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Abstract. New tetradentatbis-benzimidazole ligands have been synthesized and utilized to prepare
copper (II) complexes. Some of these copper (1) complexes have been characterized structurally. The
copper (I1) in these complexes is found to possess varying geometries. A distorted octahedral geometry is
found with a highly unsymmetrical bidentate nitrate group. An unusual polymeric one-dimensional struc-
ture is observed where copper (1) is in a distorted square pyramidal geometry with a monodentate nitrate
ion, having long Cu-O bond, while a distorted triagonal bipyramidal geometry is found with two car-
bonyl O atoms and a Cl atom in the equatorial plane, and two benzimidazole imine N atoms occupy the
axial position. These compounds are found to activate the cumylperoxyl group, and this has been utilized
in the facile oxidation of aromatic alcohols to aldehydes, where they act as catalysts with large turnovers.
The yields of the respective products vary from 32 to 65%. The role of molecular oxygen has been studied
and an attempt has been made to identify the “active copper species”. Activation of molecular oxygen has
also been observed and has been used for oxidative dealkylation of a hindered phenol, producing di-butyl
quinones with yields of 20—25% and 10-12 fold catalytic turnover. Dihydroxybenzenes and substituted
catechols are also readily oxidized to the corresponding quinones, in oxygen-saturated solvents. Yields of
84% have been observed with 34-fold catalyst turnover, withbditylcatechol. The activity of these
copper (Il) —bis-benzmidazolediamide compounds is reminiscent of the functioning of copper centres in

galactose oxidase, tyrosinase and catechol oxidase.

Keywords. Copper(ll);bis-benzimidazolediamide; galactose oxidase; catechol oxidase; tyrosinase.

1. Introduction catalyses the oxidation of primary alcohols to alde-
hydes, coupled to the two-electron reduction gfdD
Oxidation reactions using molecular oxygen are d¢,0,3
fundamental significance in living organisms. The |In its catalytic cycle, a unique tyrosyl radical co-
ability of copper-containing metalloproteins to reversiactor plays a vital rol&. The Cu(ll) is located in a
bly bind and activate dioxygen has been the focus distorted square based pyramidal environment with
continued interest in bioinorganic chemistry. Tyroa tyrosine in the apical position; Two histidines,
sinase is a copper-containing enzyme that contaimgy-272, and an acetate ion form theQ) square
two Cu(ll) ions coupled via a magnetic exchange inteplanar geometry around the Cu(ll) site.
action. This coupled dinuclear Cu(ll) site is also the Further there is interest in the research devoted to
resting state of the enzyme and is referred to as migrands bearing an amido group as they act as funda-
tyrosinas€. The enzyme functions via a deoxy sitenental building blocks in many biomolecufesi
which has two copper ions in the +1 oxidation stat@umber of ligands based on salicylamidad pyri-
An oxytyrosinase form is generated when the deoxiine mono and diamifehave been reported which
site reacts with molecular oxygen. The oxytyrosinagesist oxidative degradation and afford very stable
hydroxylates monophenols to diphenols and in turtomplexes with a vide range of metal ions. Interest
produces the met-tyrosinase form containing two Cu(if) the use of chelating ligands incorporating benzimida-
ions. It is the met-tyrosinase form that is then furthefole as models for active sites in several copper con
involved in the oxidation of diphenols to quinonestaining proteins has also grown rapidly since imidazole
regenerating the deoxy site. This activity of metef histidines was identified as one of the coordinating
tyrosinase is similar to that of catechol oxidase froffigands in many of the copper-containing proteins.
sweet potatoéswhile galactose oxidase (GO) is a fun- Moreover, the catalytic oxidation and oxygenation
gal enzyme containing mononuclear copper ion, whigf organic substrates by biomimetic metal complexes
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is equally important. Such complexes provide an a-2 N,N-bis(n-octyl-2-benzimidazolylmethyl)
ternate route to cleaner organic synthesis using molexanediamide (O-GBHA)
cular oxygen in place of toxic oxidizing agents.

We have therefore initiated a study of nais(benz- The N-octyl derivative of GBHA was synthesized
imidazole)-based diamide ligands, where the boufy modifying the procedure of Reet al.**
copper (1) is in a distorted five/six-coordinate envi-
ronment with anodicE,,, values’ and here we review 2.3 N,N-bis(2-methylbenzimidazolyl)
this study. A series of new tetradentate diamid22’-oxydiethanamide (GBOA)
ligands N,N-bis(2-benzimidazolylmethyl) hexanedi-
amide (GBHA), N,N-bis(N-octyl-2-benzimidazolyl- This ligand was prepared in a similar manner as
methyl) hexanediamide (O-GBHA) and N;N GBHA except diglycollic acid was used instead of
bis(2-benzimidazolylmethyl)  2;2oxy-diethaneamide adipic acid. The reddish brown solution obtained
have been synthesized and their Cu(ll) complexegs cooled down to room temperature, washed with
are reported. These have been found to carry ®&#turated solution of sodium bicarbonate till all ef-
oxidation of various catechols and peroxidefervescence ceased and then washed twice with distilled
dependent facile oxidation of the aryl alcohols to alater. Immediately a yellowish white solid appeared

dehydes. which was first washed with water and then with
acetone to give white flaky solid, which was recrys-

2. Synthesis tallised _u_sing EtOH-KD (1:2) and analysed for
composition GoH,oNgO32H,0.

2.1 N,N-bis(2-benzimidazolylmethyl) Analysis: Found (calc): C 586 (5607), H 339

hexanediamide (GBHA) (5[61), N 1978 (19:63)% mp 12&, y|e|d 16 g

(592%), '"H-NMR (DMSO-dk): & (ppm) = 411 (5, 4H),

This ligand was prepared following the procedure 37 (d, 4H), 711-714 (q, 4H), 7147-750 (g, 4H),
Vagg et af. To a solution of adipic acid @7 g, 873 ¢ 2Hamie n), IR bands (cm, KBr pallets):
112 mmol) in pyridine (20 ml) was added a solutio203 Un-+ amidd, 3158 Un-H benzi)s 1657 V=0 amide ),
of glycine benzimidazole dihydrochloride @5g, 1543 Gc-n amide ), 1446 {o-n-c=c benziy 1134 {c0-9-
228 mmol) in pyridine (30 ml). The mixture wasAmax "M (log) (MeOH): 279 (412), 272 (418), 247
stirred gently for 10 min during which a white pre{407), Amaxnm (log) (2:8 DMSO: CHCN): 281
cipitate appeared. The reaction mixture was then heatééB9), 277 (441).
slowly on a water bath at a temperature ¢iCiGand to
it was added triphenyl phosphitel@@ ml, 228 mmol) 3. Synthesis of complexes
dropwise over a period of 15 min. The reaction mix-
ture was simultaneously stirred. After addition 08.1 [CuCl (GBHA)] CI
P(OPh) was complete and the initially formed white
precipitate dissolved, the temperature of the reactidiv a methanolic solution of Cuf2H,0O (05 mmol)
mixture was slowly raised to 76 and the clear solu- was added a methanolic solution of the ligand
tion was stirred for 1 h. A white solid resulted whicHOB mmol). The resulting parrot-green solution was
was filtered off, washed with chloroform, and neutralstirred for 1 h, after which the volume was reduced on
ized. The white crystalline product so obtained was warm water bath. The parrot-green product ob-
recrystallised with a EtOH—® (1:2) mixture and tained was washed with a small amount of methanol
analysed for composition,@&1,4N¢O,.[H,0. and air-dried. It was then redissolved in excess warm

