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Transition metal complexeswith Girard reagents
and their hydrazones
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Abstract: This is the first review dealing with the coordination chemistry of
metal complexes with Girard reagents and their hydrazones. The short intro-
duction indicates the chemical properties and significance of these organic
compounds. The next section briefly describes synthetic methods for preparing
complexes with Girard reagents, as well as the modes of coordination of these
ligands. The last two extensive sections review the preparation, stereochemistry
and structural characteristics of meta complexes with Girard hydrazones,
including also some newer non-hydrazonic derivatives of Girard reagents.

Keywords. Girard reagents; hydrazones, metal complexes; synthesis; physico-
chemical characteristics; X-ray crystallography.
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1130 VOJINOVIC-JESIC et al.

1. INTRODUCTION

There are alarge number of organic compounds that are used as reagents for
the identification of some other compounds, i.e., their corresponding functional
groups.1.2 Among them, Girard reagents form an important group (Fig. 1), which
serve for the separation of carbonyl compounds from their complex mixtures, by
forming water-soluble hydrazones.

o}
o} 0
/ / R/
cl- CH,—C c1- CH,—C Cl / 2 \
+/ \ N / \ N HN—NH
(CH3);N HN—NH, (CH;),NH HN—NH, - 2
<\ />
[HGT]CI [H,GD]Cl [HGP]CI

Fig.1. Structures of Girard reagents.

To these reagents, which may be considered as N-substituted glycine hydra-
Zides, belong:

Girard-T (trimethylacetylhydrazide ammonium chloride), [HGT]CI,

Girard-D (N,N-dimethylglycine hydrazide hydrochloride), [H,GD]Cl and

Girard-P (pyridinioacetohydrazide chloride), [HGP]Cl.

The Girard-T and Girard-P reagents were synthesized first by A. Girard and
G. Sandulesco in 1936, by the reaction of ethyl chloroacetate with trimethyl-
amine or pyridine, yielding quaternary ammonium esters, which in the reaction
with hydrazine afforded the corresponding [HGT]Cl and [HGP|Cl Girard rea
gents.3 These two reagents are soluble in water and biological studies showed
that they inhibit certain enzymes (histidine decarboxylase, acetylcholine este-
rase® and aryl sulfataseb). [HoGD]Cl was synthesized much later by the reaction
of N,N-dimethylglycine ethyl ester and hydrazine hydrate with addition of cc.
hydrochloric acid.”

The Girard-T and Girard-P reagents have been widely used to facilitate
various separations28-10 and were recently utilized by Lehn et al.1l as plat-
forms for the slow release of fragrance aldehydes.

The Girard-T reagent is very soluble in water, less soluble in methanol,
ethanol, 2-propanol, glycerol, 1,2-ethanediol and acetic acid, and insoluble in
non-hydroxylic organic solvents.312.13 |t is very hygroscopic and it decomposes
in the presence of moisture and air, liberating an unpleasant odor. The crystals
can be cleaned by washing with ethanol .14

The Girard-P reagent is less soluble in polar solvents and, in contrast to the
Girard-T reagent, it is not hygroscopic.14
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COMPLEXESWITH GIRARD REAGENTS AND THEIR HYDRAZONES 1131

Due to the high hygoscopicity of the Girard-T reagent, Viscontini and Mai-
er’ proposed the use of the neutral Girard-D reagent, which is formed by the
neutralization of an agueous solution of the hydrochloride salt of this reagent
with NaxCOg, giving water-insoluble hydrazones.

Based on analytical data, it was concluded that the Girard-T reagent behaves
as a monopratic acid (Scheme 1, @) and the Girard-D reagent as a diprotic acid
(Scheme 1,b and ¢).15

0] 0
CHZ—C// S CHZ—C/ +H' (a)
. \ . N\
(CH3)3N HN——NH, (CH;3);N N——NH,
0 0
4 4
CHZ—C\ _—— CH,—C +H" (b)
(CHg)zItIH HN——NH, (CH3),N HN—NH,
0 o
CH C// = CH c/ +H' ©]
27 ~ 27
\ N\
(CH5),N HN——NH, (CH3),N N—NH,

Scheme 1. Dissociation of the Girard-T (a) and Girard-D (b and c) reagents.

To the best of our knowledge, there are no literature data on dissociation of
the Girard-P reagent; however, based on its structure, it may be expected that it
behave as a monoprotic acid.

The possibility of condensation of the Girard-T reagent with ketones has
found its application in the isolation of ketones from essential oils, which repre-
sent mixtures of different hydrocarbons, acohols, esters and ketones, and this re-
agent appeared to be more efficient than semicarbazides.16:17

In addition to the mentioned application, Girard reagents are also used in
steroid chemistry for the separation and preparation of ketonic and non-ketonic
steroids.2

The charged species of the Girard-reagent hydrazones (except for the neutral
form of the Girard-D reagent) are soluble in water, and thus can be utilized for
the electrophoretic separation of, e.g., progesterone, testosterone and estrone.18

The Girard-T hydrazones are also used in paper chromatography.19

In addition to these applications, some Girard reagents hydrazones appeared
to show biological activity.! Hence, they are also interesting from a pharmacolo-
gical point of view.
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1132 VOJINOVIC-JESIC et al.

More recently, it was found that some Girard-T or Girard-P derivatives are
good inhibitors of C-steel corrosion in acidic medium.20,21

2. COMPLEXES OF GIRARD REAGENTS

As can be seen from their formulas (Fig. 1), Girard reagents have severd
atoms as potential donors, viz. two nitrogen of the hydrazine moiety and one oxy-
gen atom, and in the case of neutral and monoanionic forms of the Girard-D re-
agent, also the amine nitrogen atom. As will be shown later, a common feature of
al Girard reagentsis that, in addition to the oxygen atom, the terminal hydrazine
nitrogen atom participates in coordination, forming a five-membered metallo-
cycle. To date, the largest number of complexes have been synthesized with the
Girard-T reagent, whereas, to the best of our knowledge, no complexes with the
Girard-P reagent have been reported.

Although these reagents are known since 1936, the first paper in the field of
coordination chemistry dealing with Girard reagents, describing a copper(I1)
complex with the Girard-T reagent, was published in 1969.1° Thus, the reaction
of agueous solutions of CuSO4 and this reagent, in the presence of a small
amount of methanol, gave the blue bis(ligand) complex of the formula
[Cu(HGT)2](S0O4)2-2H20. The investigations showed that variation of the metal—
—ligand molar ratio from 1:2 to 1:4 always resulted in the bis(ligand) complex.
Based on IR and UV spectral analyses, the authors!® proposed a bidentate NO
coordination.

