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Copper (I11) Complex of New Non-innocent 0-aminophenol-based Ligand as Biomimetic
Model for Galactose oxidase Enzymein Aerobic Oxidation of Alcohols

Synthesis and characterization of copper complex of N3O 0-aminophenol based ligand as

model for galactose oxidase in aerobic oxidation of alcohols have been investigated.
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Abstract

Mononuclear copper(ll) complex of tetra-dentataminophenol-based ligand {EF*"") has
been synthesized and characterized. The threetdasrecursor (HE*Y) of the final ligand
was synthesized first, while the title four-dentatgper bound ligand was synthesized in
situ, isolated only in the final copper speciesul[&""]. This copper coordination complex
reveals a distorted square-planar geometry aron@ddpper(ll) center by one oxygen and
three nitrogen atoms from the coordinating ligahige ligand is thus twice deprotonated via
hydroxy and amine groups. The complex is red, iyprcal for copper(ll), but the effective
magnetic moment of 1.86 B.M. and a single isotrapimmetry EPR signal with g 2.059
confirm a S =1/2 diluted spin system, without cappepper magnetic coupling.
Electrochemical oxidation of this complex yield® tborresponding Cu(Hphenoyl radical
species. Finally, the title complex CUEF has shown good and selective catalytic activity
towards alcohol to aldehyde oxidation, at aerobmnr temperature conditions, for a set of
different alcohols.

Keywords: Galactose oxidase; Biomimetic copper complexesné& radical; Alcohol

oxidation.



1. Introduction

Galactose oxidase (GO) is an important exampleoxifioreductase enzymes that catalyze
oxidation ofD-galactose with simultaneousduction of molecular oxygen to water or hydrogen
peroxide.Within the active site of this enzyme, the syndrgiaction between copper and
phenoxyl radical of cysteine-modified Tyrosine 2#&idue has a critical role in the

catalytic cycle (Scheme 1) [1-4].
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Scheme IGalactose oxidase (GO)active site [5]

It has been shown that GO passes three importadatmn levels, including metal

radical species, during the catalytic cycle (Screfe3) [5-9].
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Scheme 2Proposed mechanism for alcohol catalysis to aldefand

hydrogen peroxide byGO [4].
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Scheme 3Redox states of phenolate/coppeGmactive site |7]

The discovery of the mentioned unusual biologicaities, namely M...Rsuch agopper

- phenoxyl radical of Tyrosine 272 residua the active site of GO and similar species in
other enzymes such as cytochrome,has encouraged scientists to mimic the oxidative
chemistry of complexs involving-aminophenolates [10-14]. The involved ligands are
known as a class of redox-active, ‘non-innocergatids, the later term being focused
onto metal-ligand coordination via different oxidat states (Scheme 4) [15-171]-
aminophenols are one of the most common classesdok active ligands. They can be
bound to the transition metal ion with three oxiolat forms, either as aro-
aminophenolate dianiorg-iminobenzosemiquinonate radical monoanion and neutral

iminoquinonate ligand.
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Scheme 4Redox state of redox active ligands [17]



Copper complexes based on ‘non-innocent’ cateol@at semiquinones ligands have also
been identified as GO-like reactive [17-20]. Thedaxion of alcohols to aldehydes is one of
the considerably interest reactions in organic c¢heyn [21-23]. A ligand—assisted Cu
catalytic system containing copper employing pyradior bipyridine ligands [24] was
reported to catalyze the selective aerobic oxidatb alcohols to aldehydes. The catalytic
oxidation of alcohols to aldehydes, based on tlated Cu complexes, has been also
reported by several groups [25-32].

In this work, we reveal a design of a mononuclegiper complex with in situ prepared ‘non-
innocento-aminophenole BD based ligand (Scheme 5). Subsequently, its pedoce as

efficient catalytic system for the aerobic oxidatiaf benzyl alcohols was investigated.

NH,

OH

tBu
2K
Cu
But o/ \N

tBu

Scheme 5 Structure of the precursur ligand ¥ and copper complex CE£PP

2. Experimental

2.1. Materials and physical measurements

Reagents or analytical grade materials were oldairen commercial suppliers and used
without further purification, except those for dlechemical measurements. Elemental
analyses (C, H, and N) were performed by the EleéaneWario EL Ill . Fourier transform
infrared spectroscopy with KBr pellets was perfodmen a FT IR Bruker Vector 22
instrument. NMR measurements were performed on w@keér400 instrument. UV-Vis
absorbance digitized spectra were collected usifQARY 100 spectrophotometer. The
electronic absorption spectra of complexes haven Imeeasured in dichloromethane in the

200-800 nm range.