Analysis: Found (calc): C 635 (6216); H 614 methanol, and the clear solution was left undisturbed
(6016); N 1973 (1990). m.p. 276C. Yield: 19 g for weeks to give beautiful green needles of the com-
(411%) *H-NMR (de-DMSO): &(ppm) = 185 (quin, plex, suitable for X-ray diffraction analysis. Crystals
4H), 226 ¢, 4H), 454 (d, 4H), 7115-749 (m, 8H), were analysed for the composition Gu,,NOs
844 (t1 2Hamide NI-)v 1207 (Sv br! 2Hbenzim NI-)v IR (KBr C|2|:E'|20|I|:H3OH
Pallets): 3296 cM (Vien amicd, 3185 et (Ve benzin)s Analysis: Found (calc): C 4B2 (4689); H 505
1635 cM" (V=0 amide )» 1539 M’ (Veon amige 1), (5C10); N 1420 (1427)%. Amax, NM (log) (MeOH):
1448 cm* (Vean-c=c benzin- Amax M (logg) (MeOH): 758 (205), 360 §h), 277 (416), 271 (A8). tey (Uis) =
243 (367), 272 (38), 279 (368). 190. Ey, (V) = +0584 vs NHE. IR (crm, KBr);
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3395 Un_H amiddr 3209 Un_H benzin), 1604 (amide 1), and air-dried. The product was recrystallized from

1560 (amide 1), 1452Vc=n_c=0. hot ethanol and analysed for the composition
CUConzoNGO;:,CIzDHzO Yield: 200 mg (70%)
3.2 [Cu(NOs)(GBHA)](NOy) Analysis: Found (calc): C 425 (4267), H 424

(427), N 1485 (1493)%, Amax M (loge) (2:8

This complex was prepared in the same manner tdRMSO: CHsCN): 780 (193), 378 (277), 279 (410),
ing Cu(NQ),3H,0 in place of CuGH,0. The 272 (414), Ler (BM): 182 E,;p (V): +0374 V vs
green product was washed with methanol, dried NHE. IR bands (cnt, KBr pallets): 3258 - amiad.
air, and analysed for the composition GiGNgOsl 1654 Vanice 3, 1542 Vanice 1), 1457 benc=g- Crystals
0BH,00B CHOH. suitable for X-ray diffraction analysis were grown

Analysis: Found (calc): C 481 (4379); H 433 by dissolving the green complex in warm ethanol,
(4138); N 1830 (1817)%. Amay, NM (log) (MEOH): layering it with acetone and leaving the solution for
782 (194), 347 §h), 277 (428), 270 (430). ey a few weeks to obtain green needles of the complex.
(ug) = 204. Eyp, (V) = +0399 vs NHE. IR (cmt,
KBr); 3230 Un-n amicd» 3097 Un-n benzi, 1602 (amide 3.5 [Cul(N03)(GBOA)]
1), 1501 (amide II), 1445vE-n.c=0), 1384 and 821

(Vo-N-0 sym and antisyh This was prepared in the same manner as' [Cu
(NO3)GBHA]. The product was analysed for the

3.3 [Cu(NO3)(GBHA)] composition CugeH»0N706.05 H;O. Yield: 170 mg
(65%).

To a methanolic solution (10 ml) of GBHABOmmol) ~_Analysis: Found (calco): C 455 (4938), H 400
was added a methanolic solution (5 ml) of C{399), N 1880 (1861)%, Ei, (V): +0395 V vs

(NO,),[3H,0 (0B mmol). The resulting parrot-greenNHE: Amanm (log) (DMSO): 279 (412), 272 (417).
solution was stirred for 1 h in a septum-sealed threlR bands (crii, KBr pallets): 3238 -+ amiad, 3111
neck flask. A solution of quinol (® mmol) was (Vn-n benzi, 1649 Pamide ), 1541 @amice 1”)' 1458
prepared in methanol (10 ml). High purity dry nitro{Ve=n-c=0, 1384 and 821v6 no sym and aniisyn H-NMR

gen was then bubbled through both the solutions f8f freshly precipitated [CUNO;) (GBOA)] (slightly

30 min. The quinol solution was then transferreyt With methanol) (DMS@): o (ppm) = 411 (, br,
under nitrogen, via a double-end needle, to the copger): 437 & br, 4H), 734 § br, 4H), 7184 @ br, 4H),

(1) complex solution. An immediate colour changeqm’7 6, 2Hamide NH- _ _
from green to yellow was observed. Stirring for 10— 1h€ same product was obtained when the reducing

15 min resulted in a white solid that was filtered off@gent was altered from quinol to ascorbic acid and to

washed several times with methanol, and diied dihydroxyacetophenone. Similarity of the products

vacua was confirmed by analytical data altétNMR spec-
Analysis: Found (calc) for CugH,N,0s0 tra-

OZCH,OH. C 4983 (4932); H 477 (488): N 1781

(17170)%. Ey, (V) = +0822 vs NHE. IR (cr, I_(Br); 3.6 [Cu(O-GBHA)(NQ)](NO3)

3275 (VN—H amid&v 3195 (VN—H benzim) 1653 (amlde 1)!