More recently, some new complexes of copper(l1) and copper(l) and Girard-T
reagent of the formulas [Cu(HGT)Cl2(H20)2]Cl-H20-EtOH, [Cu(GT)(EtOH)3/2]Br2,
[Cu(HGT)I2]-H20 and [Cu(HGT)I]l were reported by Mostafa and Abdel-
Rhman.22 The first was prepared by the reaction of ethanolic solutions of
CuCl2-2H20 and the Girard-T reagent in the molar ratio of 1:2, and the second
one by the reaction of the first complex with KBr. It isinteresting to note that this
tribochemical reaction of preparation of the bromide salt is accompanied by the
deprotonation of the organic ligand. For both complexes, a bidentate NO coordi-
nation of the Girard-T reagent was proposed. The iodido complexes were also
prepared by the tribochemical reaction of the mentioned chlorido complex and
Cal, or KI, and, due to the reducing properties of iodide, the product was a dia-
magnetic copper(l) complex. It is important to note that the newest evaluation of
the biological activity of the above-mentioned chlorido complex showed that it is
apromising antitumor agent.23

The reaction of an ethanolic solution of the neutral Girard-D reagent with an
aqueous solution of Cu(ClQOg4)> gave a copper(ll) complex of the formula
Cu(GD)CIO4:H20. This reagent, with copper chloride or sulfate, also gave cop-
per(I1) complexes of analogous compositions.1® In al cases where the metal:li-
gand ratio was changed from 1:1 to 1.4, only monoligand complexes were obtai ned.
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COMPLEXESWITH GIRARD REAGENTS AND THEIR HYDRAZONES 1133

In the same paper, the authors aso considered the possibility of a bidentate
coordination of the monoanion of this reagent (Fig. 2), and proposed the most
probable NO coordination (Fig. 2a), analogous to copper(ll) coordination in di-
peptides.24

/N—NH2 /o-
CHZ—C/ CH,—C
(CH;),N \0_ (CH)N/ N—NH
—NH,;
a2 \+2/ . \+2/
Cu Cu
a) b)
(l)_
CH,
s C
CH3))N
(CHs), \C:N CHZ/ \N
'o/ \NH I |
2 (CH;),N NH
\azl/ 3)2 \Jgu/ 2
c) d)

Fig. 2. Possible coordination modes of the Girard-D reagent monoanion.
3. HYDRAZONES OF GIRARD REAGENTS AND THEIR COMPLEXES

3.1. Preparation of Girard hydrazones

Girard reagents hydrazones are obtained in condensation usually of ethanolic
or methanolic solutions of Girard reagents and carbonyl compounds in the pre-
sence of acetic acid (Scheme 2).

R (@]
| (0) H,N Jk/ R Me/E-OH - I—£N _<;
+ i — —
; NN AcOH > N R

R, H R,

(R = (CH3);N", (CHy),NH, C5HsN")
Scheme 2. Preparation of Girard hydrazones.
The mentioned mixtures were refluxed for 2060 min in the case of alde-
hydes,3 and up to 12 h in the case of the less reactive ketones.2>

Solutions of Girard reagent hydrazones are stable in approximately neutral
media (pH 6.5-7.0), whereas they undergo hydrolysisin acidic media.3
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1134 VOJINOVIC-JESIC et al.

Up to now, a number of Girard reagent hydrazones of different mono- and
poly-functional carbonyl compounds are known,15.21,26-38

Apart from numerous hydrazonic derivatives of Girard reagents, there are
also some non-hydrazonic Girard-T/P derivatives of the general formula R—CHo—
—C(=O)-NH-NH-C(=S)-NHR’ (R = HCH3)3N*Cl~, -CsHsN*Cl~; R* = -C5Hp5,
—CH2CH=CH>, —CgH5). These compounds were obtained by Mostafa3 by boil-
ing under reflux the corresponding R’ isothiocyanates and Girard-T/P reagents in
absolute ethanol.

3.2. Complexes of Girard hydrazones

Girard hydrazones may have three or more potential ligator atoms; hence,
they are aso of interest to coordination chemists.

Although Girard hydrazones have been known for a very long time, the
number of their complexes with metals is relatively small. In al the complexes
described to date, the Girard hydrazones behave as mono-, di-, tri- and penta-
dentate Schiff bases.

3.2.1. Complexes with Girard-T hydrazones

Most of the synthesized complexes with Girard hydrazones are with Girard-T
hydrazone of various denticities. Thus, Mostafa et al.3 in the reaction of equi-
molar amounts of diacetylmonoxime Girard-T hydrazone, [(CH3)3N*—CHo—
—C(=O)NH-N=C(CH3)—C(CH3)= =NOH]CI, [HDMGT]CI, and CuCl, obtained
complexes, which, in dependence of the nature of the solvent and pH, have dif-
ferent compositions, as well as different ligand denticity.3> Namely, it was found
that from an ethanolic solution, a square-planar mono(ligand) complex
[CuHDMGT)CI2]CI-H2O crystallized, in which this, potentialy tridentate,
ligand is coordinated in a bidentate manner, involving the hydrazone and oxime
nitrogen atoms (Fig. 3).

O
(CH3)3I+\-I - CH2 — </
NH\
N—C—CH
Cl 3
\Cu /
o SNy= C—CH,

\

OH
Fig. 3. Supposed square-planar structure of [Cu(HDMGT)CI,]*.

If, however, the reaction is performed in an agueous solution at pH 5, the
result was an octahedral bis(ligand) complex [Cu(HDMGT)»Cl>]Cl5, with the a-
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COMPLEXESWITH GIRARD REAGENTS AND THEIR HYDRAZONES 1135

ready mentioned NN coordination of the ligand. Finally, from an aqueous solu-
tion of pH 10, the octahedrd mono(ligand) complex [Cu(DMGT)CI(H20)2]Cl-H,O
crystalized. In this complex, the ligand is coordinated in a tridentate mono-
deprotonated enol form, [DMGT], through the hydrazine and oxime nitrogen
atoms, as well as through the deprotonated oxygen atom of the enolised carbony!l
group.3°

With anisaldehyde Girard-T hydrazone, [(CH3)3N*—CH>—C(=O)NH-N=
=CH-CgH4—OCH3)]CI, [HAGT]CI, two complexes were reported, viz. the
square-planar copper(ll) complex [Cu(HAGT)CI>]Cl and the square-pyramidal
iron(111) complex [Fe(HAGT)CI3]Cl.37 Moreover, in the same paper, octahedral
bis(ligand) complexes of manganese(ll) and cobalt(ll) of the general formula
[M(HAGT)2CI,]Cl> were described. In these complexes, the ligand is coordi-
nated bidentately, through the nitrogen atom of the azomethine group and the
carbonyl oxygen atom.

With tridentate ONO salicylaldehyde Girard-T hydrazone, [(CH3)3Nt—CHo>—
—C(=O)NH-N=CH-CgH4—OH)]Cl, [H>SalGT]Cl, the first synthesized com-
plexes were those of dioxovanadium(V) and dioxomolybdenum(VI) of the for-
mulas [VO2(SalGT)]28 and [M0O,(SalGT)(CH30H)]I, respectively.40 The com-
plexes were obtained in the reactions of methanolic solutions of EtsNV O3, and
MoOo(acac), (addition of 15) with [H2SalGT]Cl, respectively.

X-Ray analysis of these complexes showed that the ligand was coordinated
as tridentate in the monoanionic form, via the oxygen atom of the deprotonated
phenolic OH and the enolized carbonyl group, as well as via the azomethine nit-
rogen atom. It was found that the structure of the dioxovanadium(V) complex
was a very deformed square pyramid (Fig. 4a).28 On the other hand, the dioxo-
molybdenum(V1) complex had a deformed octahedral geometry in which, in
addition to the two oxygen atoms of the dioxomolybdenum(V1) and the tridentate
chelate ligand, the sixth coordination site was occupied by the methanol oxygen
atom (Fig. 4b).40

H—O0—CH,

O\\/O \‘/

A A \
IJ\rI(CH )3 — O
C/N\ /C\CHz/ h S N N c
i N N /N(CHz)x
a) b)

Fig. 4. Structures of the V (V) (@) and Mo(V1) (b) complexes
with salicylaldehyde Girard-T hydrazone.
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1136 VOJINOVIC-JESIC et al.

