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ABSTRACT

In this work the syntheses, structure, superoxidedtase (SOD) activity and the catalytic
use in the oxidative transformations of cyclohexeheovalently grafted Mn(Ikcomplexes
formed with various C-protected amino acid (L-ldste, L-cysteine and L-cystine) ligands is
presented. The structural features of the surfareptexes were studied by EPR, X-ray
absorption, and mid/far IR spectroscopies. The mxi@e dismutase activities of the
materials were determined in a biochemical testti@a The obtained materials were used as
catalysts for the oxidation of cyclohexene withgwetic acid in acetone. Covalent grafting
and building the complex onto the surface of thierdpropylated silica gel were successful
in all cases. It was found that in many instantesstructures obtained and the coordinating
groups substantially varied upon changing the dardi of the syntheses. All the covalently
immobilised Mn(ll)-complexes displayed superoxidentltase activity and could catalyse
the oxidation of cyclohexene.

Keywords: biomimetic catalysis, silica immobilised Mn(ll)-c@iexes, EPR, XAS,

superoxide dismutase activity, cyclohexene oxiaatio

" Corresponding author. Tel.: +36 62 544 288, Fax 63 544 200.
E-mail addresspalinko@chem.u-szeged.hu (I. Palinko).



1. Introduction

The most active and selective catalysts in nattedhee enzymes. They catalyse a wide-
range of organic transformations under relativeljdntonditions (at near atmospheric
pressure, in physiological aqueous solution — tlesedvantages), but in limited temperature
and pressure ranges (these are disadvantages)evithhigh selectivities (this is rather a
disadvantage, since a more promiscuous behavioyr bearequired for the synthesis of
chemicals used in the laboratories and/or in thEmibal industry). The advantages can be
retained, while the disadvantages can be eliminyedreparing a structural or a functional
model of the active site of enzymes [1], among tmeatalloenzymes, which form the topic of
this article.

Previously, numerous homogeneous and heterogef2ebkbioinspired mimics have
been synthetised and applied for the oxidation rgfamic molecules. In these biomimetic
catalysts redox-active transition metal ions mayéed as the central ion, while amino acids
or other molecules, having groups that are ablecdordinate to it, as ligands [6].
Immobilising these substances on various suppadiithtes the recovery and reusability of
the catalyst. So far, mostly zeolites [7-8], siésa[9-10] and polymers [11] have been used
as supports. Cyclohexene is a good model subgtatidation reactions since it has C=C
and C-H bonds as well. The formation of the allgiddation products 2-cyclohexene-1-ol
and/or 2-cyclohexene-1-one indicates the favoutettlaof the activated C—H bond, while if
cyclohexene oxide is the main product epoxidat®mhe primary reaction occurring at the
C=C bond [12]. The selectivity of the reaction dege on the applied catalyst, the oxidant,
and the solvent.

In order to obtain highly active and selective bim@tic catalysts (the model was the
Mn-S(upper)O(xide)D(ismutase) enzyme) Mn{lD}protected amino acid (L-histidine, L-
cysteine, and L-cystine) complexes were covalegtifted onto chloropropylated silica gel.
The structural features of the surface complexese vdetermined and they were used as
catalysts for the oxidation of cyclohexene. Resaftsthis research are described in the

followings.

2. Experimental

2.1.Materials and method of synthesis



For the syntheses, C-protected (in form of methgted -histidine, L-cysteine and L-
cystine, MnC}-5H,0 and chloropropylated silica gel (SG — particlees230-400 mesh, BET
surface area: 500 g, functionalisation: 8%)] were used. These matsras well as the 2-
propanol solvent were the products of Aldrich CheahiCo. All the chemicals were of
analytical grade and were used without furtherfmation.

Even though the preparation method of these typesichored complexes have been
described previously [13—-14], for the sake of easi&cking the followings, let us briefly
repeat the main points, and give the notations.

First, the support was covalently grafted an N-alkylation reaction by the C-protected
amino acids. Then, it was treated with f¥ksontaining solution and the solid material was
isolated. At his point, a substance was in our batha@t only contained surface-anchored
ligands. This is called a surface-grafted complgxtiesised under ligand-poor conditions,
and will be referred as SG-C-protected amino acid@M If this material was further
treated in a solution containing excess amountroha acids, then a surface-grafted complex
was obtained under ligand-excess conditions, aticbeireferred as SG—-C-protected amino
acid—Mn(1l)-C-protected amino acid.

