit and sheep serum albumins. These new
‘‘hemozymes’’ were able to catalyze the sulfoxidation of thio-
anisole and some analogs in aqueous media. Using hydrogen
peroxide as oxidant, sulfoxides were obtained in up to 74% ee
and moderate yield. Bovine serum albumin (BSA) is the most
widely used albumin because it is readily available and low
cost.51,52 However, until very recently, little research has been
conducted on the asymmetric oxidation of suldes catalyzed by
articial metalloenzymes based on BSA.

Increasing global concerns in recent years have led to an
exponential increase in the need for economically and envi-
ronmentally compatible chemical processes.53 Consequently,
the concept of green chemistry has emerged, which endorses
This journal is © The Royal Society of Chemistry 2018
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the use of environmentally friendly reaction conditions.54 Sul-
foxidation is generally achieved using oxidizing agents such as
m-chloroperbenzoic acid,55,56 cumene hydroperoxide (CHP),57

NaClO,58 NaIO4,59 oxone,60 KMnO4 (ref. 61) and dimethyldiox-
irane.62 Many of these oxidants are known to have undesirable
characteristics that include toxicity, formation of by-products,
extended reaction times, and low yields.62 Reactions that use
eco-friendly reagents and solvents such as hydrogen peroxide
(H2O2) and water therefore offer great advantages.63–66

Inspired by the success of the BSA-cobalt(II) Schiff base
complex hybrid that we previously designed as a biocatalyst for
asymmetric sulfoxidation,36 we have attempted to expand the
range of metal cofactors that can be used in the design of
articial metalloenzymes. Using BSA as the biomolecular scaf-
fold, we have explored the application of these new catalysts in
the enantioselective oxidation of different suldes. Beside
Co(III), Mn(III) and Fe(III) complexes we have reported,67 in the
current, we report the synthesis and characterization of V(V) and
Cr(III) complexes with a Schiff base ligand derived from 2-
hydroxynaphthalen-1-naphthaldehyde and 3,4-dia-
minobenzenesulfonic acid. A series of BSA-ML Schiff base
complex hybrids were then designed as biocatalysts.
Continuing our efforts to develop simple and green routes, we
have accomplished asymmetric sulfoxidation in the presence of
water as solvent under mild conditions. Of the designed met-
alloenzymes, BSA-VL proved to be the most efficient, affording
high yield and turnover frequency (TOF) for the conversion of all
substrates tested into the corresponding sulfoxides. Up to 94%
enantiomeric purity of 4-methoxyphenyl methyl sulfoxide was
achieved.
Experimental section
Materials

BSA was purchased from Sigma-Aldrich (St. Louis, MO, USA). All
of the suldes were obtained from Energy Chemical (Shanghai,
China). The preparation of 3,4-bis((2-hydroxynaphthalen-1-yl)
methyleneamino)benzenesulfonic acid (NaH2L) has been
described previously.67 Standard stock solutions (1 mM) of the
ML complexes (M¼ Co, Mn, V, Fe, Cr) and BSA were prepared in
dimethyl sulfoxide (DMSO) and 50 mM Tris (trihydroxymethyl
aminomethane) buffer solution, pH 8.0, respectively.
Physical measurements methods

UV-visible spectra were recorded on a Cary 100 UV-visible
spectrophotometer. The FT-IR spectra were recorded on a Per-
kin-Elmer Spectrum One FT-IR spectrophotometer with
a germanium attenuated total reection (ATR) accessory,
a DTGS KBr detector and a KBr beam splitter ratio. Elemental
analyses for C, H and N were carried out on a Model 2400 II,
Perkin-Elmer elemental analyzer. ESI-MS (electrospray ioniza-
tion mass spectrum) spectra were recorded on a Bruker HCT
Electrospray Ionization Mass Spectrometer. Electrospray
ionization-time of ight mass spectrometry (ESI-TOF MS)
spectra was measured on an LCQ/AD Quadrupole Ion Trap ESI-
MS. HPLC experiments were carried out using UV2302II/P2302II
This journal is © The Royal Society of Chemistry 2018
high performance liquid chromatograph. Optical rotations were
measured with a WXG-4 polarimeter.