1538 (amide ), 1459 e-nc-9, 1384 and 821 This was prepared by a procedure similar to that

(Vo-n-osym and antisyh "H-NMR of freshly precipitated ;seq for the above complex, by taking CughO
[Cu(NOs)—(GBHA)] (slightly wet with methanol) in 3H,0 in place of CuGI2H,0. The bright-green

de-DMSO: &(ppm) = 154 (quin, br, 4H), 221 (¢, br,  omplex obtained was air-dried. The complex was
4H), 473 (@, br, 4H), 730786 (m, br, 8H), 883 (, br,  regissolved in CHGEMeOH (5:1, v/v) and was

2Hamige N- layered with petroleum ether. The clear solution was
left undisturbed for weeks to give green crystals,
3.4 [CuCly(GBOA)] suitable for X-ray diffraction work. The complex

was analysed for the composition GggeNgOo(NO3),.
This was prepared in the same manner as the chloAnalysis: Found (calc): C 584 (5591), H 691
ride complex of GBHA. The olive-green product(6[86), N 1386 (1373)%, Anaxnm (loge) 275 (412),
was filtered, washed with small amounts of ethan@83 (406), 740 (195).
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4. Structural details In pentacoordinated systems, the actual geometry
of the complex can be described by a structural index
4.1 [CuCl(GBHA)]CIH,O[CH;OH parameterr such thatr = 8— a/60°, where3 and a

are the two largest angleg ¢ a). According to this
The structure is shown in figures 1 and 2. The crystalsodel, out of the equatorial ligands (A, D, E), A is
are stable only in mother liquor and tend to becom#osen such that the Cu—A bond length is longer
opaque when taken out. Crystals have the spaggin Cu-D/E and should not be any one of the four
group C2/c of a monoclinic system. The coordinatejonor atoms forming the two largest angles. Thus,
environment around the copper atom is pentacoordie geometric parameteris applicable to pentaco-
nate consisting of two benzimidazolyl nitrogen atomsrdinated structures as an index of the degree of
two amide carbonyl oxygen atoms, and a chloridgigonality, within the structural continuum between
ion. The structure has the appearance of a trigongbonal bipyramidal (TBP)—a = 60°, 7= 1) and
bipyramid in which equatorial positions are occusquare pyramidalg— a = 0°, 7= 0). The complex
pied by a Cl atom and amide carbonyl oxygen atonigs ar = 0591, indicating a distortion from the perfect
O(1) and O(2), and the axial positions by benzimiFBP towards distorted TBP. This complex does not
dazole imine nitrogen atoms N(1A) and N(1B). Cufit the above described model fully, since the Cu—(2)
N bond distances of @67 A (Cu-N(1A)) and (Cu-A) bond length of @66 A is shorter than the
1977 A (Cu-N(1B)) are in the range found for similacy—c| (1) (Cu-D/E) bond length of3082 A. This
benzimidazole and imidazole ligated compoudfds observed Cu—CI(1) is in the range similar to that ob-
Cu-O bond distances ofA1 A (Cu-O(1)) and served for similar pentacoordinated Cu(ll) com-
21166 A (Cu-O(2)) are considerablyriger than poundd®. This coordinated Cl atom is also hydrogen-
those reported in the literature for amide carbonyonded to the benzimidazole NH of the neighbouring
coordination:® complex molecule. Equatorial angle deviates largely
from the expected value of 12Qhe largest deviation
being 24.79, whereas N(1A)—-Cu-N(1B) is 1B3(135.
The sum of equitorial angles at Cu is 889, show-
ing that the metal ion is essentially in the mean plane
Ny of the equatorial donors. The crystal consists of layers
(A . 4 & of [CuClI (GBHA)]CIH,OICH;OH stacked over one
: another, held together by Nkle ..Owaer@and NHpige . -
e Owmeon INteractions, whereas molecules within the
otk mgp _____ « layers are H-bonded to each other viaNf...Cl

\ bonds.
Figure 1. ORTEP projection of [Cu(GBHA)CI] Cl.y00O
CH3;OH showing the atomic numbering scheme. 4.2 [CuCl,(GBOA)]

The structure is shown in figure 3. The Cu(ll) ion is
surrounded by two nitrogen atoms (N2 and N6), two

[Cu(GBHA)CI]-CIH,0—-CHOH. ing the atomic numbering scheme.
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chlorine atoms (CI1 and CI2) and one oxygen atoth3 [Cu(NGs)(O-GBHA)](NG)
occupying the vertex of a square-based pyramid.
Two trans-bonded chlorine atoms (CI1 and CI2) and he structure is shown in figure 4. The copper centre
nitrogens (N1 and N6) form the equatorial planén the complex has tetragonally distorted octahedral
The apical position is occupied by the oxygen atognvironment. The six-coordination centre comprises
(0O3) of an amide carbonyl group. It is a onetwo imine nitrogens of the two benzimidazole rings,
dimensional polymer structure with the bondingwo amide oxygens of the ligand and two oxygens of
scheme: ...Cu...ligand...Cu...ligand — such that thene of the nitrate anions. The carbonyl oxygen atom
two benzimidazole units coordinated to a given Cu(Ip2, nitrate oxygen atom O3, and the two benzimida-
ion are from different ends of two different molezole imine nitrogen atoms N4 and N5 occupy the
cules of the ligand. equatorial positions of the plane while the axial posi-
The equatorial Cu-N bond distances @68 A tions are occupied by another amide carbonyl oxygen
(Cu-N (2)) and B85 A (Cu-N (6)) are in the rangeatom O1 and nitrate oxygen atom O5 in distorted oc-
found for similar benzimidazole and imidazole-ligatetiahedral geometry. Bond lengths show that the ni-
compounds?*® These are only slightly longer thantrate group behaves as a highly unsymmetrical
those of GBHA ligated copper complex Cy@GBHA. bidentate chelating ligand, with Cu—O5 bond length
Cu—Cl bond distances ofl@2 A (Cu—Cl (1)) and 2@6 A much longer than Cu-O3 bond length
2336 A (Cu-Cl (2)) are in the range reported fo2074 A. The lond angle O3—-Cu—05 BE8)° is in
compounds containing equatorially bound chlorinthe range found for weakly coordinating bidentate
atoms. ligands. The Cu-N bond distances @83 A (Cu-
The axial Cu—O3 bond length of3®0 A is con- N4) and 1973 A (Cu-N5) are found to be similar to
siderably longer than those reported in the literatutbose reported typically with imidazole/benzimida-
for Cu(ll) complexes having axial oxygen coordinazole N-atoms in the equatorial platfé® Thus, the
tion. The complex has avalue of @167 (= B—-a/60°) short distances in the present Cu(ll) complex probably
where a = N2-Cu-N6 = 168° and 3= Cl2-Cu—Cl1 = reflect that the overall positive charge on the com-
17452°, indicating square pyramidal geometry wittplex is not fully compensated by the unsymmetrical
a small trigonal component. The equatorial angldidentate nitrate ligand as compared to those com-
deviate slightly from the expected value of°90 plexes with good coordinating anions. The Cu-O bond
the maximum deviation being®. Two trans chlo-  distances of ®20 A (Cu-02) and212 A (Cu-01)
rine atoms are at an angle of I¥% and thetrans are considerably longer than those reported in the
nitrogen atoms are not completely linear, the N2literature for amide carbonyl coordination. The bond
Cu-N6 bond angle being 184. The bonding of N2— angles are quite close to the values expected for an
Cu-N6 axis indicates that the two benzimidazol@ctahedral structure except for O1-Cu—O5[568"
rings are not on the same plane. The sum of equafld O3-Cu-O5 35(8)° which are on the smaller side.
rial bond angles is 358° indicating that Cu(ll) The distortion may be due to the combined influence

slight displacement above the plane towards apicie NG ion. The atoms O1, 02, 03, 05 and 02, O3,

oxygen. The apical Cu-O bond is also not perpeN—A" N5 lie in approximate planes with minimum de-
tion of O5 being M5 A for O5. These three planes

dicular to the square plane, the angles O3—-Cu—N%2
03-Cu—-N6 and O3-Cu-CI1 being about.9@n an
average, the lengthening of Cu—N and Cu—O bonds
CuCLGBOA can be correlated with the reducel
flexibility of the ligand due to shortening of the
chain compared to GBHA, as a result of whicl
the closer approach of donor to metal ion i
slightly hindered. This also results in ligand-bridge
mode structure of these complexes. The expanc
angles indicate the displacement of equatorii S e o8
atoms away from the apical oxygen. Crystals of th.