2.2.Analytical measurements

The amount of metal ions on the surface modifitdasgel was measured by an Agilent
7700x ICP-MS. Before measurements, the anchoreglexes were digested by adding cc.
H>SQy then they were diluted with distilled water andefied.

The nitrogen content of the samples was determyeatie Kjeldahl method.

2.3.EPR measurements

EPR spectra of powder samples were recorded witBR&IKER EleXsys E500
spectrometer (microwave frequency 9.51 GHz, mick@v@ower 12 mW, modulation
amplitude 5 G, modulation frequency 100 kHz) in fue&EPR tubes. All recorded EPR
spectra were simulated with a spectrum decompaositiethod by the EPR [15] computer
program. Analysis of the obtained spectra was sagmtly helped with the information

published concerning the EPR spectra of varioudI)@mino acid complexes [16].



2.4.X-ray absorption measurements

The measurements were carried out on the K-edgheofnanganese at MAX-lab at
beamline 1811. This is a superconducting multipsiggler beamline equipped with a water-
cooled channel cut Si(111) double crystal monoclatom delivering at 10 keV,
approximately 210 photons/s/0.1% bandwidth with horizontal and veitiEWHM of 7
and 0.3 mrad, respectively [17]. A beamsize ofr@rd x 1.0 mm (widthx height) was used.
The incident beam intensityofl was measured with an ionisation chamber filledhvwa
mixture of He/N. Higher order harmonics were reduced by detunihg second
monochromator to 70% of the maximum intensity. Datdlection was performed in
transmission mode. The samples were containedflarirspacers with Kapton tape windows
according to the manganese concentration. The wlata treated by the Demeter program

package [18].

2.5.FT-IR spectroscopy

Structural information on each step of the synthesocedure was obtained by far- and
mid-range infrared spectroscopy. Mid-range spewtee recorded with a BIO-RAD Digilab
Division FTS-65 A/896 FT-IR spectrophotometer wittrcmi™* resolution, measuring diffuse
reflectance. The 3800-600 Chmwavenumber range was investigated. 256 scans were
collected for each spectrum.

Far-range spectra were recorded with a BIO-RAD IBIgiDivision FTS-40 vacuum
FT-IR spectrophotometer with 4 chresolution. 256 scans were collected for each spact
The Nujol mull technique was used. The 5200 cm®* wavenumber range was investigated.
Spectra were evaluated by the Win-IR package. Tvexg baseline-corrected, smoothed (if it
was necessary) and the spectra of supports weteasida. Interpretation of the spectra was
helped either by published mid IR results [19, &0l our own freshly published experimental
work concerning the far IR spectra of purpose-boiinganese complexes having uniform
coordinating groups [21].

2.6.Testing the catalytic activity



Superoxide dismutase activity was tested by theu8w@amp-Fridovich reaction [22].
For this biochemical test reaction riboflavin, Limenine, and nitro blue tetrazolium (NBT)
were used as was described previously [13] withetteeption that in this case HEPES buffer
was used. During their reaction, superoxide radadabns are formed, which gives blue
adducts with NBT. When the enzyme mimic is presérdismutates the superoxide radical
anion, the photoreduction of NBT is inhibited (iteeasure is 165in mM), i.e. the enzyme
mimic works the better when the colour change (mmeskby the absorbance). the value

of ICso, is the smaller.
2.7.Catalytic oxidation of cyclohexene

In the reaction a vial capped with septum was Idadieh the catalyst (25 mg), acetone
(10 cn?), cyclohexene (5 mmol) and peracetic acid (1 mm#fer 1 h continuous stirring at
room temperature (298 K), the mixture was analygeahtitatively by GC using an Agilent
HP-1 column. The products were identified by GC-MS.