Synthesis of the complexes

All of the complexes were prepared by hydrothermal reaction.
The preparations of ML (M ¼ Co, Mn, Fe) have been described
previously.67 A mixture of metal salt (0.3 mmol, V2O5 for VL and
Cr(NO3)3$9H2O for CrL), NaH2L (0.3 mmol), and methanol (15
mL) was placed in a 25 mL Teon-lined stainless steel vessel.
The reaction mixtures were heated at high temperature (120 �C
for VL and 80 �C for CrL) for 72 h and then cooled to room
temperature at a controlled rate (10 �C h�1 for VL and 5 �C h�1

for CrL). The resulting crystalline products were washed with
methanol and dried in air.

Complex VL. Color: atrovirens. Yield: 58% (based on V(V)).
Anal. calc. for C28H17VN2O6S: C, 60.01; H, 3.06; N, 5.00. Found:
C, 61.02; H, 3.65; N, 5.14%. EIS-MS (m/z): [C28H18VN2O6S]

+,
561.03. FT-IR (KBr phase, cm�1): 3416s, 3135s, 1614m, 1597m,
1530s, 1357s, 1196s, 1039s, 829m, 751m, 701w, 563w.

Complex CrL. Color: reddish brown. Yield: 48% (based on
Cr(III)). Anal. calc. for C29H23CrN2O7S: C,58.48; H, 3.89; N, 4.70.
Found: C, 58.28; H, 3.73; N, 4.77%. EIS-MS (m/z): [C28H18CrN2-
O5S]

+, 546.15. FT-IR (KBr phase, cm�1): 3121s, 1615w, 1533s,
1390s, 1357s, 1164s, 1036s, 824m, 752m, 697m.

Crystal structure determination

X-Ray structure analysis was performed at 293 K using Agilent
Supernova diffractometer (Mo, l ¼ 0.71073 Å). The structure
was collected at 293(2) K and solved by direct methods using
SHELxs-97 (ref. 68) and rened by full-matrix least-squares
techniques against F2 with SHELxs-97.69 Anisotropic thermal
parameters were assigned to all non-hydrogen atoms. The
organic hydrogen atoms were generated geometrically, the
hydrogen atoms of the water molecules were located from
difference maps and rened with isotropic temperature factors.
Analytical expressions of neutral-atom scattering factors were
employed, and anomalous dispersion corrections were incor-
porated. The details of the crystal data were summarized in
Table 1, and selected bond lengths and angles for complex CrL
were listed in Table S1.†

Synthesis of hybrids

The standard stock solution of BSA (1 mL) was mixed with ML
standard stock solution (1 mL) and incubated overnight at 0 �C.
The mixture was dialyzed (3 cycles) in an ice bath, leading to the
separation of the protein-complex hybrid from the complex
solution. The resulting solution was then puried by size-
exclusion chromatography (Sephadex G-75) and concentrated.
The protein concentration was estimated by the Coomassie
Brilliant Blue method.70

Molecular docking

Docking studies are regarded as a good approach to observe
potential binding locations of a drug in a protein.71 The
docking calculations were performed using AutoDock 4.2
RSC Adv., 2018, 8, 40720–40730 | 40721
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Table 1 Crystal data and structure refinement for CrL

Formula 0.5(C58H40CrN4O14S2) g (�) 90.00�

Formula weight 592.53 V (Å3) 2522.2 (5)
Crystal system Orthorhombic Z 4
Space group Pnma Dc (g m�3) 1.560
a (Å) 8.3302 (9) Goodness-of-t on F2 1.061
b (Å) 23.634 (3) q range for data collection (�) 2.9 to 21.3�

c (Å) 12.8113 (14) Reections collected/unique 25432/2266 [R(int) ¼ 0.069]
a (�) 90.00� Final R indices [I > 2s(I)] R1 ¼ 0.0476 uR2 ¼ 0.1251
b (�) 90.00� R indices (all data) R1 ¼ 0.0758 uR2 ¼ 0.1370
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(http://autodock.scripps.edu/, free soware), which combines
a rapid energy evaluation through pre-calculated grids of
affinity potentials with a variety of search algorithms.72 The
crystal structure of BSA (PDB ID: 3V03) was obtained from the
RCSB Protein Data Bank (http://www.rcsb.org/pdb/home/
home.do). All water molecules were removed, and then polar
hydrogen atoms were added to the BSA molecule.73 The partial
atomic charges of BSA and ML were calculated using Gas-
teiger–Marsili74 and Kollman methods,75 respectively. The
conformational search was selected by using the Lamarckian
genetic algorithm (LGA) with the same parameters for each
docking. Finally, according to the AutoDock scoring function,
the dominating conguration of the BSA-ML with minimum
binding energy was obtained.76,77 The minimum Gibbs free
energy binding mode was visualized in PyMol (http://
www.pymol.org/).
General procedure for enantioselective sulfoxidation