More recently, some new complexes of the same ligand were synthesized,
and some of them, as well as the ligand itself, were characterized by X-ray
structural analysis.31:41,42

In its crystalline state, the ligand consists of the [H>SalGT]* cation and Cl-,
and the donor atoms — the hydrazine nitrogen N(1), carbonyl oxygen O(1) and
phenolic oxygen O(2), are mutually in a cis-position, i.e., in the position that is
favorable for coordination3! (vide infra). Otherwise, this is not the case with
compounds of a similar class, such as the majority of semicarbazones,4344 in
which the carbonyl oxygen in the free ligand is in the trans position with respect
to the hydrazine nitrogen.

In the isostructural square-pyramidal complexes of copper(ll) with the same
ligand, of the formula [Cu(HSalGT)X2]-H20O (X = CI, Br), the tridentate ONO
ligand is coordinated in its neutral, i.e., monodeprotonated form, through the car-
bonyl oxygen, hydrazine nitrogen and the oxygen of the deprotonated phenalic
hydroxyl.31

Apart from the mentioned copper(ll) complexes, a zinc(ll) complex of the
formula Zn(SalGT)Cl-2H,0%2 was prepared. It involves the monodeprotonated
form of the ligand, as in the previously described complexes of dioxovana-
dium(V)28 and dioxomolybdenum(V1).40

Finally, there are also the complexes in which the ligand [H2SalGT]Cl plays
the role of the cation, which is capable of precipitating some voluminous com-
plex anions. Thus, the reaction of aqueous solutions of the ligand and
NH4[Cr(NCS)4(NH3)2], K4[Fe(CN)g], K3[F&(CN)g], or Nap[Fe(CN)sNO], in a
molar ratio of 1:1 gave complexes of the composition:

[H2Sa GT][Cr(NCS)4(NH3)2], [H2Sal GT]4[Fe! (CN)g]-8H20,

[H2Sal GT]3[Fe !/ (CN)g]-2H20 and [HoSal GT]o[Fe!ll (CN)sNO].41

Revenco et al.33 synthesized and characterized the structure of a new ligand,
a derivative of the Girard-T reagent and 5-bromosalicylaldehyde, [(CH3)sN™—
—CH>—C(=O)NH-N=CH-CgH3(OH)(Br))]Cl, [5-BrH>SalGT]Cl, and its com-
plexes with Fe(l11) of the formulas:

[Fe(5-BrSalGT)Cl5] and [Fe(5-BrSalGT)(NCS)2(H20)].

The chlorido complex was obtained in the reaction of an ethanolic solution
of FeCl3 and the ligand, while the thiocyanato one was formed in the reaction of
an agueous ethanolic solution of the chlorido complex and NH4NCS.

It was found that the Fe(lll) in the chloride complex was in a distorted
square-pyramidal environment, which was realized by ONO coordination of the
doubly deprotonated Schiff base ligand and two chloride ligands. In the second
complex, the octahedral surroundings of Fe(lll), in addition to the ONO donor
atoms of the organic ligand, were realized with two nitrogen atoms of the NCS~-
and the oxygen atom of a water molecule. Both complexes were high-spin and
were ordinary paramagnets down to 2 K.
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COMPLEXESWITH GIRARD REAGENTS AND THEIR HYDRAZONES 1137

The condensation of 2-formylpyridine with the Girard-T reagent in MeOH
yielded [(CH3)3N*—CH—C(=0)NH-N=CH-CsH4N)]Cl, [H(2-PyGT)]Cl.34 This
compound (DMF solution) reacted with iron(l11) or copper(ll) chloride to give
the deformed octahedral complex [Fe(2-PyGT)Cl3] (vide infra) and the deformed
square-pyramidal complex [Cu(2-PyGT)Cl,]-H20. In these complexes, the tri-
dentate NNO organic ligand is formally a neutral species, but acts as a zwitterion,
i.e, the quaternary ammonium cationic group is compensated by a negative
charge resulting from deprotonation of the enolic tautomer. As expected for
mononuclear complexes, the small and negative Weiss constant of this com-
pounds indicates that the spin carriers are only in very weak antiferromagnetic
interactionsin the crystal lattice.

The metal complexes with Schiff bases derived from pyridoxa (PL), e.g.,
3-hydroxy-5-(hydroxymethyl)-2-methylpyridine-4-carboxaldehyde (one of the
forms of vitamin B6) and the Girard-T reagent was the subject of studies of
Leovac et al.3041,42,4546 The dichloride salt of the ligand, pyridoxal Girard-T
hydrazone dihydrate, [(CH3)3N*—CH>—C(=O)NH-N=CH-CsHN*H(CH3)(OH)-
(CH20H))]Cly, [H3PLGT]Cl»-2H20, was obtained by reaction of an ethanaolic
solution of the Girard-T reagent and pyridoxal hydrochloride. In [H3PLGT]
Cl»-2H50, the pyridine nitrogen of the pyridoxal is protonated. Its first depro-
tonation step was the loss of the most acidic proton (of the phenolic hydroxyl),
whereas the neutral form resulted from an additional deprotonation of the eno-
lized form of the carbonyl group. To obtain a monoanionic form, it is necessary
to extract additionally the least acidic proton bound to the pyridine nitrogen of
pyridoxal, for which the presence of a proton acceptor, e.g., ammonia, acetate,
etc. isrequired.4’

The first structurally characterized complex with this ligand is the cobalt(l11)
complex [Co(HPLGT)(NOy)3]-H20,30 which was obtained by the reaction of
aqueous solutions of Nag[Co(NO»)g] and the ligand in amolar ratio of 1.1 (Scheme
3). In this complex, the central atom is in an octahedral environment, which is
realized by the meridionally arranged ONO atoms of the tridentate Schiff base
and three monodentate N-bonded NO» groups (vide infra). The pyridoxal frag-
ment is in a zwitterionic form, which in the case of the coordinated ligand is
formed by deprotonation of the coordinated oxygen atom of the phenolic OH
group and protonation of the pyridine nitrogen.

The crystallization of the bis(tHPLGT) cobalt(l11) complex with common
small anions appeared to be unsuccessful 4! whereas the addition of more volu-
minous anions enabled the isolation of the complexes [Co(HPLGT),](PFg)3,3°
and [Co(HPLGT)5][Cr(NCS)4(NH3)2]3-8H20.41 These complexes were prepared
by the reaction of aqueous solutions of Nag[Co(NO»)g] and the ligand in a molar
ratio of 1:2, in the presence of ammonium salts of PFg, or [Cr(NCS)4(NH3)2]~
(Scheme 3).
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[Co(NO,)]*

[H;PLGT]CL, - 2H,0 2[H;PLGT]CL, - 2H,0
H,O H,0, reflux

J
[Co(HPLGT)(NO,)3] - H,O [Co(HPLGT),]**
(solution)

MeOH
NH,

PF¢ [Cr(NCS);(NH3), ]

[Co(PLGT)(NO,),(NH5)] - 3H,0

[Co(HPLGT),](PF¢)s [Co(HPLGT),J[Cr(NCS)4(NH3),]3- 8H,0
Scheme 3. Preparation of the Co(l11) complexes with pyridoxa Girard-T hydrazone.

Findly, the reaction of the MeOH solution of the complex [Co(HPLGT)-
(NO2)3]-H,030 with an excess of NH3(aq) gave the non-electrolyte complex:
[Co(PLGT)(NOy)2(NH3)]-3H,0.41.45

As can be seen from the formula, the replacement of one nitro ligand with an
NH3 molecule occurred, with the simultaneous deprotonation of the Schiff base,
i.e., of the pyridoxal ring. This s the first example of a complex in which the li-
gand is coordinated in its triply deprotonated form.