Cu(l) complex could not be grown despite our begtigure 4. ORTEP view of [Cu(O-GBHA)(N@)](NO,)
efforts. showing the rotation about the C3—-C4-C5-C6 bond.
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are almost perpendicular to each other; the dihediiah is distorted square pyramidal with benzimidazole
angles between the first and second and first aimdine nitrogen atoms, carbonyl oxygen atoms and
third are 8% (3) and 86/(3)° respectively, whereas nitrate oxygen atom occupying the vertices. Two
between the first and third is B§4)°. Two benzi- transbonded benzimidazole nitrogen atoms (N1 and
midazole rings are planar and have a dihedral andld'), an amide carbonyl oxygen atom (02) and a ni-
of 2914(3)° with respect to each other. Torsional antrate oxygen atom (O}, form the square plane
gles (Cu—N4-C10-C15,°8Cu—-N5-C17-C22,°%63) while the pyramid is completed by second amide
also N4-C10-C15-C44, 179f2) N5-C17-C22- carbonyl oxygen (O2. The Cu—Nen.im distances of
C21, —178(2) show that the two benzimidazole ringsl®73 A [Cu-N (1)] and B75 A [Cu-N (2)] are in
are projected in opposite directions to each other. Ttiee range found for similar complexes. Cu-O distance
conformation of the chain joining the two benzimiof 1092 A for equatorially bound caohyl oxygen
dazole rings may be defined as gaagagaag. A kinkiatin the expected range while the Cu-O bond distance
C3-C4-C5-C6 gives a spiral turn to the ligand, araf 2229 A for axially bound cadnyl oxygen is
it wraps around the metal ion in the form of a halfonsiderably longer than those reported in literattre.
helix. The packing of the molecule shows an extenside nitrate ion coordinates to Cu(ll) inonodentate
hydrogen-bonding network. It involves intramolecufashion through O1 N4-O1 bond length (267 A)
lar hydrogen bonds between amide nitrogen N2 amar nitrate is longer than the two N4-O1 and N4-O3
N6 and N8 of the free nitrate group. The second arbends of nitrate. The lengthening of this bond as
ide nitrogen N1 gives two strong intermolecular Heompared to remaining two bonds is expected because
bonds with O7 and N8 of the symmetry related urof transfer of electron density from oxygen to Cu(ll)
coordinated nitrate group. Apart from these, ther@nd weakening of the N4-Obond. The Cu-O1
are a number of weak C—-H...O and C-H...N Hbond length of D61 A is well close to the literature
bonding interactions involving both the nitrate ionsalue of 2000 A. Bond angles of axial oxygen with
and various methylene and phenylene carbons.  equatorial atoms indicate a distortion of the equato-
rial plane away from axial oxygen. Thus O2,'N1
Ol are displaced below the equatorial plane while
4.4 [Cu (NG;)(GBHA)](NG;) [CH;OH N1 is displaced above the plane. Coordination of one
_ amide oxygen at axial position indicates that two
The crystal structure of th_e compound is s_hown_ YYmmetrical halves of the ligand may be in different
figure 5. It consists of discrete monomeric unltf)lanes. The actual geometry of the five-coordinated

composed of a cgtion_ic copper complex and a nitr Smplex is described by the geometric parameter
anion. The coordination geometry around the Cu(l hich is defined as an index of degree of trigonality,

within the structural continuum between triagonal
bipyramidal ¢ = 1) and square pyramidat € 0) such
that (r = B—a/60°) wheref anda are the two largest
angles > a). t value for this complex comes out
to be @168 indicating the slight distortion of square
pyramidal geometry.

5. 'H NMR, electronic spectrosopy, and
cyclic voltammetry

The electronic spectra of all the complexes were
measured in methanol. UV bands at 272 and 279 nm
are observed for the free ligand GBHA. These bands
are characteristic of the benzimidazole group and
arise from amr - 7 transition. All the complexes
display a broadl—d band in the region 740-790 nm
characteristic of tetragonal geometry. A shoulder
Figure 5. ORTEP projection of [Cu(GBHA)(N§] due to a LMCT (imidazoler Cuf*) band in the region
(NO;3)[CH3;0H showing atomic numbering scheme. 340-390 nm is also observed. The UV band in the
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complexes corresponding tama- 7 transition shows shifted compared to free ligand protons as they
enhanced absorption as indicated by their extincti@re in the vicinity of a Lewis acid Cand electronega-
coefficients. tive oxygen atoms of coordinated nitrate group
The *H-NMR spectrum of the free ligand GBHAwhich exert a deshielding effect through space elec-
(figure 6a) shows signals for aliphatic and aromatizonic interactiont® Broadening indicates that the
protons with theoretically predicted splittings. Aprotons are in a slightly paramagnetic surroundings
symmetrical multiplet in the rangelIs5-749 ppm which may be due to the presence of trace Cu(ll)
arises due to benzimidazole ring protons characterisibims arising from a slight decomposition of Cu(l)
of an AA'BB" pattern. A triplet at 84 ppm arises complex.
due to amide NH protons (coupled with adjacent CH All the GBHA-copper (II) complexes display a
protons ©) § = 55 Hz). Benzimidazole NH protons quasi reversible redox wave (figure 8) due to the
give a broad signal at I ppm. In the Cu(l) complex copper(l1)/Cu(l) process. #odic shifts inEj,values
the aromatic ligand proton resonances are obseniadicate the retention of the anion in the coordina-
in two groups with a 13 proton ratio (figure 6b), unlike tion sphere of Cu(ll). Thd,,, values vary anodi-
in GBHA where both the signals have the same proally in the order Cl< NO; < SCN.. This indicates
ton integration. In the Cu(l) complex, the three arahat bound thiocyanate destabilizes the Cu(ll) state
matic protons (E Hs, H;) remain at the chemical while bound chloride stabilizes it. TlHg,, value for
shift close to that observed in the free ligand GBHAhe copper (1) complex [C(NO,) (GBHA)] was found
while proton H is shifted downfield, being nearestto be +0622 V vs NHE. No redox wave associated
to the imidazole N atom bound to Cu(l). The signal&ith bound quinone or quinol was found in its cyclic
are slightly broadened possibly due to the preseneeltammogram. When calculated against NHE, the
of trace Cu(ll) ions. In copper () complex of [CuCIE,; values of the present series of Cu(ll) complexes
(GBOA)] (figure 7), slightly shifted and broadenedurn out to be quite positive as compared to those of
signals were observed for all ligand protons witbther Cu(ll) complexes with benzimidazole-based
expected integrationtH signals here are downfield ligands (+@00 to +0446 V) and some amide based
complexes. Binding of amide N, preferably in depro-
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6. Electron exchange reaction between
[Cu(NO3), (GBHA)] and o/p-dihydroxybenzenes