The catalytic selective oxidation of sulde was carried out in
a glass ask reactor (10 cm3) equipped with a magnetic stirrer
and immersed in a thermostated bath. Sulde (0.27 mmol) and
the catalyst, BSA-ML (2.7 mmol), were added to 2mL of phosphate
buffer (PB) solution at pH 5.1. Aer stirring for 5 h, the oxidant
(H2O2, 0.405 mmol, 30% w/w) was added to the solution with
stirring. The reaction mixture was stirred for a further 20 h at
ambient temperature (25 �C), and then quenched with sodium
sulte solution. The product and unreacted organic substrates
were extracted with dichloromethane (5 � 2 mL), dried over
anhydrous sodium sulfate and distilled under reduced pressure
to remove excess solvent. The crude product was puried by
column chromatography on silica gel. Control experiments were
carried out under the same reaction conditions but without BSA
in the reaction mixture. All of the products obtained in this study
are known compounds and their spectroscopic data were iden-
tical to those reported in the literature.36 The enantiomeric excess
(ee) values of the corresponding chiral sulfoxides were deter-
mined by HPLC analysis using a chiral column (Daicel, Chiralcel,
OB-H) at room temperature. ee values and chemoselectivity were
calculated using the formulas: ee%¼ [peak area (S� R)/(S + R)]�
100%; chemoselectivity% ¼ [peak area SO/(SO + SO2)] � 100%,
SO ¼ sulfoxide, SO2 ¼ sulfone. Conversions were based on
sulde substrate; yields were referred to isolated product aer
column chromatography and were based on substrate; turnover
frequencies (TOF) were determined by dividing the concentration
40722 | RSC Adv., 2018, 8, 40720–40730
of product by the catalyst concentration per hour. The congu-
ration of sulfoxides product from these reactions was proven by
comparing the specic rotation with the literature values.36
Results and discussion
Description of the crystal structure

Single-crystal X-ray structural analysis shows that complex CrL
crystallize in space groups of Pnma (Table 1) and the asym-
metric unit consists of half a mirror symmetric [CrL(H2-
O)(CH3OH)] super-molecule. As illustrated in Fig. S1,† The
central atom Cr1 lying on a mirror plane coordinates to two
imino nitrogen atom (N1, N1A, symmetry codes: Ax, �y + 1/2, z)
with the Cr–N distance is 1.991(3) Å, two phenolic oxygen atoms
(O6, O6A) from one Schiff base ligand, an water atom (O4) and
methanol atom (O5) with the Cr–O distances fall in the range
1.983(3)–1.994(4) Å. to form an distorted octahedral geometry.
The adjacent [CrL(H2O)(CH3OH)] super-molecules further
connect each other through H-bond interactions.
Spectroscopic characterization of the BSA-ML

The binding interaction between BSA and ML complex was
characterized using UV-visible spectroscopy and ESI-TOF mass
spectrometry. BSA and BSA-ML hybrid were at equal concen-
trations and their UV-visible spectra were dominated by a single
charge transfer (CT) band in the UV region. The UV-visible
spectra of BSA-ML (M ¼ Co, Mn, Fe) have been described
previously,67 and the spectra of BSA-CrL and BSA-VL are shown
in Fig. 1(a) and S2,† respectively. The spectra showed that
attachment of CrL to BSA resulted in a shi of ëmax from 276 to
272 nm, accompanied by a substantial increase in its intensity,
suggesting formation of the BSA-CrL hybrid (Fig. 1(a)). When
comparing the CrL complex and BSA-CrL spectra, the presence
of BSA induced only a slight shi of the band (2 nm) in the UV
region, together with a slight increase in its intensity. For
further analysis of the interaction between CrL and BSA, the ESI-
TOF mass spectrum was recorded (Fig. 1(b)). The mass spec-
trum of a mixture of CrL complex and BSA gave two peaks, one
of which corresponded to the calculated mass of the BSA-CrL
hybrid (m/z 66961), in which 1 equiv. of the catalyst was
attached to BSA (m/z 66416), indicating successful
anchoring.78,79 The ESI-TOF spectra of the other four complexes
are shown in the ESI (Fig. S3†).
This journal is © The Royal Society of Chemistry 2018
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Fig. 1 (a) UV-visible spectra of 20 ı̀M BSA (yellow solid line), 20 ı̀M CrL complex (blue solid line) and 20 ı̀M BSA-CrL hybrid (red dashed line) in
0.05 M PBS buffer pH 7.45; (b) ESI-TOF MS spectrum of BSA and BSA-CrL.