Crystal data and refinement parameters of compleb®F are listed in Table 1. The X-ray
diffraction data were collected at room temperatumean Agilent Technologies SuperNova
Dual source diffractometer with an Atlas detectesing mirror-monochromatized Mo K
radiation § = 0.71073 A). The data were processed using CRYSAPRO[33]. The
structures were solved by direct methods implentemeSIR—92 [34] and refined by a full-
matrix least-squares procedure baseoasing SHELXL—97 [35]. All non-hydrogen atoms
were refined anisotropically. All hydrogen atomsibed to carbon (except C1 and C8) were
included in the model at geometrically calculatedipons and refined using a riding model.
The N-bound hydrogen atoms were located in a éiffee map and refined with the using
distance restraints (DFIX) with N-H = 0.86 and witlso(H) = 1.2J¢(N). The C1- and C8—
bound hydrogen atoms were located in a differenap and refined with the using distance
restraints (DFIX) with C—H = 0.98 and with Uiso(H)L.2J¢C).

Table 2
Magnetic susceptibility was measured with powden@a in the temperature range 2-300 K
by using a SQUID magnetometer (Quantum Design MPMS) in a magnetic field of
1000 Oe. EPR spectra were collected using a BiiakBx plus spectrometer operating with a
premium X X-band+49.5 GHz) microwave bridge. Low temperature measergmof frozen
solutions used a Bruker helium temperature-cordystem and a continuous flow cryostat.
Voltammetric measurements were made by a compuateratied electrochemical system
(ECO Chemie) equipped with a PGSTA 30 model andedriby GPES (ECO Chemie). A
glassy carbon electrode, with a surface area &50ddf, was used as a working electrode,
while a platinum wire served as a counter electrdtie reference electrode was a silver wire
as the pseudo reference electrode. Ferrocene wded ags an internal standard after
completion of a set of experiments, and potentidse referenced vs. the

ferrocenium/ferrocene couple (FEc).



2.2. Synthesis
Synthesis of HL®AP

A synthesis of ligand precursor Bft” (Scheme 6) was already previously described [1B, 36
A solution of 3,5-DTBQ (3,5-diert butyl quinone; 0.22 g, 1.0 mmol) in acetonit{emL)
was prepared, to which 2-aminobenzyl amine (0.1,22.¢g mmol) was added. The reaction
solution was stirred for 30 min at the room temperin the presence of air. The yellow

BAP was filtered off and dried in air.

precipitate of H
(0.278 g, 85% yield). Anal. Calcd. for,{H,gN,O (324.46 g/mol) C, 77.74; H, 8.70; N,
8.63%. Found: C, 76.93; H, 8.55; N, 8.48%. NMR (400 MHz, CDC}, 298 K): & 1.4(s,
9H), 1.5(s, 9H), 6.3(s, 2H), 6.7 (s, 1H), 6.8(m,)2HO0 (d, 1H), 7.3(d, 2H), 7.4 (d, 1H), 8.7(s,
1H). vimax(KBr)/em™: 3421 (G-H, N-H); 2951(G-H); 1466 (G-H), 1212 (G-0), 1607 (C=N)

651(C-H, methylene). ESI-MS m/z (%): 325M 1, ®*",4] .

NH
NH, NH, Q 2 OH
K@ o tBU " cH.CN (4 mi) _N tBu
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Scheme 6. Synthesis pathway of the precursor ligantdH4".

Synthesis of the complex [CuB "]

Methanol (50 mL) was added to powdere.324 g, 1.0 mmol) and proline (0.115 g, 1.0
mmol). After one minute of stirring, C(DAC),[(H>O) (0.199 g, 1.0 mmol) and of NEt
(0.199 g, 1.0 mmol) were added into the initialcteen mixture, while the color turned to
red-brown. After 4 h at 298 K, a red-brown micratgfline precipitate of CU*"" was
filtered off. It was dried under air. (0.351 g, 72feld). X-ray quality dark red single

crystals were grown from a 1:1 (V:V) dichlorometbfethanol. Elemental Analysis:



calculated (found) for £H3:CuN;O (489.1 g/mol): C; 72.34, H; 7.31, N; 8.61, Cu; 10.2
Found: C; 71, H; 7.24, N; 8.57, Cu; 9a(KBr)lcm™: 2949 (C-H), 1628 (C=N), 1612

(C=N), 1466 (C=C), 808 (=C-H bending). ESI-MS m#b)( 489.5[Mu.cd’, 878.5

[M H|_+Cu]2+.(FigU|’e 4S)

Catalytic activity of [CuL B*PF]

In a typical experiment, alcohol (1.0 mmol), [CULT] (4 mmol%), CsCO; (0.650 g, 2
mmol) and 5 mL THF (oxygen saturated) were inseireal 25 mL two-necked round-bottom
flask, equipped with an oxygen balloon. The soluti@s stirred at room temperature, after
which the mixture was filtered through a plug dfcsi, and then diluted with THF (2 mL).
The progress of the reaction was monitored by asntatography. For a comparison, blank
tests were performed, with the identical flask amdoants of CgCO;, THF (oxygen
saturated) and oxygen balloon. Instead of ®{T, only copper(ll) acetate, or precursor
ligand HL®A were used.