The reduction of [Cu(Ng), (GBHA)] by quinol was
studied spectrophotometrically under anaerobic
conditions. A T8 mM [Cu(NG;), (GBHA)] solution
was prepared in a:® DMSO: CH;CN solution. Dry
nitrogen was bubbled through this septum-sealed solu-
tion for 30 min. A spectrum of the above complex in
this solvent system displays a broad band centred at
N ' o 747 nm €= 154 M'cm™). A 355 mM solution of
@ om owm ow om we ww we e ww em ww ow e quinol was prepared in a:® DMSO: CHsCN solu-

tion and dry nitrogen was bubbled through this septum-
I.o,.

Current/uA

sealed solution. A4 ml sample of the above quinol
solution was added tol@® ml of the Cu(ll) complex
solution in a septum-sealed quartz cuvette, with the
help of an airtight syringe. The reduction of Cu(ll)
to Cu (I) was followed by observing the decrease in
the optical density of the band centred at 747 nm.
The same volume of quinol was added periodically,
and the decrease in band intensity was monitored till
747 nm band almost vanished (figure 9a). At this
point the Cu quinol stoichiometry was 10(75. The
colour of the solution faded to light yellow, indicating
the disappearance of the Cu(ll) species in the solution.

Figure 8. Cyclic voltammograms o) Cu(GBHA)Ch, The above yellow solution could be reoxidised by

(b) Cu(GBHA)(NOy),, (c) Cu(GBHA)(SCN) and @) atmospheric oxygen to give a green solution, restoring
Cu(GBHA)NQ; in a 2: 8 DMSO-CHCN solution at a the wavelength maximum at 747 nm. The same experi-
scan rate of 100 Mv/s. ment was repeated with simple Cu(jyOin the ab-
sence of the ligand GBHA. No fading of the light
: . ..., Dblue colour to yellow was observed. Instead the colour
tonated form, is known to stabilize copper in h'gheéhanged to green
oxidation states (+2, +3), thus cathodically shifting '
the reduction potential values. In contrast the bindin
of an amide carbonyl oxygen apparently has a de-

stabilizing effect on Cu(ll), leading to relatively an

high anodic redox potential for this series of COMethanol (saturated with dry nitrogen) ari@ fnl of

plexes. copper complex solution (-mM) in methanol

For the GBOA-copper (1l) complexes, a quasi revefs v rated with dry dioxygen) was placed in a 1cm

sible redox wave due to the copper (I1)/Cu(l) redoy,h, jength optical cell in a spectrometer. The final
couple in 28 DMSO: CH,CN mixed solvent System .,ncentration of reaction mixture is catechol (20 mM)
is observed.E,, value of the complex [CU&l 5nq complex (1 mM). The formation as-benzo-
(GBOA)] (+05374 V) is in the same range as for GBHAjinone was followed by observing the increase of
complex. Cyclic voltammograms of copper complexegharacteristic quinone absorption band in the range
of O-GBHA were recorded in dichloromethan&go_410 nm (figure 9c). Blank run for catechol was
solution containing @ M TBAP as supporting ele- 5i50 performed in the same manner by addifignl
ctrolyte at a glassy carbon working electrode. Ferrgf oxygen saturated methanol t@2nl of catechol
cene was used as internal standard, and potentigdgution (30 mM) in nitrogen saturated methanol.
are referred to the ferrocenium/ferrocene *(Fc) Similarly blank run for complex was also per-
couple. The cyclic voltammograms display a quasformed. The same experiment was repeated using 4-
reversible wave at a fairly anodic potentials. This igethyl-catechol (4M Cat), 3,5-ditertiary-butylcatechol,
attributed to the change of Cu(ll) to Cu(l). 3,4-dihydroxybenzoic acid and dopamine(Dop). For

Current/uA

1 . . s L s . :
w00 1025 ow 005 530 o +080 +050  +020 -010  -040 -060

Potential/V/ Potential/V/

Catechol oxidase studies

mixture of 20 ml of catechol solution (30 mM) in
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Figure 9. (a) Vis spectra of a[8 mM solution of Cu(GBHA)(NG). in a 2 : 8 DMSO-CELCN solution (curve 0) and

Cu(GBHA)(NG;), in the presence of quinol (curve 1-8)) Visible spectra of a Cu(GBHA)(N£, solution (11 mM,

MeOH) (curve 0) and Cu(GBHA)(N£, in the presence of catechol (curves 1 and@)UY-Vis spectra of catechol

solution (20 mM, N saturated methanol) [curve 0], new band generated in the presence of [Cu(GBGal)Eion

(2 mM, G, saturated methanol). Curve 2 — at 1 min, curve 3 — at 40 min. Curve 1 — charge transfer band of [Cu(GBOA)

Cl] in blank experiment.d) UV-Vis spectra of 4-methylcatechol solution (20 mM,ddturated methanol) [curve 0], new

band generated in the presence of [Cu(GBO#)&blution (1 mM, Q saturated methanol). Curve 2, 2 min, curve 3,

66 min. Curve 4, 110 min, Curve 1, charge transfer band of [Cu(GBgA)iderved in blank experiment.