Isostructural, most probably square-pyramidal, complexes of Cu(HPLGT)X >
(X = Cl or Br) were obtained in the reaction of CuX> (X = Cl or Br) with
[H3PLGT]Cl»2H,0.42 Starting from copper(l1) nitrate, the authors obtained a
complex Cu(HPLGT)CI(NOs).4! In two other complexes of this metal,4° the li-
gand is coordinated in its triply deprotonated (monoanionic) and doubly depro-
tonated (neutral) form, giving the [Cu(PLGT)N3] and the square-pyramidal
[CU(HPLGT)(NCS)2] complexes, respectively, the latter of which was characte-
rized by X-ray structural analysis.

Here, it is important to stress that attempts to synthesize copper complexes
that would, in addition to this ligand, contain also pyridine and its methyl deri-
vatives, were unsuccessful, since the result was the mentioned complexes.41 Such
a behavior of pyridoxa Girard-T hydrazone is in contrast to the behavior of the
similar tridentate Schiff bases.

To date, two zinc complexes with this ligand are known, one of them being
the chloride complex of composition Zn(HPLGT)Cl,,42 which in reaction with
NH4NCS gave Zn(HPLGT)(NCS),-H,0.4°

In the reaction with ammonium metavanadate, pyridoxa Girard-T hydrazone
gave gold-yellow crystals, the preliminary structural analysis of which showed
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COMPLEXESWITH GIRARD REAGENTS AND THEIR HYDRAZONES 1139

that the composition of the formed complex was [VO,(PLGT)]-H20 (Fig. 5).48
As can be seen from the formula, the complex contains the ligand in its monoan-
ionic form, formed by deprotonation of the pyridine nitrogen atom, which could
be expected since the reaction was performed in an ammoniacal medium. The
complex has a pentacoordinated structure (deformed square-pyramid) with two
oxo-ligands in the cis position. As mentioned above, there is another analogous
complex with the salicylaldehyde ligand, [VO,(SalGT)].28

CH,4 OO\\\V /40

g | N/ \c N(CHj)

= - 3)3

AN I(}I = \N/ \CH2
CH,OH

Fig. 5. Structure of [VO,(PLGT)].

Finally, the reaction of pyridoxa Girard-T hydrazone with some anionic
complexes of Cr(l11) and Fe(ll and 111) gave complexes in which the hydrazone
ligand plays the role of the outer-sphere counter ion [H3PLGT]2*. Thus, the
reaction of a methanolic solution of the ligand and Reinecke salt,
NH4[Cr(NCS)4(NH3)2], in the mole ratio of 1:1 gave a complex of the compo-
sition [H3PLGT][Cr(NCS)4(NH3)2]2-2CH30H, whereas the complexes:

[H3PLGT][Fe!l(CN)g]-3H20, [H3PLGT]3[Fe!!l(CN)glo-2H,0 and

[H3PLGT][Fe!ll(CN)sNO]-3H,0
were obtained by mixing a methanolic solution of the ligand with agueous solu-
tions of K4[Fe(CN)gl, K3[Fe(CN)g] and Nag[Fe(CN)sNO]-2H-0, respectively, in
amoleratio of 1:1.41

In continuation of their study of the synthesis of new derivatives of the Gi-
rard-T reagent, Leovac et al. investigated the possibility of the preparation of the
Schiff bases of this reagent and acetylacetone (Hacac), i.e., of Hacac mono- and
bis(Girard-T hydrazone).4> To this end, they performed the reactions in metha-
nolic solutions of the Girard-T reagent and acetylacetone in the molar ratios of
1:1 and 2:1 in the presence of acetic acid. To such solutions, they added metha-
nolic solutions of CuCly, which, instead of a complex with the desired Schiff
base, resulted in a mixture of monocrystals: brown [Cu(acac)>] 2[Cu(3,5-
-Meypz)oClo] (3,5-Meypz = 3,5-dimethylpyrazole), green [Cu(3,5-Mexpz)oCl5] o,
and blue Cu(acac)», the identity and structural analysis of which were established
by X-ray structural analysis, while the latter two complexes were previously
characterized.49.50
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1140 VOJINOVIC-JESIC et al.

Here, a cyclization reaction occurred between the condensed hydrazide moi-
ety of the Girard-T reagent and acetylacetone, resulting in the formation of a py-
razole derivative and elimination of the trimethylammoniumacetyl moiety in the
presence of metal ions because of the weaker NH-CO bond due to the coordi-
nation. The formation of a complex with the above pyrazole derivative is not
surprising since the reactions of acetylacetone and hydrazine derivatives are
known to result in the corresponding pyrazole derivatives.®!

Novakovi¢ et al.,46 by reaction of a methanolic solution of 2,3,4-trihydroxy-
benzaldehyde Girard-T hydrazone with ZnCl» obtained white monocrystals, the
crystal structure of which contained the tetrachloridozincate ion and two Girard-T
hydrazone cations.

It is known that 2,6-diacetylpyridine is an excellent precursor for the syn-
thesis of a number of bis(Schiff base) ligands in which they act as planar penta-
dentate ligands,>2 promoting thus the formation of heptacoordinated pentagonal -
bipyramidal complexes. A number of manganese(ll) complexes have been syn-
thesized in which bis(hydrazone) chelating agents may participate with different
sets of donor atoms, including the N3O» set,52-56 involved also in the title ligand.
In a study®’ the ligands, 2,6-diacetylpyridine bis(Girard-T/P hydrazone) dichlo-
ride were obtained in the form of anhydrous salts, although they were recrystal-
lized from water—ethanol systems. However, neither physico-chemical characte-
rization of the given hydrazone Girard-T ligand nor elemental analysis data were
given in the paper. The authors only showed that the listed ligands were suitable
for chromatographic determinations of Ti(1V), U(VI), Fe(lll) and V(V).57 Leo-
vac et al.32 described a simpler method for the synthesis of 2,6-diacetylpyridine
bis(Girard-T hydrazone)dichloride ligand in the form of the tetrahydrate salt,
[[(CH3)asN"—CH2—C(=O)NH-N=C(CH3)] 2CsH3N)]Cl2, [H2dap(GT)2]Cl24H20.
This ligand was obtained in high yield by the reaction of a warm methanolic so-
lution of the stoichiometric amounts of the Girard-T reagent and 2,6-diacetylpyri-
dine, the result being white fibrous crystals, stablein air.

Yellow, plate-like single crystals of the [Mn(H2dap(GT)2)(NCS)2] (NCS)o:
-CH30H32 complex were obtained by mild heating of a MeOH solution of the
ligand and MnCl, in amoleratio of 1:1 in the presence of an excess of NH4NCS.
The complex had pentagonal-bipyramidal coordination geometry, with the penta-
dentate N3O» ligand in the equatorial plane and two isothiocyanato groups in the
axial positions (vide infra).

Finally, as examples of non-hydrazonic Girard-T derivatives, 4-ethyl/ben-
zoyl-1-[2-(trimethylammonio)acetyl]thiosemicarbazide chlorides, [(CH3)3N*—
—CH>—C(=O)NH-NH-C(=S)NH-R]Cl, (R = -CoH5 or -C(=0)CgHs; [HoGTETS]
Cl, [HoGTBzIT]Cl, respectively) are mentioned. They are obtained in the reac-
tion of the Girard-T reagent and ethyl/benzoy! isothiocyanate and gave several
mono- and bi-nuclear complexes, which were characterized by spectroscopic me-
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COMPLEXESWITH GIRARD REAGENTS AND THEIR HYDRAZONES 1141

thods.%8:%9 Thus, [H,GTETS]CI gave binuclear complexes of cobalt(l1) and cop-
per(ll) of the formulas [Coy(GTETS)(OACc)(OH)(H20)3]Cl-CoH50H and
[Cux(HGTETS)(OH)3(H20)]Cl-0.5C,H50H.58 As can be seen from Fig. 6, one
cobalt atom is situated in an octahedral and the other in a square-planar environ-
ment, and the bridging ONS ligand is coordinated in its thiol form. An identical
coordination mode, but involving a thione form, was aso found in the copper
complex. In addition to these complexes, the same paper also describes a mono-
nuclear octahedral complex of copper(ll) with the formula [Cu(H>GTETS)-
(H20)2Cl5]CI-1.5H50, involving NS coordination of the ligand in its thione
form, as well as a tetrahedral complex of cobalt(ll) with the formula [Co
(H2GTETS)(H20)Cl 5] Cl-CoH50H, involving an S-coordination of the ligand.