3. Results and Discussion

The copper(ll) complexCuL®*"" was synthesized by the reaction of the precurgmmnt
HL®" with copper acetate in the presence of prolinengthanol (Scheme 7). During the
synthesis, several possible reactions seem to agpelaeme 8), with the final in situ ligand
H,L®*"P being found only coordinated in C#’", where it is in a double deprotonated
form. It is worth to note that in the absence aflipe, the produc€ulL®*"" wasn't isolated
pure, but the insoluble solid mixture precipitatettead, which we were unable to
characterize. Therefore, we decided to add otlgand as capping agent prevent a possible
polymerization process. In addition, in the pregeatglycine and tyrosine amino acids the
same product as proline was produced.

HLBAP Cu(OAc) (1 mmol) , Proline

1 mmol CH;OH
NEt3(2 mmol)

CULBAPP




Scheme 7The synthesis pathway of copper(Il) complex &tif
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Scheme 8 Thesuggestedeaction pathway for the synthesis@iL®*"* and

the in situ ligand bL®*""from HLEA?

3.1. The crystal structure description for Cul®A""

The complex [CuB”"7 crystallizes in the monoclinic space groGp/c, with one formulae
within the asymmetric unit (Figure 1). The geomatfythe coordination sphere is square-
planar, with tetradentate-aminophenol-based ligand Bt binding the central Cu(ll)
through one oxygen atom and three nitrogen atonookdination of the asymmetric {8]
ligand to the copper(ll) ion generates three cleelisgs, two of them composed by six atoms

and the other one by five atoms. The C-C, C-O anl @istances in the six- and five-



membered rings within the structure of GOT" are in accordance with the distances in the
complex with the similar structural fragment thodicating delocalization of electron density
over these rings. There is also no evidence fgr sgnificant non-covalent interactions.
Selected bond lengths and angles for the®tl are given in Table 2.

Figure 1

Table 2

LBAP a deprotonation and coordination of the ligand %"

In the IR spectrum oCu
phenol and amine groups are in agreement by tHacespent of the strong and sharp bands
seen in the spectrum of BA” (precursor ligand to #.*"") around 3300-3500 ¢ by a
broad band found in the spectrum@fL®**". The v(C = N) band found for CuL®*" at 1612
cm? is shifted to higher frequencies from 1607 in HL®***, also indicating the ligand
coordination via the azomethine nitrogen atom .

In the UV-Vis spectrum of CU:", two absorption bands at 508, 409, 340 and 27%wmem
seen. The visible region band is assigned to phaéndt) -to- Cu(ll) (dt*) charge transfer

(LMCT). On the other hand the UV region band isigis=d to ligandt—n* transitions of

phenolate units (Figure 2) [37].

Figure 2
The MS spectrum of CE&E"" shows an intense ion peak with molecular weight@8.5
related to a complex containing copper and a regew ligand so as three dentate BfL
ligand reacts with 2-amino benzaldehyde specias(tigdrolysis of aminobenzyl amine) and
produce four dentate H**"F ligand which clearly indicated the formation of lc@mplex
[M . #+CuJ’. X-ray analysis confirms this proof. Another ped#iced at 878.5 is related to
a dimeric form of copper complex. The molecularkpefithe complex ion is shown in the
supplementary materials. The suggested reactidnvpat for the synthesis of CBE™" has

been shown in Scheme 8. We didn’t observe prolingteer above mentioned amino acids in



the structure of complexes and all synthesized texeg show the same mass spectrum
pattern. It considers that amino acids play a gatalrule in hydrolysis of HE*® and
formation of H,LBAPP.