Wavelength{am)

each set of observation, a curve of concentration (5, 101, 20 mM) and concentration of DTBC was
o-benzoquinone formed (calculated by using corrédept first at 20 mM. (i) Concentration of DTBC was
sponding € values) versus time was plotted and initial varied (10, 20, 30, 40 mM) and concentration of
rates were calculated by drawing a tangent to cureatalyst was kept fixed at 1 mM.

att =0 and finding its slope. After this initial fast For each set of data initial rates were calculated
phase, the average rate of reaction was also calemd graphs of rate versus concentration of catechol

lated. were plotted.
For catechol, 4-methyl catechol and DTBC, the
7.1 Kinetic studies of the reaction of guinone production exceeds beyond the stoichiometric

[CuCI,GBOA] with 3,5-ditertiarybutyl catechol amount (table 1) while for dopamine, tlebenzo-
uinone formed decayed very rapidly probably un-

The experiment described above was repeated witbrgoing further reaction. With 3,4-DHB, no quinone
DTBC in two sets: (i) In the reaction mixture thegeneration could be observed, however the absorption
concentration of catalyst [CuQIGBOA)] was varied in the region 390-410 nm increased continuously
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Table 1. Rates of reaction observed with various substrates and J(@GEBDA)] as catalyst

Concentration  Minimum conver-

Amax (NM) Initial Average of product sion (mMM) before
product rate rate formed at 35 min  decomposition  Catalyst
Substrate o-enzoquinone (M mir) (M min™) (mM) of product turnover
Catechol 392 B3x10*  2.6x10° 11114 13 (7%) 3
4-Methyl catechol 392 @20x10* 9@x 10™* 00722 73 (12%) 5
3,5-Ditertiarybutylcatechol 399 ®x10*  225x10° 1732 168 (84%) 34
Dopamine 380 Band decayed
within 10 min
2,4-Dihydroxybenzoic acid Very week
shoulder decayed
within 5 min
45, rial oxidation of DTBC contributed to only®% of the
| product DTBQ (confirmed by performing blank).
40~ Table 1 gives the conversion of various catechols to
i o guinones at 30 min. The rates, though not comparable
29 o Catechol to the copper enzyme, tyrosinase, are found to be much
0l @4~ methylcatecho higher than other synthetic complex&sThe activity
43,5 Ditert. . . .
= butylcatechol is found to vary with the substituent on catechol as
o 25 HOOC < CHCH,;NH, < H < CH; < t-Bu. The order
. of reactivity shows that the o-diphenol where the
5 20 substituent is the best electron—donating group gives
E: the highest activity. Similar trends are found by other
] 15] 7b :
CO groups’™ also both for synthetic complexes and the
510 enzyme tyrosinase. These results are consistent with
the catecholase activity, which is dependent upon the
5 formation of a Lewis acid-base bond between cop-
per (1) and ao-diphenol oxygen atom. Based on
O30 4 & 80 100 120 this, absence of any quinine formation for 3,4-DHB

Time (minutes) could be understood in terms of a greater electron

Figure 10. Plot of o-benzoquinone (M), vs time for withdrawing effect of the carboxyl moiety, i.e. the

various catechols (20 mM); (a) 3,5-tbutylcatechol; (b) COOH group in this particular catechol.
4-methylcatechol;d) catechol at [CuG(GBOA)] =1 mM. Kinetic studies have also been carried out using the

substrate DTBC and the catalyst [Ci{GBOA)].

without displaying any well defined band indicating=or DTBC oxidation, the initial rate was found to
the occurrence of multiple reactions. depend linearly on the catalyst concentration while

For catechol, DTBC, 4M cat, DOP and 3,4DHBIit is found to be dependent on the square root of the
the concentration of corresponding quinone producedncentration of DTBC itself. It has been reported
was calculated using= 1585 M* cm™, 1500722140 earlier that for a single mono-nuclear complex, the
and 2455 M' cm%,*™ respectively. For all these,rate of DTBC oxidation depends linearly on the
quinone produced versus time curve follows biphastgjuare of the copper (ll) concentration, while our re-
behaviour (figure 10). The reaction occurs with aults indicate that it depends only on the first power
fast phase followed by a slower reaction, for bothf catalyst concentration. This implies that in the
phases, the reaction rates have been calculated. Injieg¢sent series of complexes, the possibility of cate-
rates have been calculated by drawing a tangent to thel bridging the two copper (Il) centres is remote.
curve att = 0. Foro-diphenol initial concentration is This is quite likely due to the rigidity of bulky ben-
20 mM and for [CuGIGBOA] initial concentration zimidazole groups that may hinder the formation of
is 1 mM, the initial rates were found to b83x 10“  such bridged species with catechol. Thus, the rate-
21 x 10* and 31 x 10* M min* for cat, 4 M Cat determining step involves only a single metal centre.
and DTBC respectively. For DTBC the conversion t&uch an observation is not uncommon. This study
DTBQ was 84% complete, i.e. turnover of 34 timesmimics the activity of copper containing met-
was found within 27 h. During this time period, aetyrosinase and catechol oxidase enzymes.
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8. Oxidation of 2,4,6-tri4-butylphenol (TTBP) o400

Spectrophotometric analysis, of the reaction mixture
consisting of TTBP and [Cu(NAGBHA)](NO3) in

the ratio 122 in MeOH saturated with dioxygen
was carried out in the range 200-1100 nm (figure 11)
A solution of pure TTBP in MeOH displays a weak
band at 420 nm (lag= 0477) with a shoulder at
400 nm. On mixing TTBP with [Cu(N§XGBHA)]
(NOs) an instant growth in bands at 400 and 420 nn
is observed along with a new band at 318 nm, observe
in a dilute reaction mixture. The generation of new
bands at 318 and 400 nm indicated the formation o
new products in the reaction mixture. The charactel
of the original 400 nm shoulder also changes whick
starts to acquire the shape of a proper band witl
time. The band at 420 nm gradually loses its well-
resolved shape to a shoulder with a shifiAin,to
416 nm. Thed—d band of [Cu(NQ) (GBHA)](NOs)
(780 nm, log = 192) in methanol shows an initial

Absorbance

0,200

563

increase in intensity soon followed by a slight drop  «.

accompanied by a shift il to 770 nm (figure 12).
This indicates the formation of active Cu(ll) species.

400.0
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1100.0

Figure 12. Visible spectrad—d band) of (a) [Cu(NG)

3.0

7
T

Absorbance

“o 1100

200
% Wavelength (nm)

Wavelength nm)

1504

Absorbance

0
200

Figure 11. UV-Vis spectra of (a) @saturated methano-
lic solution (32 mM) of [Cu (NQ)(GBHA)](NO3) (b) O,
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(GBHA)] (NOs3) (32 mM) in methanol. Reaction mixture
*0 containing catalyst (2 mM) and TTBP (65 mM) in ©
saturated methanol at (a) 1 (b) 15 (c) 30 (d) 45 (e) 70 (f)
90 and (g) 120 min.