Table 2 Enantioselective oxidation of thioanisolea

Entry Catalyst Conversion (%) Yield (%) Chemoselectivity (%) ee (%)

1 CoL 65 41 64 <5
2 MnL 54 39 72 <5
3 VL 62 40 65 <5
4 FeL 66 50 77 <5
5 CrL 59 44 75 <5
6 BSA-CoL 88 88 100 31
7 BSA-MnL 70 70 100 32
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Molecular docking studies

Molecular docking has become a useful tool in recent years for
understanding the binding interactions between synthesized
compounds and biological macromolecules. To explore the
potential binding site of CrL complex on BSA, a molecular
docking study was performed. BSA is a globular protein
composed of three homologous domains (I, II, III), each of
which is divided into subdomains A and B.80,81 Fig. 2(a) shows
the lowest energy binding mode found for CrL binding to BSA.
Similarly to articial metalloenzymes that we have reported
previously,36 the binding site of CrL was located in subdomain
IB (site I), which contains a hydrophobic, polar environment. A
close-up view of this docked form is shown in Fig. 2(b). The
amino acid residues closest to the ligand, including Glu-125,
Lys-136 and Thr-121 etc., suggest hydrophobic and van der
Waals interactions to the compound,82,83 consistent with the
spectroscopic data.
8 BSA-VL 86 81 95 27
9 BSA-FeL 90 90 100 16
10 BSA-CrL 79 77 98 15

a Reactions were performed in PB (2 mL, pH 5.1) at room temperature
for 20 h. The ratios of H2O2 : thioanisole : catalyst (2.7 mmol) were
150 : 100 : 1. The sulfoxide of thioanisole was in the R conguration.
Catalytic activity in asymmetric sulfoxidation

Initially, the oxidation reactions were carried out with thio-
anisole as a model substrate and H2O2 as oxidant in water at
room temperature (25 �C). The value of the hybrid was
Fig. 2 (a) Is the lowest energy binding mode of CrL to BSA; (b) is the clo
selected amino acid residues are shown by stick model.

This journal is © The Royal Society of Chemistry 2018
demonstrated by comparing the catalytic properties of ML with
the BSA-ML hybrid. The results are presented in Table 2. When
experiments were run in the absence of BSA, the reactions
proceeded with low chemoselectivity and almost zero enantio-
selectivity (entries 1–5). In contrast, when the reaction was run
in the presence of BSA-ML as catalyst, the ee values increased
se-up view of binding site of CrL on BSA corresponding to (a), and the

RSC Adv., 2018, 8, 40720–40730 | 40723
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signicantly (entries 6–10) and thioanisole sulfoxide was ob-
tained as the major product with high chemoselectivity (95–
100%). These results strongly suggest that the BSA scaffold
enhances both the reactivity and enantioselectivity of metal
catalysts. The protein scaffold provides a hydrophobic pocket
that may favor collision with substrate.84 Similarly, many
reports36,85–88 have found that the host protein has an inuence
on reactivity and enantioselectivity.
Inuence of pH