H2O\CO/
C=N/ \S
/NS
O \O
o
|

CH;
Fig. 6. Proposed structure for [Coy(GTETS)(OACc)(OH)(H,0)4]*.

+
(CH3)3N —— CH2

NHEt
H,0

Co

OH,

In contrast to this ligand, in the case of the cation [HoGTBzIT]*, thanks to
the presence of another oxygen atom as ligator, the IR spectra indicated that,
apart from one nitrogen atom, both oxygen atoms were involved in the coordi-
nation.5® Such a coordination mode was also found in the mononuclear
Cr(HGTBzIT)ClI3-3H20, Ni(GTBzIT)Cl-5H>0, and Cd(H,GTBzIT)Cl3-3H20
complexes, in the binuclear complex Cox(GTBzIT)Cl3-4H>0 and in the trinuc-
lear complexes of Cu(ll) and Zn(1l) of the formula M3(HGTBzIT)(GTBzIT)Cls-
-3H20. The only exception from such a coordination mode of [HoGTBzIT]* that
has hitherto been reported is the bis(ligand) complex Mn(H>GTBzIT)2Cly, in
which the bidentate coordination of the ligand involves the OS or NS ligator
atoms.® In addition to the spectroscopic characterization of the above com-
plexes, their stability in both the solid state and solution were also investigated.
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3.2.2. Complexes with Girard-D hydrazones

Of the complexes with Girard-D hydrazones, to the best of our knowledge,
only complexes with the diacetylmonoxime Girard-D hydrazone, [(CH3)oN*H-
—CH>—C(=O)NH-N=C(CH3)—C(CH3)=NOH]CI, [HDMGD]CI have been re-
ported. Thus, mono-ligand complexes [M(HDMGD)CI,]Cl (M(I1) = Cd or Hg),
and his(ligand) complexes [Cu(HDMGD)2Br>]Cl> and [M(DMGD)2(H20)2]Clo-
nH>0, (M = Ni(ll), Cu(ll) or UV!O,) were synthesized by Mostafa et al.36 In the
complexes of cadmium(l1) and mercury(ll), NO bidentate coordination was as-
cribed to the hydrazone ligand, which was realized by coordination of the car-
bonyl oxygen atom and the azomethine nitrogen atom. In view of the partici-
pation of two chlorine atoms in the coordination, the authors supposed that these
complexes had a tetrahedral geometry. For the octahedral bis(ligand) complexes
[M(DMGD)2(H20)>]Cl>-nH20, which were obtained in the presence of sodium
acetate, the authors al so supposed a bidentate coordination of the ligand, but with
the participation of the oxygen atom of the enol form. In contrast to these com-
plexes, in which this hydrazone ligand is coordinated bidentately, for the bis(li-
gand) complex of copper(ll), [Cu(HDMGD)2Br»]Cl5, based on IR spectral anal-
ysis, monodentate ligand coordination was proposed, which involved two azo-
methine nitrogen atom of two HDMGD cations that, together with two bromine
atoms, formed a square-planar environment around the copper(11).36

3.2.3. Complexes with Girard-P hydrazones

In contrast to the Girard-P reagent, with which, to the best of our knowledge,
no metal complexes have been reported up to now, several complexes of its hyd-
razones have been described. Thus, Wang et al.2860 described the syntheses,
spectroscopic properties and X-ray structures of the neutral square-pyramidal
VO,* and monocationic octahedral MoO22* complexes with the ONO salicyl-
aldehyde Girard-P hydrazone, [CsH5N*—CHo—C(=O)NH-N=CH-CgH4—OH]Cl,
[H2SalGP]CI, of the formula [VO2(SalGP)]-CH30H and [MoOy(SalGP)
(CH30H)]CI, respectively. In addition to the mentioned complexes, the same
authorsbl also synthesized and structurally characterized the square-pyramidal
VOo* complex with tridentate ONO benzoylacetone Girard-P hydrazone, of the
formula [VO2(BAGP)]-CH3CH2OH (H2BAGP = CsHsN*—CHo>—C(=O)NH-
—N=C(CH3)-CH>—C(=0)—CgHs) (vide infra). The complexes were obtained in
reaction of acoholic solutions of MoOy(acac), or NEt4V O3 with the corresponding
Schiff bases.

Several complexes of the general formula [M(SalGP)(H20)]Cl-nH,0O (M =
= Ni(Il), Co(l1) or Zn(I)), as well as the copper(ll) complex [Cu(SaGP)]oCl>,
involving the same ligand, have been described in the literature.62

With a ligand similar to that above, i.e., o-hydroxyacetophenone Girard-P
hydrazone, [CsH5N*—CH>—C(=O)NH-N=C(CH3)—CgH4—OH]CI, [H,AFGP|Cl,
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several complexes of the formula M(AFGP)(H20)Cl (M = Co(ll), Ni(l1), Cu(ll)
or Zn(11)) have been reported.3’ In these complexes, in addition to the tridentate
ONO coordination of the doubly deprotonated ligand, the fourth coordination site
is ascribed to a water molecule. There appeared an interesting possibility of ther-
mal dehydrohal ogenation of these complexes. Namely, the results of differential
thermal analysis showed the formation of stable complexes of non-electrolyte
type, [M(AFGP-H)]-H20.

Finally, a series of metal complexes with the derivatives of Girard-P reagent
and 4-benzoylthiosemicarbazide, i.e., with 4-benzoyl-1-(2-pyridinioacetyl)thio-
semicarbazide chloride, [C5H5NT—CH>—C(=0O)NH-NH-C(=S)NH-C(=0)-
—CgHs]Cl, [HoGPBzI T]Cl have been described.63 The IR spectra of the complex
Mn(HGPBzIT)»Cl»-2H20 showed that the ligand behaves as a bidentate chelate.
It coordinates via CS in the thione form and the enolized carbonyl oxygen of the
benzoyl moiety with the displacement of a hydrogen atom from the latter group.
Furthermore, in the complexes, Cr(HGPBzIT)Cl3-H20, Co(HGPBzIT)Cl, and
Zn(HGPBzIT)Cl»-2H50, the ligand [H2GPBzIT]Cl behaves as a tridentate che-
late. In Ni(GPBzIT)CI-H>0, Cup(GPBzIT)Cl3-2H,0 and Cdy(GPBzIT)CI-
(OAC)2:2H20, the ligand behaves as a tridentate chelate, involving the enolic
oxygen of both CO groups and the nitrogen of the NH group. In addition to spec-
troscopic methods (IR and UV-Vis), the obtained complexes were also charac-
terized by thermal analysis and by determination of the stability constants.