3. Results and discussion
3.1.Analytical measurements
The results of the Kjeldahl method and the ICP-M&asarements are shown in Table

Table 1

Covalent grafting of the amino acids was successfall cases. The conversion of the
immobilisation is ranged from 57-86 %, since thioabpropylated silica gel contained 0.705
mmol/g active chlorine. The metal ion to amino acio under ligand-poor conditions is
1:1.5 for SG-His-OMe-Mn(Il) suggesting that comgexformed on the surface are not
uniform, there are complexes having 1:1 as well:@smetal ion to ligand ratios. For SG—
Cys-OMe-Mn(ll) this ratio is 1:1 and for SG—(Cys-@M-Mn(ll) is 1:1.1, meaning that
mainly 1:1 complexes are formed. Under ligand-exa@nditions, this ratios are 1:5.4, 1:3.2
and 1:2.5 for SG-His-OMe-Mn(Il)-H-His-OMe, SG-Cy#46-Mn(ll)-H-Cys-OMe and
SG—(Cys-OMex-Mn(ll)-H-(Cys-OMe), respectively. It seems that in all cases mixture
complexes with varying coordination numbers werenked on the surface of the support.
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3.2.EPR measurements

All EPR spectra (Fig. 1), recorded for the diffdremino acid containing samples,
could be characterised by the superposition ofrg bead singlet signal and a well-resolved
signal of six lines. The broad signals¢g- 2.013 + 0.003 and linewidth w = 450 + 130 G) is
typical for coupled MfA' centres for which the significant signal broadenisgiue to the
dipolar interactions and a random orientation & fraramagnetic metal ions. The well-
resolved component is probably originated fromated Mrf* centres. The six hyperfine lines
with giso = 1.9985+0.0001 andif& = 88.5+£0.1 G are due to the interaction of thetebecspin
with the nuclear spir’{Mn, | = 5/2). The observed g values are very ctosiae free electron
g value, suggestive of the absence of spin orhipliag in the ground state. These features

are characteristic of oxygen coordinated?Mon in disordered systems and theo#alues
suggest that the Mn(ll) in the immobilised compkexis in an octahedral coordination
environment [23, 24].

Figure 1
3.3.X-ray absorption measurements

Mn K-edge XAS spectra were recorded only for thgarid-poor complexes. The

XANES spectra of the materials are displayed in Eig
Figure 2

The pre-edge feature, corresponding to—1s3d transitions around 6540 eV is weak,
indicating symmetric geometry and high coordinatrmmmber, since these transitions are
Laporte-forbidden in centrosymmetric environmeng5][ This result suggests that the
immobilised Mn(ll) complexes are octahedral. Thiatad is consistent with the EPR
observations.

The EXAFS data wer&-weighted and Fourier transformed in the rangé of2-11
A™. The ranges for the backtransform were 1-3 A foc@mplexes. The fitted parameters
included the amplitude reduction fact&?, interatomic distances (R), Debye-Waller factors
(6°) and energy shiftAEo). The coordination numbers (N) were kept constamtng each
optimisation, but a range of coordination numberrevused to find the best fit. Thé-
weighted EXAFS spectra are shown in Fig. 3, andréselts of the fitting are reported in
Table 2.



Figure 3
Table 2
The EXAFS measurement revealed that six oxygeofpm atoms (by these

measurements the difference between oxygen ammbaitrcannot be estimated clearly, they
scatter the photoelectrons nearly the same waytatigeir similar atomic masses) form the
first coordination sphere of SG-His-OMe-Mn(ll), wbeghe Mn(I1)-O/N bond distance was
fitted to be 2.18 A. In SG—(Cys-OMeMn(ll) the first coordination shell contains six
oxygen/nitrogen atoms as well with a Mn(1)-O/N bidength of 2.19 A. For SG—Cys-OMe—
Mn(Il) two different interatomic distances can hstithiguished in the first shell. The first one
corresponds to the Mn(ll)-O/N distance of 2.21 Ahva coordination number of five, while
the second peak is related to a Mn(I)-S distariRe=(2.64 A), where the coordination
number is one. These results are similar to thasaireed with Mn(ll) ion coordinated with

various carboxylates or histidine as ligands [26].

3.4.FT-IR spectroscopy

The coordinating groups were identified through panng the difference mid IR
spectra (the spectrum of the support was subtrpofetie silica gel grafted amino acids and
the difference spectra of the immobilised complexepared under ligand-poor conditions or
the spectra of the pristine amino acids and thierdifice spectra of the anchored complexes
prepared under ligand-excess conditions.

The mid IR difference spectra of the silica geltored amino acids (Figs. 4, 6, 8 trace
A) show that in all cases carboxylate vibrationpesgyed. It means that the C-protecting
group hydrolysed upon covalent anchoring due tolthsic conditions and is present as
carboxylate group in the samples.