The optimal reaction conditions were determined by conduct-
ing reactions at different pH values, as well as various substrate,
oxidant and catalyst concentrations. Firstly, the effect of pH
values was determined in PB (pH 4.7–9) at room temperature
and the results are shown in Fig. 3. The pH of the reaction
medium had a highly signicant effect on the activity of BSA-ML
(M ¼ Co, Mn, Cr) and ee in the oxidation of thioanisole. In the
case of BSA-FeL, the pH value did not have a signicant effect.
In particular, the chemoselectivity was high (95–100%,
Fig. 3(a)). Optimal chemoselectivities, yields and ee values were
obtained at more acidic pH values with BSA-ML (M ¼ Co, Mn,
Cr), while the highest values with BSA-VL and BSA-FeL were
obtained at non-acidic pH values under the same reaction
conditions (Fig. 3(a)–(c)). The BSA-ML (M ¼ Co, Mn, Cr)
complexes would be easily decomposed under extreme pH
conditions, which limits the available range under basic
conditions. Different pH values were selected depending on the
Fig. 3 (a) Chemoselectivity, (b) yield and (c) ee values under different pH
h. The mol ratios of H2O2 : thioanisole : BSA-ML (2.7 mmol) were 150 : 1

40724 | RSC Adv., 2018, 8, 40720–40730
optimum enantioselectivity (pH 6 for BSA-CoL and BSA-CrL, pH
5.1 for BSA-MnL, and pH 8 for BSA-VL and BSA-FeL) (Fig. 3(c)).

Inuence of substrate concentration

Full details are presented in Table 3. Overall, changes to the
substrate concentration did not increase catalytic activity or the
ee value. Good chemoselectivities ($90%) were obtained when
the thioanisole concentration was increased over the range of
0.034–0.338 mM. However, the clearest difference was observed
with BSA-MnL (Table 3, entries 7–12). Higher concentrations of
thioanisole reduced the yield and ee values, with almost no
changes in the sulfoxide selectivity (>95%). The ee values
increased signicantly from 8% to 32% when the substrate
concentration was increased from 0.034 to 0.135 mM. Accord-
ingly, 0.068 mM (for BSA-CoL), 0.135 mM (for BSA-MnL and
BSA-CrL) and 0.203 mM (for BSA-VL and BSA-FeL) were chosen
as the optimum concentrations for further experiments (Table
3, note numbers in bold).

Inuence of oxidant and catalyst concentrations

Having optimized the pH and substrate concentration for the
oxidation of thioanisole, we next examined the effect of H2O2

and catalyst stoichiometry (with respect to substrate) on the
conversion, selectivity and ee of the product (Tables 4 and 5). It
was evident for all complexes except BSA-CrL that a greater
amount of H2O2 increased conversion during 20 h, but
decreased product selectivity by giving the over-oxidized sulfone
values on the oxidation of thioanisole in PB at room temperature for 20
00 : 1. The sulfoxide of thioanisole was in the R configuration.

This journal is © The Royal Society of Chemistry 2018
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Table 3 Effect of substrate concentration on the oxidation of thioanisolea

Entry Catalyst Concentration (mM) Conversion (%) Yield (%) Chemoselectivity (%) ee (%)

1 BSA-CoLb 0.034 80 76 95 35
2 BSA-CoLb 0.068 95 93 98 40
3 BSA-CoLb 0.135 78 77 99 34
4 BSA-CoLb 0.203 77 77 100 34
5 BSA-CoLb 0.270 75 75 100 32
6 BSA-CoLb 0.338 74 74 100 32
7 BSA-MnLc 0.034 88 79 90 8
8 BSA-MnLc 0.068 90 86 95 10
9 BSA-MnLc 0.135 80 80 100 32
10 BSA-MnLc 0.203 84 80 95 16
11 BSA-MnLc 0.270 80 75 94 18
12 BSA-MnLc 0.338 75 71 94 16
13 BSA-VLd 0.034 50 49 98 25
14 BSA-VLd 0.068 78 78 100 30
15 BSA-VLd 0.135 75 72 99 28
16 BSA-VLd 0.203 75 75 100 34
17 BSA-VLd 0.270 81 81 100 33
18 BSA-VLd 0.338 76 75 99 33
19 BSA-FeLd 0.034 95 95 100 17
20 BSA-FeLd 0.068 99 94 95 18
21 BSA-FeLd 0.135 99 98 99 25
22 BSA-FeLd 0.203 97 95 98 27
23 BSA-FeLd 0.270 90 85 94 27
24 BSA-FeLd 0.338 86 77 90 25
25 BSA-CrLb 0.034 75 70 94 14
26 BSA-CrLb 0.068 75 71 95 15
27 BSA-CrLb 0.135 78 75 96 19
28 BSA-CrLb 0.203 82 74 90 18
29 BSA-CrLb 0.270 76 70 92 17
30 BSA-CrLb 0.338 52 47 90 12