saturated methanolic solution (65 mM) of TTBP (c)—(efFigure 13. X-band EPR spectra of (a) [Cu(NO
reaction mixture at 1, 15 and 30 min respectively aftdlGBHA)] (NOs) in methanol, (b) reaction mixture at 1 min
mixing of reactants. Inset. Diluted reaction mixture showc) 30 min at microwave frequenc{d9GHz and receiver
ing the band at 318 nm. gain 16.
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A new band is also generated at 664 nm, whiagroups supportso-benzoquinone structure**C-
grows in intensity for about 70 min after which itNMR of B in ds-DMSO give signals ad (ppm) 180
starts to decayA(ax shifting to 657 nm). The yellow (C-1, C-2), 165 (C-4), 1489 (C-6), 133 (C-3),
colour of the reaction mixture turns green within thid¢24 (C-5), 357 (C-7), 350 (C-9), 290 (C-10), 2753
time period. This new band generated was assign@10). In mass spectrum, the base peak/at220

to tri-t-butylphenoxyl radical® The radical generation is observed.

was also confirmed by low temperature (120 K) EPR Product A shows three bands in UV-Vis region
measurements of the reaction mixture (figure 133450 nm (log = 1(59), 318 nm (log = 2[76), 255 nm
Pure [Cu(NQ) (GBHA)](NO3) in MeOH at 120 K (loge = 457) while product B shows bands at
displays a four-line EPR signal in tlggregion and 537 nm (log = 1(68), 400 nm (log = 2[93), 255 nm
an unresolved signal in tlge region withg, = 240 and (loge = 3[65). The shift of band maximum towards
A =123 G,gn = 2.093. As eon as TTBP is added longer wavelengths in B as compared to A confirms
to the Cu(ll) complex solution, a new signal is obextended conjugation in B.

served at field strength H = 33686Hz andg = 2004,

this_ indic_ated the presence of free rgdic_als in t_he "0, Mechanism of TTBP oxidation

action mixture. The signal grows with time, with a

simultaneous drop in Cu(ll) cqmplex signal intensityype catalyst [Cu(N§(GBHA)](NO,) has copper in
Thus both spectrophotometric and EPR measuren oxidation state and is in a square-pyramidal co-

ments confirm the involvement of trbutylphenoxyl  ordination environment. The first step possibly involves

radical in TTBP oxidation reaction. the deprotonation of TTBP whereby the TTBP anion
coordinates to Cu(ll). The Cu(ll) complex is capable
9. lIsolation of reaction products of oxidizing TTBP to TTBP radical simultaneously

producing the reduced catalyst, i.e. Cu(l) species. The

Both the major products (A) 2,6-tbutyl-1,4- appearance of a band at 664 nm and the appearance

benzoquinone and (B) 2,4-tbutyl-1,6-benzoquinone of a sharp EPR signal gt= 2004 confirms the for-

were isolated by column chromatography. A ha®ation of the phenolate radical. The reduced catalyst

R = 073 and B ha&; = 03 in benzene. They further Cu(l) is then reoxidised by molecular oxygen to give

purified through preparative TLC in yields 22% (A)the superoxide radical (scheme 1).

and 8.6% (B). IR spectra (in KBr) of both the products The super oxide anion radical generated then at-

display two new bands in the range 1600—1700' cnfacks at the para position of rearranged TTBP radical

confirming the presence of carbonyl group in thenio produce an intermediate hydroperoxy compound

Product A has strong bands 2856 and 1598 cth Which rapidly eliminates a molecule 6BuOH to

indicating two different types of carbonyls in thegive product A. In yet another competitive reaction,

molecule. Product B displays two bands at 1656 and

1620 cm*, again due to two different types of car- i

bonyls. This observatiorupports the benzoguone :

type of structures for A and B. °
'H-NMR spectrum of the product A ith-DMSO

displays signals ad (ppm) 124 (s, 18 H;), 6831 (5, 2 .

Hy). This observation supporfsbenzoquinone struc- "

ture: *C-NMR of A in d--DMSO give signals ad ‘i

(ppm) 1892 (C-4), 1882 (C-1), 158 (C-2, C-6), S R

142 (C-3, C-5), 3R (C-7), 297 (C-8). In mass o Sel

spectrum, the base peakmat 220 also supports the °

above structure. Other peaks observed arevat

191, 179, 165, 149 and 107. _
'H-NMR spectrum of the product B ay-DMSO '

displays signals ad (ppm) 119 (s, 9H,), 122 (s,

9H,), 6114 (d, 1H.), 6197 (d, 1Hy). The two aromatic

protons are meta coupled, coupling constant J beiBgheme 1. Catalytic generation of TTBP radical by

201 Hz. The presence of two different typest-biutyl [Cu(NG;)(GBHA)] (NO3).

o

O,

(8]
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Figure 14. Mechanism of TTBP oxidation.
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the TTBP radical undergoes rearrangement to produce
an unpaired electron at the ortho position which un-
dergoes attack by TTBP radical in the same manner
to give product B. The present study thus indicates that
the complex [Cu(Ng(GBHA)](NO,) is able to carry
out oxidative hydroxylation with simultaneous deal-
kylation reaction in organic substrates and is an ex-
ample of activation of molecular oxygen (figure 14).

11. Oxidation of alcohols

A 25 ml, two-necked flask was fitted with a reflux
condenser and an oxygen/nitrogen inlet. Copper
complex [CuCIl(O-GBHA)ICI (28 mg; 0308 mmol)
and chlorobenzyl alcohol (873 mg; @616 mmol) in
10 ml CHCI, were stirred at room temperature for
10 min under nitrogen. Cumenyl hydroperoxide
(0088 ml; 0616 mmol) was added and stirred for
20 min. At this point thed—d band of the copper
complex was monitored (figure 15). This was followed
by raising the temperature of the reaction mixture to
40-45C on a water bath. Stirring was continued for
1-2 h. The reaction was monitored by visible spec-
troscopy, and it was found that tted band intensity
drops to 50% of its original value, within a 30 min
period (figure 15), and subsequently remains constant
for the remaining period of the reaction. No new
band is generated during the reaction cycle in the
region 300-1100 nm. The reaction mixture was fur-
ther stirred for another 24 h at room temperature.
TLC of the reaction mixture showed two major products
that were visualized by spraying an ethanolic solution
of 2,4-DNP. The reaction products were finally sepa-
rated by column chromatography using 10% ethy-
lacetate/hexane as eluent (one of them was identified
as the corresponding aldehyde and the other as ace-
tophenone). Products separated by column chroma-
tography were quantitatively estimated using HPLC.
A standard curve for each of the aldehydes was gen-
erated, and the concentration of the unknown aldehyde
was obtained with reference to the standard curve.
On this basis, the percentage conversion and turnover
numbers are reported in table 2.