Figure 4
In the difference spectrum of SG—(His-OMe) theymcoo-yand vsymcoo-)stretching

frequencies can be seen at 1582"camd 1412 cil, respectively (Fig 4, trace A). To assign
the vsymcoo-vibrations, Raman spectra (not shown) were regdtexs well, since these

vibrations are more intense there. The differedé = vasym(coo-)— vsymcoo] is 170 cm*
here, while it is found to be 146 chiA = 1588 — 1442 ci] for the ligand poor complex
(Fig. 4, trace B), suggesting that the carboxytataip appears in the coordination sphere of
the metal ion as bidentate ligand [27]. The ban@5%% cm'in the far IR spectrum of the
material (Fig. 5, trace A) indicates that the inziole nitrogen takes part in the complexation,



the vibrations at 350 and 326 Tneorrespond to the Mn—@hoxyiatevibrations, while the

bands above 400 c¢hcan be assigned as the Mn-coordinated water \imsti28],
originated from the crystal water of the Mn salt.

Figure 5

Adding C-protected histidine in excess (Fig. 4¢#&r&) resulted in the rearrangement of
the surface-grafted ligand-poor complex. This gpectis very similar to that of the pristine
C-protected histidine (trace D), the carbonyl ball not move, meaning that the carbonyl
oxygen is not coordinated to the centre ion. ThelMNimidazolevVibration is observed at 266
cm’, the bands above 400 ¢roan be assigned as coordinated water vibratioms BFitrace
B). Kjeldahl measurement showed that the metahtigeatio is 1:5.4, now it is clear that
maximum three histidine molecules can coordinateces the surface grafted histidine
saturates three positions in the coordination sphitrere is a water molecule in another
position, thus two free position remain fitre added C-protected histidine molecules.

Consequently, there are non-coordinating histidimgdecules on the surface of the
silica gel.

In the case of SG—Cys-OMe—Mn(ll) (Fig 6, trace B)s 1610~ 1409 cm* = 201 cm*
suggesting the monodentate ligation of the cartaigygroup. There is no S—H vibration at
around 2500 cnt; therefore, the thiolate sulphur is coordinateditavas also learnt from the
XAS measurement. In the far IR range (Fig. 7, trAgethe broad band between 360-300
cm tindicates the coordination of the carboxylate oxyged the thiolate sulphur. Under
ligand-excess conditions (Fig. 6, trace C), theéboayl oxygen does not take part in the
complexation, since the position of the band dasswove relative to the pristine amino acid
(Fig. 6, trace D). The lack of the S—H vibratioroyes that the thiolate group is coordinated to
the manganese ion. In the far IR range (Fig. tet) a broad band can be seen between 370
and 300 crit corresponding to the Mn(Il)«iaeand Mn(I)—Quamoxyiaievibrations. The bands
above 400 crif can be assigned as the Mn-coordinated water vimstioriginated from the
crystal water of the Mn salt.

Figures 6 and 7

As far as SG—(Cys-OMgyMn(ll) is concerned (Fig 8, trace B) the carboxylgroups
are coordinated as monodentate ligands, sindecreased from 185 crh(trace A) to 204
cm™. In the far IR range, the peak at 354 toorresponds to the MiDcarboxylatevibration.
Under ligand-excess conditions (trace C) the caybamxygens are not involved in the
coordination, since the stretching vibrations & tarbonyl bands (1746 and 1734 tndid



not shift to lower wavenumbers. This is the reasdry the added C-protected cystine
molecules were coordinated with their amino nitrtgelt was confirmed by far IR
measurement, since a new band appeared at 378dum to the coordination of amino
nitrogen [29].
Figure 8

Putting together all the information, strueturproposals for the surface-bound
complexes are offered as follows:
SG-His-OMe-Mn(ll)

NimidazoleHissufcarboxylateHissufPcarboxylateHissufl20,H20,H.O, SG-His-OMe—
Mn(11)-H-His-OMe

NimidazoleHissufcarboxylateHissufdcarboxylateHissulNimidazoleHis NimidazoleHid 120, SG—Cys-OMe—
Mn(l1)