4. STRUCTURAL CHARACTERISTICS

The structural properties of the Girard reagent-based compounds are re-
viewed based on information available in the Cambridge Structural Database
(CSD).%4 The CSD search revealed only 22 such compounds, of which 14 were
complexes the crystal structures of which were characterized by X-ray structural
analysis. Out of al the reported crystal structures, 19 are derivatives of the Gi-
rard-T reagent, while only three are Girard-P reagent-based compounds. To the
best of knowledge, no structural data concerning the Girard-D reagent are avail-
able. An overview of the compounds and their selected structural parameters is
givenin Tables | and Il. The general atom-numbering scheme of the moieties of
the Girard reagents employed in this work was retained from the reports of
Leovac et al.30-324546 (see Fig. 7a).

The crystal structures reported can be divided into four groups:

— Non-coordinated Girard-T reagent,10 both unmodified or with the substi-
tuted amino H, all present as cations with the bulky [BPhg]~ as a counterion
(structures 1-3);

— Non-coordinated Schiff bases Girard-T hydrazones. Hitherto, the Schiff
bases of salicylaldehyde (4),31 5-bromosalicyladehyde (5),33 indole-2,3-dione
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(6),55 2,3,4-trihydroxybenzaldehyde (7),46 as well as of isobutyraldehyde (8),10
have been reported;

— Coordination compounds with Girard-T hydrazones (9—19);28,30-34,40,45

— Coordination compounds with Girard-P hydrazones (20-22).28,60,61

TABLE I. Selected bond distances (A) in the crystal structures of Girard-based compounds
Cl- N1- N2- Cl- N3 M- M- M-

Compound Ol N2 cl clo c10 o1 N1 x Re
[H,GT]BPh, (1) 121 143 134 150 150 - - — 10
[PANHCO-HGT]BPh, (2) 121 138 134 151 149 - - — 10
[CHsCO-HGT]BPh, (3) 122 137 133 152 150 - - — 10
[H,SalGT]Cl (4) 122 137 134 152 150 - — — 31
[5-BrH,SaGT]Cl (5) 122 138 135 153 151 - — — 33
[Indole-2,3-dione GT]Cl (6) 121 136 136 151 150 - - - 65
[CiHigNOJ3[ZNCl]-CHOH (7)° 1.21 1.37 135 151 149 — — — 46

120 137 135 152 151 - - — -
[i-BUGT]BPh, (8) 121 138 134 151 150 - - — 10
[CUu(HSAGT)Cl,]-H,0 (9) 128 135 129 150 150 205 1.98 1.90 31
[Cu(HSalGT)Br,]-H,0 (10) 124 138 132 151 151 203 197 191 31
[VOL(SAGT) (1) 129 140 128 149 153 200 213 1.90 28
[MoOL(SAGT)(CHsOH)]I (12) 131 146 123 156 154 200 222 1.92 40
[Fe(5-BrSaGT)Cl,] (13) 129 141 130 151 152 1.98 209 191 33

[Fe(5-BrSaGT)(NCS),(H,0)] (14) 1.31 141 130 151 148 200 2.08 193 33
[Co(HPLGT)(NO,)3-H,O (15) 128 140 130 151 150 1.89 1.88 1.86 30

[Cu(HPLGT)(NCS),] (16) 126 139 131 153 148 1.96 192 191 45
[Fe(2-PyGT)Cl4] (17) 128 138 132 150 151 201 212 217 34
129 138 130 152 148 202 212 216
[Cu(2-PyGT)Cl,]-H,O (18) 128 138 133 151 152 201 194 203 34
[Mn(H,dap(GT),)(NCS),]- 123 137 123 151 149 231 232 - 32
(NCS),-CH30H (19) 124 137 124 152 151 231 230 2.29
[VO,(SalGP)]-CH3OH (20) 130 141 129 150 148 1.97 214 1.89 28

[MOOL(SAGP)(CH;0H)]Cl (21)  1.34 1.41 129 148 — 202 224 191 60
[VO,(BAGP)]-CHsCH,OH (22)  1.27 1.41 130 151 146 198 2.13 1.98 61

qC1oH1gN304]* = 2,3 4-trihydroxybenzaldehyde Girard-T hydrazone cation; Pthe structure contains two Gi-
rard reagent fragments or two independent molecules

In the solid state, all non-coordinated ligands appeared as cations, with the
positive charge located on the quaternary ammonium group. The fragment
C2-N1-N2H-C1(01)—C10-N3 within the Schiff base is planar or dightly de-
viating from planarity. In fact, in the case of 4 (Fig. 7a) and its 5-bromo deri-
vative 5, all atoms of the structure, except for two methyl groups attached to the
terminal N3, lie in the mirror plane. In most of the structures, the carbonyl O1
atom is placed cis to the azomethine N1 (Z configuration with respect to the C—-N
bond). The exceptions are the structures 6 (Fig. 7b) and 8, in which the trans
position of these atoms was observed (E configuration). As previously explained
for the case of the Schiff bases of thiosemicarbazide,43 the configuration of the
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COMPLEXESWITH GIRARD REAGENTS AND THEIR HYDRAZONES 1145

ligands is mostly influenced by the formation of intramolecular hydrogen bonds.
Thus, in the case of 4 (Fig.7a), the Z configuration is stabilized by the interaction
of the phenolic hydroxyl and the azomethine N1, while in 6, in the E configu-
ration (Fig. 7b), an intramolecular interaction between the carbonyl O2 and the
hydrazine N2H group could be expected. The Z configuration of the Girard hyd-
razones provides a suitable arrangement of the donor atoms for coordination to
metal ions. Therefore, in al reported complexes, the Girard-T or Girard-P frag-
ments coordinate via the azomethine N1 and carbonyl O1 atoms. In most of the
structures, the Girard-based hydrazones coordinate as tridentate ligands involving
the third donor atom from the condensed carbonyl moiety. The exception is the
pentadentate ligand 2,6-diacetylpyridine bis(Girard-T hydrazone) in the Mn(l1)
complex 19, which is, up to now, the only reported crystal structure comprising a
Girard reagent-based ligand with a denticity larger than three.

TABLE Il. Selected bond angles (°) and torsion angles (°) for crystal structures of the Girard
reagent-based compounds (T1 = O1-C1-C10-N4; T2= N1-N2-C1-01; T3 = C1-N2-N1-
—C2; T4 = C1-01-M-N1; T5 = X-M-N1-C2)

Compound O1-M-N1 Ni1-M—-X T1 T2 T3 T4 T5 Ref.

1 - - 20.9 8.8 - - - 10
2 - - 13.0 -16 728 - - 10
3 - - 596 47 1639 - - 10
4 - - 8.9 1693 -173.7 - - 31
5 - - 0.0 0.0 0.0 - - 33
6 - - 0.0 0.0 0.0 - - 65
7 - - -049 1753 1753 - - 46
21.6 45 1701 - -
8 - - -17.8 2.0 174.4 - - 10
9 79.6 90.9 82.7 -20 1786 93 —2.5 31
10 79.8 90.8 —80.6 49 1799 99 4.2 31
11 735 82.2 89.5 0.2 179.4 4.1 6.3 28
12 73.6 79.4 73.4 -71 -1768 37 137 40
13 75.4 85.1 - - - - - 33
14 76.6 86.2 - - - - - 33
15 83.2 94.8 —93.3 0.2 1778 -16 19 30
16 80.8 91.0 —71.1 02 1765 59 4.6 45
17 75.0 73.6 82.2 -08 -1766 -50 4.7 34
73.8 73.8 -116 11 1799 22 14
18 78.8 811 78.5 51 1799 116 -39 34
19 68.5 67.8 —63.0 2.3 1798 124 5.1 32
66.2 68.3 —410 29 1783 7.4 6.8
20 73.6 82.3 1775 04 1778 49 291 28
21 735 81.9 - - - - - 60
22 735 82.0 -162.7 25 1783 113 15.6 61
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It is worth mentioning that within the extracted complexes, the Girard re-
agent-based ligands behave as:

— neutral — in which the positive charge of the quaternary ammonium group
is neutralized by deprotonation of the H atom belonging to the condensed car-
bonyl moiety (9 and 10), or by the deprotonation of the enolic H atom, formally
belonging to the hydrazine N2H group (17 and 18), or both (15 and 16);

— negatively charged (—1) —in which the H atom belonging to the condensed
carbonyl moiety and the enolic H atom are both dissociated (11-14 and 20-22);

— positively charged (+2) — in which only a positive charge exists that is lo-
cated on the quaternary ammonium fragments (19).