Identity of the aldehydes and acetophenone formed
was confirmed byH-NMR of their respective DNP

Figure 15. Curve 1,d-d band spectrum of a reactionderivatives and are in confirmation with those re-

mixture (00308 mmol of CuCl(O-GBHA)]CI, 816 mmol

ported in the literature. No products were obtained if

of 4-chlorobenzyl alcohol,16 mmol of cumenyl hydro- the solution was not warmed to 40-2@5for 30 min

peroxide) at the time of mixing. Curves 2-d4d band
spectra of a reaction mixture after every 10 min of hea|

\nd the oxidation state of Cu(ll) also does not change

ing curve 5d-d band spectrum of a reaction mixture 1 Hf the reaction mixture is not heated as above; this is

after the initiation of reaction.

confirmed by observing minimal changednd band
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Table 2. Percentage yield of products obtained on oxidation of various alcohols using
[CuCI(O-GBHA)]CI as catalyst.

Catalyst — [Cu(OctGBHA)G]

Substrate ArCHO (% yield) (TON) PhCOgWs yield) (TON)
Benzyl alcohol 386 [16] 278 [16]
4-Chlorobenzyl alcohol 43 [18] 423 [23]
4-Ethylbenzyl alcohol 593 [18] 471 [26]
4-Methylbenzyl alcohol 684 [27] 278 [16]
4-Nitrobenzyl alcohol 33 [13] 278 [16]

1-Phenylethanol 630 [32]

TON = turnover number

intensity for such room temperature solutions, for formed after the reaction is thermally activated for
period of several hours. Similar results were obtain@®D min in the presence of substrate and cumenyl hy-
using [Cu(NQ)(O-GBHA)](NO3) as catalyst. droperoxide) was isolated and EPR of this sample
It is well established that in the absence of protivas taken in CECl, at liquid nitrogen temperature.
solvent, the hydroperoxides are likely to cleave blyor comparison, the EPR of the original complex
homolysis reactiof’ Further it has been reported thafCuCIl(O-GBHA)]CI was utilized in this reaction, as
cumenyl hydroperoxide generates a cumylperoxg catalyst was also taken in the same solvent and at
radical (RCOQO) with metal ion complexes with liquid nitrogen temperature. A comparison of the
concomitant change in oxidation state of the met&PR spectra of the two species indicates that there is
ion?° It is also established that cumylperoxyl radicalslight variation in their respectivg-values; however,
decompose by a mechanism which finally generatésey follow the orderg, > gn > 200023, implying a
acetophenone as one of the proddtt¥he above dey. ground state. There are, however, changes in the

two reaction sequences are presented as: hyperfine coupling constants ([CuCIl(O-GBHA)]CI)
prior to reactiong, = 240, gn = 212, andA; = 120G;
R;COOH + Cu(ll) - RsCOO + Cu(l) + H', ([CuCI(O-GBHA)]CI) after the reactiong, = 2(34,

gn = 209, andA; = 135G). Thegy10™* A, index is

RsCOOH + Cu(l) ~ [RsCO...Cu(I] + OH, 200 for the original complex while it is 173 for the

R;COO - R;CO + 1/20, active species. This implies that the active species is
. . more planar relative to the starting comptéxhis
R:CO - PhCOCH + R. relative planarity may result due to the relieving of

strain in the complex caused by the loss of the axi-

It is assumed that the above reaction sequencslyy bound atom in the “active-copper species”.
are dominantly active in the present catalytic oxidation The role of molecular oxygen was also studied by
of alcohol. A spectral monitoring of the course oéllowing a slow stream of Oduring the oxidation
catalytic reaction shows a dropdad band intensity reaction catalysed by the [CuCI(O-GBHA)]CI complex.
to almost half of its original value after thermallyThe change observed in tbed band of the catalyst
activating the reaction for nearly 30 min. This mays depicted in figure 16a. It is found that the active-
imply the reduction of copper (lI) to copper (I).copper species with &...~ 712 nm is again generated,
However, there appears to be some structural charngs in this case there is no drop in the absorbance of
which takes place during the activation; tded the d—d band of the catalyst; rather, there is slight
band shifts by almost 30 nM(: 712 nm) to shorter increase in the absorbance. This implies a higher ex-
wavelengths and a weak shoulder around 880nmtigction coefficient of thed—d band for the active-
also lost, when [CuCI(O-GBHA)]CI complex is usectopper (Il) species relative to the starting complex.
as a catalyst. This possibly implies a loss of the axialSurther, the added molecular oxygen competes strongly
bound atom in the complex leading to formation ofith step 2 of the proposed reaction cycle and keeps
an “active copper specie$?. most of the copper in the oxidized state. This has di-

In an attempt to identify the Cu(ll) species thatect impact on the yields of the two products, viz.
may be active in the peroxide-dependent oxidatiasidehyde and acetophenone, that drop dramatically;
of aryl alcohols, a sample of QU species (which is the aldehyde yield decreases by 80% while the ace-
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Figure 16. (a) Curve 1:.d—d band spectrum of a reaction mixturéd®08 mmol of [CuCI(O-GBHA)]CI, 816 mmol

of 4-chlorobenzyl alcohol, 816 mmol of cumenyl hydroperoxide) undey & the time of mixing. Curve 2d band
spectrum of a reaction mixture 1 h after the initiation reactionC(rve 1:d—d band spectrum of a reaction mixture
(0308 mmol of [CuCI(O-GBHA)] Cl, 316 mmol of 4-chlorobenzyl alcohol([@16 mmol of cumenyl hydroperoxide,
0308 mmol of TBHP) at the time of mixing. Curved2d band spectrum of a reaction mixture after 30 min of heating.
Curve 3:d—d band spectrum of a reaction mixture 1 h after the initiation of reaction.
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Figure 17. Proposed catalytic reaction cycle.

tophenone by 46%, indicating severe competitioexclusion of oxygen), it is found that a new band at
by oxygen in steps 2 and 3 of the reaction cycle. ~640 nm generate is after the reaction has been
The generation of cumylperoxyl radicals duringhermally activated for 30 min. This supports the
the course of the present reaction is confirmed by tf@mation of the stable 2,4,6-tebutylphenoxy radic&l
identification of acetophenone as one of the reactioia the oxidation of TBHP by cumylperoxyl radicals
products. Further, when a radical trap like 2,4,6-trifigure 16b).
t-butylphenol (@308 mmol, TBHP) is included in The yield of the aldehyde and acetophenone ob-
the reaction mixture and the reaction is carried out tsined after workup of the reaction indicates a drop
indicated under the oxidation of alcohols (with vigorousf 74% for the ketone (table 2). This implies that the
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presence of the radical trap severely inhibits stepl8.

relative to step 1 of the proposed reaction cycle. This

further justifies the presence and the utilization of
cumylperoxyl radical in the oxidation of 2,4,6-tri- 1o

butylphenol to the phenoxy radical.

The proposed catalytic reaction cycle is depicted
in figure 17. This reactivity is reminiscent of the
functioning of copper site in the enzyme galactose
oxidase.

Thus the present series los-benzimidazole dia-
mide Cu(ll) complexes are capable of activating the
peroxyl group and molecular oxygen.
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