Sthiolatecyssufcarboxylatecysssul20,H20,H,0,H0, SG-Cys-OMe—Mn(Il)—H-Cys-
OMe

SthiolateCyssufcarboxylateCysssudthiolateCysthiolateCyd 120, H2O, SG—(Cys-OMe)-
Mn(l1)

Ocarboxylate(Cys)2sufcarboxylate(Cys)2suf20,H20,H0,HO SG—(Cys-OMey-Mn(I1)—(H-Cys-
OMe),

Ocarboxylate(Cys)2sufcarboxylate(Cys)2sufNamino(Cys)Namino(cys)H-20,H0,

where ‘surf’ stands for surface.
3.5.Superoxide dismutase activity

All materials displayed catalytic activity,e., could catalyse the dismutation of the
superoxide radical anion. Catalytic activities elese to each other (Table 3). It seems that all
the immobilised complexes promote this reactionilany. The superoxide dismutase
activities do not depend on the coordinating grodpse most active anchored complex was
found to be SG-His-OMe—Mn(ll)-H-His-OMe.

Table 3

3.6.Catalytic oxidation of cyclohexene

The conversion and selectivity results of the imilisdd catalysts on the oxidation of

cyclohexene with peracetic acid in acetone arertegan Table 4.



Table 4

The expected reactions are the epoxidation, theessation, and the oxidative ring
opening of the epoxide ring producing diols. Simieactions were identified with binuclear
Mn(Il)-amino acid based complexes encapsulatecaiite Y, when HO> was the oxidising
agent [30]. The manganese complexes are probatie ac the decomposition of peroxides,
i.e. that of the peracetic acid as well. Fortunatelyagetone, the peroxide is protected against
decomposition [31]; therefore, acetone was the em@®lvent. This protective property was
checked, our immobilised complexes did not prontbte decomposition of peracetic acid.
Peracetic acid alone (without any catalyst) is avkm epoxidation agent. Indeed, epoxidation
did occur in our hands as well. The conversion leas however (Table 4, first entry). In the
presence of our immobilised manganese complexes,trdmsformation of cyclohexene
accelerated appreciably, even if conversions dwewvarious immobilised complexes differed
significantly. Moreover, the epoxide selectivitys@lincreased considerably relative to the
uncatalysed transformation. All the grafted compkexlisplayed catalytic activity and were
selective to cyclohexene oxide formation. The hagrativity (50 % conversion) as well as
epoxide selectivity (89 %) was reached over SG-Be—Mn(ll)-H-His-OMe. The
catalysts did not undergo any colour change duhegeaction and there was no leaching of
the ligands or the complex either.

4. Conclusions

Characterisation by various forms of spectroscopgegaled that the syntheses of the
Mn(Il)-amino acid complexes were successful in ezate. It was found that the imidazole
nitrogen, the thiolate sulphur, and the carboxylateyggen always participated in the
complexation, while in one case the amino nitrog@s coordinated to the metal ion as well.
The structure of the complexes made under ligarad-ponditions differed from that of
complexes made under ligand-excess conditionsth&llcovalently immobilised complexes
were octahedral. Each material displayed SOD agtivihe most active complex was the
SG—His-OMe—-Mn(Il)-H-His-OMe. In the oxidation remcts of cyclohexene, using our
catalysts the major product was cyclohexene oxidmany cases, the epoxide selectivity was
more than 85 %, while the conversions differed Wwiddhe most active and selective
substance was the SG-His-OMe—-Mn(ll)-H-His-OMe is tkaction as well.
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L egendsto Figures

Fig. 1 Experimental (black line) and simulated (ee) EPR spectra of A — SG—-His-OMe—
Mn(ll), B — SG-His-OMe—-Mn(Il)-H-His-OMe, C — SG-G@BMe-Mn(ll), D — SG-Cys-
OMe-Mn(Il)-H-Cys-OMe, E — SG—(Cys-OMe)2-Mn(ll), F SG—(Cys-OMe)2—-Mn(I1)—H-
(Cys-OMe).

Fig. 2 Mn K-edge XANES spectra of A — SG—His-OMe-{Nn B — SG-Cys-OMe-Mn(ll),
C — SG—(Cys-OMe}Mn(ll) immobilised complexes.