3.2. Magnetic susceptibility

Temperature variation of measured molar magneticentibility xu(T) for Cul® ™" s
shown in Figure 3. The presented data were codefiie the temperature-independent
Larmor diamagnetic susceptibility obtained from ddis tables [38] and for the sample
holder contribution. The susceptibility of CHIE” increases with decreasing temperature,
following a Curie 1/ T law, which indicates a pawmgnetic behavior (Figure 4). Almost
temperature independent effective magnetic momebpper complex confirms proposed
paramagnetic property of this mononuclear spedibs. effective magnetic moment (Figure
3) at room temperature is around 1.86 BM, beingy wbose to the measured values for the
other diluted copper complexs (reported values 36] [are 1.77-1.83 BM). This is in
agreement with the presence of one unpaired efeaimd quantum spin numb8r= %% in the
copper center of complex. Susceptibility graphi'(T) shows a straight line of slofggC
passing through the origin (0 K). Only a small dtwvn of the effective magnetic moment
below 20 K may indicate a weak antiferromagnetienaction between the Cu(ll) centers.

Figure 3

Figure 4
3.3. EPR spectroscopy

Frozen solution EPR shows a single isotropic symyr&gnal with a g value of 2.059. It is
more than the free electron g value (2.0023) attei to a single-electron copper(llj d
configuration. A typical EPR spectrum of CUEF has been shown in Figure 5.

Figure 5

10



3.4. Electrochemistry

Cyclic voltammogram (CV) of CW:"" has been recorded by @H, solution containing
0.1 M [(n-Bu)4N]CIO,4 as a supporting electrolyte. It displays two psetelersible anodic
redox processes at 0.630 and 0.825 V, indicatinggand-centered oxidation to form
phenoxyl radical speciesifle infra). Both oxidation potentials are comparable to fihst
oxidation potential reported for a large numbe€of -imino-phenolate complexes (~0.45 V
vs. Fé/Fc in CHCIL,), that exhibit ligand radical formation [40-44]h&@ redox process at -
1.25 V could be a CUCU reduction process based on previously reported p3-44].
Cyclic voltammogram (CV) of CUt2"", is presented in Figure 6.

Figure 6

3.5. The catalytic activity of CuL®A"F

To study the application of CEE"" for the aerobic oxidation of alcohols to corrasgiog
aldehydes, benzyl alcohol was chosen as a modgblegmand the reaction conditions were

optimized accordingly. The initiation time was anduhalf an hour (Fig. 7).

Figure 7
Various organic solvents were used to determineofiteanal one. The THF appeared to be
the most favorable for the described transformafiteble 3) and not fluorinated solvents,
which are usually used in such cases [45].

Table 3

The catalyst Cut*"" optimal quantity was 4.0 mmol%, when 4 h were eeetbr the
complete transformation (Table 4).

Table 4

Additionally, different bases for oxidation of behzalcohol were checked, with. 2
equivalents of G&£O; optimally used G&£Os (Table 5).

Table 5

11



The ligand-free copper(ll) acetatefC®; blank test shows an appearance of aldehyde in low
yield (Scheme 6, Table 6). On the other hand, acdppacetate/CgCO;s, in the presence of
ligand precursoHL®", increases the aldehyde yield. This suggests itfand effect on
increasing alcohol conversion. Comparing these lteswith the analogous for
[CuL®*PF/Cs,COy), suggests us to include the metal-ligand synergy irib the oxidation of
alcohols. Under optimized reaction conditions (4 @hft of Cul® ", 2 mmol CsCO; THF

as solvent), namely, various substituted benzaldiehywere obtained from their

corresponding, alcoho(3able 7).

1. THF (5ml)
2. [CuLBAPP] (4 mmol%)
OH 3. Cs$CO; (2 mmol, 0.65 g) (e}
RH 4. RT, Oxygen R* R
1 mmol

BAPP
L

Scheme 6Catalytic activity ofCu at the aerobic oxidation of alcohols

Table 6

These results also reveal that unsubstituted bienaldohols are oxidized more efficiently
than aliphatic alcohols. Further oxidation towatlis corresponding acids was not observed

(Scheme 6).

Table 7

4. Conclusion

In summary, a new square-planar copper(ll) com@ex®**" with the in situ prepared
aminophenol-based ligand tF*"" was synthesized and characterized. Electrochémica
oxidation of this copper complex yields the cormsging Cill)—phenyl radical species. In
addition, highly efficient and eco-friendly oxidai of alcohol to aldehyde was achieved with

molecular oxygen as an oxidant and non-expensitaysa system Cut""" /CsCO;. This

12



system is found to be very efficient for a wide garof benzylic alcohols, enabling high
selectivity under mild reaction conditions (roonmggerature). Thus, it clearly mimics the
Galactose oxidase natural performance. Unfortupatble system show weaker activity
against aliphatic primary and secondary alcohots] aopper complex yield should be

reduced as well.