a Reactions were performed in PB (2 mL) at room temperature for 20 h. The ratios of H2O2 : thioanisole: BSA-MLwere 150 : 100 : 1. b pH¼ 6. c pH¼
5.1. d pH ¼ 8; the sulfoxide of thioanisole was in the R conguration.
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product in excess. There was little change in the ee of the
desired product. In the case BSA-CrL, increasing the oxidant
concentration from 1 to 2.5 equivalents reduced conversion and
selectivity, but increased the enantiomeric excess (Table 4,
entries 17–20). Similar to the articial enzyme that we reported
previously, this effect may be due to oxidative destruction of the
catalyst, BSA-CrL, combined with a kinetic resolution process
due to excess oxidant.36 Systematic variation of the oxidant:
substrate molar ratio revealed the best compromise between
catalytic activity and sulfoxide ee value (Table 4, note numbers
in bold).

The concentration of catalyst is an important factor, as
previously reported by H. R. Khavasi et al.89 For all catalysts, the
conversion of thioanisole increased when the proportion of
catalyst was increased from 0.5 mol% to 1 mol% of substrate. A
higher concentration of catalyst reduced conversion and ee
value with almost no changes in sulfoxide selectivity (>89%)
(Table 5). The optimal amount of catalyst can be explained
considering the reports of Marchena et al.,90 who indicated that
the H2O2 decomposition rate increased at higher catalyst
loading. The lower availability of oxidant explains the decreased
conversion when the catalyst loading is increased. A catalyst
loading of 1 mol% of substrate was therefore selected.
This journal is © The Royal Society of Chemistry 2018
Scope of catalysis

Aer optimization of the reaction conditions, we successfully
oxidized a variety of suldes using hybrid BSA-ML as the catalyst
(Scheme 1).

As shown in Table S2,† theML complex did not greatly affect
the chemoselectivity for all substrates. In 92% of cases, che-
moselectivities of$90%were obtained with BSA-ML hybrids. As
in natural metalloenzymes, the role of the BSA scaffold is to
drive the selectivity and protect the inorganic catalyst. The
cavity may release the reaction product, sulfoxide, before it is
over-oxidized into sulfone, leading to the observed high selec-
tivity.91 In particular, good chemoselectivities were achieved
even for suldes with branched or longer alkyl groups instead of
aryl substituents (substrates 11–13). Throughout the series of
substrates, the results indicated a considerable effect on three
important aspects: enantioselectivity, chemical yield and TOF.
The ee values for all substrates averaged 31.9%, 8.8%, 29.0%,
15.8%, and 7.5% for conjugates of BSA with CoL, MnL, VL, FeL
and CrL, respectively. A similar effect was observed for the yield
of sulfoxide, but the average values were signicantly higher:
63.7%, 68.8%, 91.6%, 85.8% and 62.1%. Compared to BSA-CoL/
MnL/CrL (average TOFs < 350 h�1), BSA-VL and BSA-FeL affor-
ded good TOFs (average values of 454 h�1 and 429 h�1,
RSC Adv., 2018, 8, 40720–40730 | 40725
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Table 4 Effect of oxidant concentration on the oxidation of thioanisolea

Entry Catalyst H2O2 (equiv.) Conversion (%) Yield (%) Chemoselectivity (%) ee (%)

1 BSA-CoLb 1 74 73 99 36
2 BSA-CoLb 1.5 95 93 98 40
3 BSA-CoLb 2 96 83 86 38
4 BSA-CoLb 2.5 98 89 75 40
5 BSA-MnLc 1 78 73 94 27
6 BSA-MnLc 1.5 80 80 100 32
7 BSA-MnLc 2 85 77 90 28
8 BSA-MnLc 2.5 86 71 82 28
9 BSA-VLd 1 75 75 100 34
10 BSA-VLd 1.5 77 73 95 33
11 BSA-VLd 2 84 80 94 34
12 BSA-VLd 2.5 92 74 80 35
13 BSA-FeLd 1 77 75 98 27
14 BSA-FeLd 1.5 86 85 99 23
15 BSA-FeLd 2 90 77 85 24
16 BSA-FeLd 2.5 96 73 76 25
17 BSA-CrLe 1 84 82 98 15
18 BSA-CrLe 1.5 78 75 96 19
19 BSA-CrLe 2 76 68 89 24
20 BSA-CrLe 2.5 64 48 75 36