Fig. 7. The molecular structure of ligands @) [H,SalGT]Cl (4) and b) [indole-2,3-dione GT]ClI
(6) displaying Z and E configuration, respectively (the CIF file does not contain
information concerning the H atomsin compound 6).

Up to now, metal complexes with salicylaldehyde Girard-T and Girard-P
hydrazones as ligands represent the largest family of compounds. These Schiff
bases can coordinate in the neutral form via the deprotonated phenolic 02, azo-
methine N1 and carbonyl O1 (9 and 10) or as an anion, where the latter atom par-
ticipates in the deprotonated enol form (11, 12, 20 and 21). The crystal structures
of the two isostructural complexes 9 and 10 with the neutral HSalGT ligand have
been reported (Fig. 8).31 The Cu(ll) ion is here located in a square-pyramidal en-
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COMPLEXESWITH GIRARD REAGENTS AND THEIR HYDRAZONES 1147

vironment (the z values are 0.20 and 0.19 in 9 and 10, respectively) formed by
the chelating ligand, one halogen atom in the basal plane and the second halogen
in the apical position.

(X = Cl, Br)

Fig. 8. The molecular structure of complexes [Cu(HSalGT)Cl,]-H,0 (9)
and [Cu(HSalGT)Br,]-H,0 (10).

The same (ONO) coordination mode of the ligand, but involving the carbo-
nyl O1 in a deprotonated enol form, was reported for the dioxovanadium(V)
complex28 11 and dioxomolybdenum(V1) complex40 12, as well as for their Gi-
rard-P analogues, 2028 and 21.60 According to the r value of 0.44, the geometry
of the VO>* complex 11 can be described as very deformed square-pyramidal or
trigonal-bipyramidal. The analogue complex 20, on the other hand, displays a
more regular, square-pyramidal configuration, with a z value of 0.08. The catio-
nic MoO,2* complex 12 and the analogous complex 21 have a similar octahedral
geometry, where the oxygen atoms of the Schiff base occupy the axial positions
while the azomethine N1 takes one of the equatorial sites.

Similarly to the VO2* complex 20, which is one of the three complexes with
Girard-P hydrazones characterized by X-ray crystallography, complex 22 has
square-pyramidal geometry6! (z = 0.12) (Fig. 9). In this complex, the monoan-
ionic ligand benzoylacetone Girard-P hydrazone is coordinated via the enolized
carbonyl O1 and O2 atoms, and the azomethine N1 atom. Revenco et al.33 re-
ported the crysta structures of Fe(l11) complexes with the tridentate ONO 5-bromo
derivative of the [H,SalGT]Cl ligand (13 and 14), which also coordinates to the
metal as a monoanion. The coordination polyhedron of complex 13 was described
as a much distorted square-pyramid (z = 0.38), while complex 14 has an octahed-
ra structure. The increase in the coordination number in 14 in comparison with
13 has been explained by the smaller steric hindrances of the NCS compared to
the Cl anions which allowed additional coordination of the water molecule.33

The pyridoxa Girard-T hydrazone represents a specific ligand which can co-
ordinate in a twice-deprotonated, and yet neutral form, as found in the case of the
Co(ll) (Fig. 10) and Cu(ll) complexes.3045 This tridentate ligand coordinates
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through the deprotonated carbonyl O1, the azomethine N1 and the oxygen of the
deprotonated phenolic hydroxyl, forming, as above, fused five- and six-mem-
bered chelate rings. The negative charge is neutralized by the positive charges lo-
cated on the quaternary ammonium and pyridoxal fragments. In the octahedral
Co(l11) complex 15, the three donor atoms of the chelate ligand, together with the
N-coordinated nitro group, form the equatorial plane of the polyhedron.30 In the
Cu(ll) complex 16, the chelate ligand, together with one NCS anion, forms the
basal plane of adistorted square pyramid (z = 0.11).45

Fig. 9. The molecular structure of the complex [V O,(BAGP)]-CH3;CH,0OH (22)
(the disordered molecule of the solvent is excluded for the sake of clarity;
the CIF file does not contain information concerning the H atoms).

Fig. 10. The molecular structure of complex [Co(HPLGT)(NO,)3]-H,0 (15).

Unlike the above Schiff bases, whose coordination results in the fused five-
and six-membered chelate rings, the NNO coordination of the 2-pyridinecarbox-
aldehyde Girard-T hydrazone results in the formation of two five-membered
rings.34 Until now, two complexes comprising this neutral tridentate ligand have
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been reported, the octahedral Fe(lll) complex 17 (Fig. 11) and the square-pyra-
midal Cu(ll) complex 18 (z = 0.15).

The pentagonal-bipyramidal Mn(11) complex 19 (Fig. 12) is, to our know-
ledge, the only structurally characterized complex involving a pentadentate Gi-
rard reagent-based ligand.32 This is also the only complex where the ligand is co-
ordinated as a cation. Through the symmetric coordination, the pentadentate li-
gand forms two pairs of fused five-membered chelate rings, which define the
equatorial plane. The pentagonal-bipyramidal coordination geometry around the
Mn(Il) is completed by two NCS groups that occupy the axial positions, while
two remaining NCS anions, out of the coordination sphere, neutralize the com-
plex cation.

Fig. 11. The molecular structure of complex [Fe(2-PyGT)Cl3] (17)
(one of the two independent molecules).

Fig. 12. The molecular structure of complex [Mn(H,dap(GT),)(NCS),](NCS),-CH30H (19).
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It is difficult to observe the straightforward differences between the geomet-
ries of the Girard reagent-based ligands when they coordinate as neutral, posi-
tively or negatively charged. As can be seen from Table I, the C1-O1 bond
lengths in the free positively charged ligands have an average value of 1.22 A,
indicating a pronounced double bond character. As expected, the involvement of
the O1 atom in coordination to the metal ion causes a noticeable elongation of the
C1-01 bond. The finer changes are most obvious if we compare the behavior of
the ligand within the largest set of compounds i.e. the complexes of salicylalde-
hyde Girard hydrazones (Table I). Namely, the C1-O1 bond in the complexes
with aneutral ligand (9 and 10), is noticeably shorter (C1-Ol(ay,) = 1.26 A) com-
pared to the same bond in the complexes with an anionic ligand (C1-Ol(y ) =
= 1.30 A). The similar length of the C1-O1 bond for anionic ligands can be ob-
served in the complexes of the mononegative salicylaldehyde Girard-P
(C1-Ol(a) = 1.32 A) and 5-bromosalicyladehyde Girard-T (C1-Ol(a,) = 1.30 A)
hydrazones. In contrast to these examples, the pentadentate 2,6-diacetylpyridine
bis(Girard-T hydrazone) is up to now the only ligand coordinated as a cation,
where the keto form of the carbonyl O1 ligator is preserved.32 This is evidenced
by the shortest lengths of the corresponding C1-O1 bonds (1.24 A), which are
closer to those found in the free ligands. Based on the data listed in Tablel, it is
possible to suggest that the N1-N2 bond is also affected by the deprotonation of
the ligand. Namely, the average bond length in the complexes containing neutral
or positively charged ligands (1.38 and 1.37 A, respectively) is somewhat shorter
than in the complexes with anionic ligands (1.41 A). As regards the coordination
sphere, it can be observed that in complexes 9, 10 and 19, containing the ligand
in its keto form, the length of the M—N1 coordination bond is shorter or similar to
that of the M—OL1 (Table I). In the complexes containing the ligand in the depro-
tonated enolic form (11-14, 17, 18 and 20-22) the coordination bond M—N1
becomes noticeably longer than the M—O1. However, the different nature of the
central metal ions should be born in mind. The coordination angles O1-M—-N1
and N1-M-X in most of the cases deviate significantly from 90° (Table II),
which can be a consegquence of the tendency of ligand to form fused chelate rings.