Fig. 3k*-weighted Mn K-edge EXAFS spectra of A — SG—His-GMa(ll), B — SG—(Cys-
OMe)x-Mn(ll), C — SG—-Cys-OMe—-Mn(ll), red line — fit, ldk line — experimental.

Fig. 4 IR spectra of A~ SG-His-OMe, B - SG-His-OMe—-Mn(ll), C- SG-His-OMe—
Mn(Il)-H-His-OMe, D—- H-His-OMe. The spectrum of SG is subtracted.

Fig. 5 Far IR spectra of A — SG-His-OMe-Mn(Il); 858G—His-OMe—-Mn(Il)-H-His-OMe.

Fig. 6 IR spectra of A~ SG-Cys-OMe, B- SG-Cys-OMe-Mn(ll), C- SG-Cys-OMe-
Mn(Il)-H-Cys-OMe, D—- H-Cys-OMe. The spectrum of SG is subtracted

Fig. 7 Far IR spectra of A SG-Cys-OMe—-Mn(ll), B- SG-Cys-OMe—-Mn(Il)-H-Cys-OMe.

Fig. 8 IR spectra of A~ SG—(Cys-OMe), B — SG—(Cys-OMex-Mn(ll), C - SG—(Cys-
OMe)x-Mn(Il)-H-(Cys-OMe», D — H-(Cys-OMe». The spectrum of SG is subtracted.
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Tablel
Amino acid and Mf" content of the samples obtained from Kjeldahl t){pdetermination
and ICP-MS measurements.

Amino acid content Mn®" content
Sample
(mmolig) (mmol/g)
SG—His-OMe-Mn(ll) 0.496
. . 0.321
SG-His-OMe-Mn(Il)-H-His-OMe 1.726
SG—-Cys-OMe-Mn(Il) 0.605
0.607
SG-Cys-OMe-Mn(I)-H-Cys-OMe 1.955
SG—(Cys-OMex-Mn(ll 0.405
(Cy e-Mn(ll) 0.363

SG—(Cys-OMe)-Mn(Il)—H-(Cys-OMe}) 0.895
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Table2
Parameters deduced from the fitted EXAFS spectra- (Bbordination number, R — bond

length,s 2 — Debye-Waller factorAE, — energy shift, R factor — goodness of fit).

Sample (Ni“9)X N R (A) 6°(A°) AEy(eV) R factor

SG-His-OMe—Ni(ll) O/N 6 2.18 0.0153 3.40 0.0509

SG—Cys-OMe—Ni(ll) O/N 5 2.21 0.0112 0.40 0.0118
S 1 2.64 0.0022

SG—(Cys-OMe)-Ni(Il)  O/N 6 219 0.0108 1.28 0.0139
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Table3
The SOD activities of the surface grafted complexes

ICs0 (LM)
Cu,ZnSOD enzyme 0.4
SG-His-OMe—Mn(Il) 31
SG—His-OMe-Mn(Il)-H-His-OMe 26
SG—-Cys-OMe—-Mn(ll) 39
SG—-Cys-OMe—-Mn(ll)-H-Cys-OMe 30
SG—(Cys-OMe)-Mn(ll) 32
SG—(Cys-OMe}-Mn(Il)—(H-Cys-OMe) 29
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Table 4 The conversion and selectivity results of the ottadaof cyclohexene (25 mg of catalyst, 5 mmol yélohexene + 1 mmol of peracetic

acid dissolve in 10 cirof acetone, 1 h reaction time at 298 K).

conversion cyclohexene 2-cyclohexen-1-ol 2-cyclohexen-1-one cyclohexane-1,2-diol

Catalyst
(%) oxide (%) (%) (%) (%)
- 7 54 9 14 23
SG—His-OMe-Mn(ll)
28 86 3 2 9
SG—His-OMe—-Mn(Il)-H-His-OMe
50 89 3 5 3
SG—-Cys-OMe—Mn(ll)
34 85 6 7 2
SG—-Cys-OMe-Mn(Il)-H-Cys-OMe
35 85 5 4 6
SG—(Cys-OMex}-Mn(ll
(©y &-Mndl) 24 76 7 7 10
SG—(Cys-OMey-Mn(ll)—(H-Cys-
43 75 6 7 12

OMe),
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Kubelka-Munk

Figure 4
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Figure 5
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Kubelka-Munk

Figure 6
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Absorbance

Figure 7
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