a Reactions were performed in PB (2 mL) at room temperature for 20 h; The ratio of thioanisole : BSA-ML was 100 : 1. b pH¼ 6; the concentration of
thioanisole was 0.068 mM. c pH ¼ 5.1; the concentration of thioanisole was 0.135 mM. d pH ¼ 8; the concentration of thioanisole was 0.203 mM.
e pH ¼ 6; the concentration of thioanisole was 0.135 mM. The sulfoxide of thioanisole was in the R conguration.
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respectively, Fig. 4(a)). Pleasingly, under certain reaction
conditions BSA-VL/FeL/CrL completely and selectively provided
the appropriate sulfoxide within 20 h with high TOFs (BSA-VL
for suldes 3 and 5; BSA-FeL for sulde 7; BSA-CrL for sulde
Table 5 Effect of catalyst concentration on the oxidation of thioanisole

Entry Catalyst Concentration (mM) Conversio

1 BSA-CoLb 0.34 84
2 BSA-CoLb 0.68 95
3 BSA-CoLb 1.02 92
4 BSA-CoLb 1.36 88
5 BSA-MnLc 0.68 68
6 BSA-MnLc 1.35 80
7 BSA-MnLc 2.03 75
8 BSA-MnLc 2.70 66
9 BSA-VLd 1.02 70
10 BSA-VLd 2.03 75
11 BSA-VLd 3.05 74
12 BSA-VLd 4.06 55
13 BSA-FeLd 1.02 65
14 BSA-FeLd 2.03 77
15 BSA-FeLd 3.05 70
16 BSA-FeLd 4.06 59
17 BSA-CrLe 0.68 74
18 BSA-CrLe 1.35 76
19 BSA-CrLe 2.03 66
20 BSA-CrLe 2.70 64

a Reactions were performed in PB (2 mL) at room temperature for 20 h. b p
5.1; the ratio of H2O2 : thioanisole (0.135 mM) was 150 : 100. d pH ¼ 8; the
of H2O2 : thioanisole (0.135 mM) was 200 : 100. The sulfoxide of thioanis

40726 | RSC Adv., 2018, 8, 40720–40730
5) (Table S2,† note the marks in bold). Another aspect of the
metal effect was that the identity of the major enantiomer ob-
tained with BSA conjugated to different ML was frequently
opposite (e.g., BSA-CoL/VL (R) vs. BSA-FeL (S) for substrate 7;
a

n (%) Yield (%) Chemoselectivity (%) ee (%)

83 99 32
93 98 40
87 95 35
84 96 36
65 96 30
80 100 32
71 95 30
61 92 26
70 100 30
75 100 34
70 94 32
52 95 28
64 98 24
75 98 27
67 95 23
57 96 23
68 92 15
68 89 24
59 90 24
58 91 20

H ¼ 6; the ratio of H2O2 : thioanisole (0.068 mM) was 150 : 100. c pH ¼
ratio of H2O2 : thioanisole (0.203 mM) was 100 : 100. e pH ¼ 6; the ratio
ole was in the R conguration.

This journal is © The Royal Society of Chemistry 2018
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Scheme 1 Enantioselectivity of various prochiral sulfides oxidation using BSA-ML as the catalyst.

Fig. 4 (a) Comparison of averaging ee values (dark yellow), averaging yields (dark cyan) and turnover frequencies (purple) in the sulfoxidation
reactions catalyzed by BSA-ML; (b) comparison of averaging ee values (dark yellow), averaging yields (dark cyan) in the sulfoxidation for different
substrates. Reactions were performed in the optimal reaction conditions for different BSA-ML system.
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BSA-FeL (S) vs. BSA-VL/MnL/CrL (R) for substrate 8; BSA-CoL/
FeL (R) vs. BSA-MnL/CrL (S) for substrate 9; BSA-CoL (R) vs.
BSA-VL/FeL (S) for substrate 12) (Table S2,† note the red marks).