Appendix A. The structural data for CGE™" have been deposited with the Cambridge
Crystallographic Data Centre, the deposition numbkeing CCDC 1494302

http://www.ccdc.cam.ac.uk/conts/retrieving.html, foom the Cambridge Crystallographic

Data Centre, 12 Union Road, Cambridge CB2 1EZ, faK; (+44) 1223-336-033; or e-mail:

deposit@ccdc.cam.ac.uk.
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Table 1. Crystal data and structure refinement ol 4™

formula CosH3:CuN;zO
Fw (g mo™) 489.1(
crystal size (mn 0.10 x 0.04 x 0.C
crystal (olor rec

crystal systel monoclinic
space grou C2ic

a(A) 25.9272(9
b (A) 6.8885(3

c (A 28.5350(9
o (°) 9C

B(© 95.634(3

v () 9C

V (A% 5071.7(3

Z 8

Calcc. density (g cr”) 1.281
F(000 205¢€

d range (°) 2.87—27.4¢
No. of collected reflr. 23941

No. of independent reflL. 580¢

Rint 0.077:

no. of reflns use 340¢

no. paramete 313

R[l > 26(1)]? 0.058¢

wR; (all data” 0.128¢
Goof , & 1.00¢
Max./min. residual electron | +0.30/-0.26




Table 2. Selected bond lengths [A] and angl§sgr CuL 84"

Cul-01 1.935(2) 0O1-Cul-N1 83.93(10)
Cul-N1 1.940(3) O1-Cul-N2 173.64(11)
Cul-N2 1.972(3) O1-Cul-N3 89.74(11)
Cul-N3 1.878(3) N1-Cul-N2 94.09(11)
N1-C1 1.280(4) N2—Cul-N3 93.23(12)
N2—C7 1.420(4) N1-C1-C2 125.9(3)
N2-C8 1.328(4) N2-C7-C2 121.5(3)
N3-C14 1.324(4) Cul-N1-C1 126.1(2)
C1-C2 1.441(5) Cul-N2—C7 122.6(2)
C2-C7 1.408(5) Cul-N3-C14 130.2(3

Table 3. The solvent effect (5 mL) at the benzyl alcohabletion with
CuL®*"? /Cs,CO; (4/2 in mmol).

Solvent t/h yield / %
THF 4 100

n-Hexane 6 37

Toluene 6 89




Table 4. The Cul?*"" equivalencesGEQ; ratio influence (mmol) in THF (5 mL)

at the benzyl alcohol oxidation.

n(CuLBAPP)/ N(cs2co3) Solvent t/h yield / %
3/2 THF 4 62
42 THF 4 100
5/2 THF 4 100

Table 5. Different basic agents at the alcohol oxidatiothv mmol of Cu*""in THF.

n/mmol Base Solvent t/h yield / %
1 NaNQ THF 24 ’

1 KOH THF 6 47

1 NEg THF 24 22

1 CsCO;, THF 4 48

2 Cs,CO; THF 4 100

3 CSCO, uE 4 100

Table 6. The result of blank test for oxidation of benzydaiol with

similar catalytic system

Catalytic system t/h yield / %

Cu(OAc), /CSCO; 24 26

Cu(OAc), /ICsCOy/HL® 4 85




Table 7. Different alcohols applied for their oxidationdorresponding aldehyde in THF,
catalyzed by Cut”""in a presence of G80; as a base and,@s an oxidant.

Substrate t/h yield / %
1 g OH 4 100
o
OH
3 cu@J 6 96
HO
4 /Ej 8 92
Cl
O,N
5 OAOH 24 81
OH
6 Oﬂ 24 75
O,N
OH
7 Q)\ 24 76
OH
8 MeO@—/ 24 64
OH
9 Br@—/ 24 23
10 SN 0H 24 -
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Figure 1. Electronic absorption spectra of CulL #4™"

Figure 2. ORTEP diagram and atom labeling scheme for complex CuL ®A™

Ellipsoids are plotted at 30% probability level. Hydrogen atoms are omitted for clarity.
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Figure 3. Temperature dependent susceptibility X(T) and the effective magnetic moment

Uer(T) (inset) of CuL®*™ measured in a magnetic field of H = 1 kOe.
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Figure4. x™(T) of CuL®*" measured in a magnetic field of H = 1 kOe.
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Figure 5. Cyclic voltammogram of CuL®"™ in CH,Cl, at RT. (sc 25 mVs?)
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Figure 6. EPR spectrum of CuL ®A™
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Figure 7. Time screening of benzyl alcohol oxidation acohol with CuL ®A™



Research Highlights

» Copper(Il) complex of tetra-dentate o-aminophenol -based.
> Excelent galactose oxidases mimic system.

> Aerobic oxidation of alcohols.