The data in Table S2† also suggest that both steric and
electronic factors have a pronounced effect on the enantiose-
lectivity of the reaction. The average ee obtained for all BSA-ML
with substrates 2, 3 and 5 were 24.6%, 21.0% and 10.6%,
respectively. Similarly, the products from the oxidation of
substrates 4 and 6 were obtained with ee values of 51.2% and
19.4%, respectively (Fig. 4(b)). The results indicated that
increasing the steric bulk of the aromatic moiety of the sulde
led to an increase in enantioselectivity. This is consistent with
the results obtained with the articial metalloenzyme reported
previously.36 In contrast, a lower yield was observed (Fig. 4(b)).
In addition, it is note worthy that disappointing enantiomeric
excesses (<25%, except for BSA-CoL with sulde 10) were ob-
tained with sterically bulky suldes (suldes 9–10) and those
with branched or longer alkyl groups instead of aryl substitu-
ents (suldes 11–13) (Table S2†), while the yields were moderate
to high (average 45.8–92.8% for suldes 9–13). Suldes con-
taining electron-donating Me (sulde 7) and OMe (sulde 8) at
This journal is © The Royal Society of Chemistry 2018
the para position on the phenyl gave sulfoxides withmuch lower
enantioselectivity (average 6.7%, except for BSA-VL with sulde
8) and higher yield (average 93.2%) than those observed for
thioanisole (average 31.4% ee and 78.2% yield) with all BSA-ML.
Interestingly, the introduction of electron-withdrawing Cl
(sulde 5) and Br (sulde 6) groups at the para position resulted
in a similar effect, both of which gave relatively lower average ee
(15.0%) and higher average yield (95.2%). Similarly, higher
TOFs (>400 h�1, except for BSA-CoL with sulde 5) were ob-
tained for the sulfoxidation of substrates with electron-
donating or electron-with drawing groups on the phenyl and
consequently more easily oxidized. This suggests that the effect
of substrate is predominantly steric rather than electronic.
Conclusions

In summary, we have successfully synthesized and character-
ized ve articial metalloenzymes consisting of a ML cofactor
bound to BSA. All of the prepared BSA-ML tested in this study
showed catalytic activity for sulde oxidation under environ-
mentally friendly and mild conditions (using H2O 2 as the
RSC Adv., 2018, 8, 40720–40730 | 40727

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra07113f


RSC Advances Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
D

ec
em

be
r 

20
18

. D
ow

nl
oa

de
d 

on
 2

/4
/2

02
6 

2:
45

:4
3 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
oxidant) in aqueous media. This study may drive further
research into the use of BSA, a cheap an abundant protein, in
oxidation reactions. More signicantly, the mild reaction
conditions make the present protocol very useful to address
environmental concerns and the industrial need for green,
sustainable chemistry. The pH and concentrations of catalyst
and oxidant were varied to improve conversion, selectivity and
enantioselectivity for thioanisole. In the oxidation of different
suldes, the observed activity depended mainly on the nature of
the ML and substrates. The highest catalytic activity was ob-
tained with BSA-VL, which gave satisfactory catalytic activity in
certain cases (yield, ee and TOF up to 100%, 96% and 500 h�1,
respectively). The next steps will be to develop immobilization
strategies that may contribute to the stability of articial
enzymes, while allowing then to be recycled.
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48 J.-P. Mahy, J.-D. Maréchal and R. Ricoux, Chem. Commun.,

2015, 51, 2476–2494.
49 D. C. M. Albanese and N. Gaggero, RSC Adv., 2015, 5, 10588–

10598.
50 A. Mahammed and Z. Gross, J. Am. Chem. Soc., 2005, 127,

2883–2887.
51 Y.-J. Hu, Y. Ou-Yang, Y. Zhang and Y. Liu, Protein J., 2010, 29,

234–241.
52 M. Ohashi, T. Koshiyama, T. Ueno, M. Yanase, H. Fujii and

Y. Watanabe, Angew. Chem., Int. Ed., 2003, 42, 1005–1008.
53 R. K. Sharma, A. Pandey and S. Gulati, Polyhedron, 2012, 45,

86–93.
54 C. Herrero, N. Nguyen-Thi, F. Hammerer, F. Banse,
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