A most common feature of all the Girard reagent-based ligands, either neut-
ral or charged ones, is the delocalization of the electron density within the
C2-N1-N2-C1(01) fragment. Thisis evidenced by the values of the bond lengths
that are between the values for single and double ones (Table I). Taking into
account that in most of the cases the condensed carbonyl compound represents a
part of some aromatic system, the delocalization often extends to the whole
hydrazone moiety. The remaining C1-C10 and C10-N3 bonds are, on the other
hand, practically single bonds and thus alow for free rotation of the quaternary
ammonium fragment (this important property will be described later in more de-
tail). In accordance with the mentioned del ocalization, the most of non-hydrogen
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atoms in the free and coordinated ligands are approximately coplanar. As des-
cribed, the coordination of the Girard reagents-based ligands result in fused che-
late rings. The planarity of these rings is evidenced by the values of the T2 and
T3 torsion angles (Table 11, 9-22), which are rather uniform and do not exceed
[7.1] and |176.5]°, respectively. Somewhat higher twisting, and thus deformation
from the planar form, can be observed from the torsion angles T4 and T5, which
include the coordination bonds. The largest torsion angle (T5 = —29.1°) is found
in compound 20, in which the strong hydrogen bond existing between the com-
plex molecule and the solvent contributes to the deformation of the chelate rings.
In the analogous Girard-T derivative (11), which crystallizes without solvent, the
value of T5is 6.3°. The least deformation of the fused rings can be observed in
the Co(l11) complex with the pyridoxa Girard-T hydrazone (15).

Among the listed torsion angles, the largest variation in the values can be
found for T1, which describes the position of the quaternary ammonium or pyri-
dinium fragment with respect to the chelate rings. The N(CH3)3* group can ea
sily change its position by rotating around the C1-C10 and C10-N3 bonds. It is
important to remember that in the crystal structure of the free ligand, such as
[HoSalGT]* (Fig. 7a), the N3 atom is coplanar to the rest of the molecule, with
the T1 torsion angle equal to 0°. This position of the N(CH3)3* group is sup-
ported by the intramolecular C—H---O1 interactions which involve the quaternary
methyl groups.3! In the corresponding complexes 9 and 10 (Fig. 8), in which the
O1 atom is engaged in coordination, the N(CH3)3™ group shifts out of the plane
of the ligand and orients toward the axialy bonded ligand to form the corres-
ponding C—H---X2 intramolecular interactions (T1 is equal to 82.7 and —80.6° in
9 and 10, respectively). Due to these interactions, the O1-Cu—X2 angle appears
smaller than the other X2-coordination angles.31 A similar, nearly orthogonal,
orientation of the N(CH3)3™ group (T1 =—-93.3°), isfound in the crystal structure
of 15, in which a very strong intramolecular hydrogen bond is formed between
the methyl groups of the N(CHz)3* fragment and the axial NO5 ligand.30 It should
be noted, however, that the intermolecular interactions can also affect the posi-
tion of the N(CH3)3* group. This is the most obvious in the case of 17, which
crystallizes with two independent molecules in the unit cell.34 The N(CH3)3*
groups in these molecules display rather different orientations (the T1 values are
82.2 and —11.6°), which can be explained by the differences in their intermole-
cular interactions. Significant differences were also found in the orientation of
the two N(CH3)3* groups of the symmetrically coordinated Hodap(GT)22* in
complex 19.32 In contrast to the Girard-T reagent-based complexes, in which the
guaternary ammonium N3 atom significantly deviates from the rest of the chelate
ligand, the data available for the two Girard-P reagent-based complexes (20 and
22) show that the corresponding quaternary pyridninum N3 atom remains more
coplanar with the chelate rings (the T1 values are 177.5 and —162.7°, respecti-
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vely). The pyridinium ring, however, can form different dihedral angles with res-
pect to the nearest, five-membered chelate ring (62.3 and 83.0° in 20 and 22, res-
pectively), which suggests free rotation of the pyridinium fragment under the in-
fluence of the intermolecular interactions.

In general, the crystal structures of the reported Girard reagents-based com-
pounds display extensive and diverse intermolecular interactions. In the complex
compounds, the Girard reagents-based ligands have several potential hydrogen
bonding binding sites. The most frequently engaged are the atom N2 (which can
act as a donor or as an acceptor, depending on the deprotonation), the atom O1
(which upon coordination retains its acceptor abilities) and the possible binding
sites from the condensed carbonyl moiety. In addition, as the chelate rings,
together with the condensed carbonyl moiety, form extensive n-delocalized sys-
tems, the Girard reagent ligands can also engage in ni---n and C—H---nt interactions.
The most specific fragments of these ligands, the quaternary ammonium and py-
ridinium groups, are highly interactive and prefer the surroundings of the strong-
est hydrogen bonding acceptors, such as O, N, Cl, Brand S.

5. CONCLUSIONS

Although Girard reagents have been known for more than 70 years, the first
paper in the field of the coordination chemistry of these compounds, involving
the Girard-T reagent, was published 33 years after the synthesis of this reagent.
Nowadays, complexes with this reagent are most numerous, whereas complexes
with the Girard-P reagent are, to the best of our knowledge, unknown.

Despite of the fact that a series of the Girard hydrazones are known, the
number of their metal complexes is relatively small. In the complexes, Girard
hydrazones behave as mono-, bi-, tri- or penta-dentate Schiff bases. Among the
complexes of the Girard hydrazones, those with the tridentate Girard-T hydra-
zones are the most numerous.

In the crystal structures, the Girard reagents-based ligands, either free or co-
ordinated, behave as highly delocalized systems and display considerable copla-
narity of most of the constitutive atoms. The exceptions are quaternary ammo-
nium and pyridinium groups, which can display different orientations under the
influence of intra- and inter-molecular hydrogen bonds.

Since the assumptions on the different coordination modes and denticities of
the non-hydrazonic Girard-T/P ligands were made based on their IR spec-
tra,58:59,63 it would be of interest to confirm these data by the X-ray structural
analysis of the complexes.
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U3BOJ

KOMIIJIEKCH ITPEJIASHUX METAJIA CA YXUPAPOBUM PEATEHCHMA
" BHUXOBUM XUIPASOHUMA

JbMJbAHA C. BOJUHOBWR-JEIINR', CIABAHA B. HOBAKOBHR?, BYKAIIMH M. JIEOBAL'
v BAJIEPUJA Y. UELIUBEBUR'

Tpupogno-mamemamuury Gaxynimen, Ynusepsumei y Hosom Cagy, Tpt J. Odpagosuha 3, 21000 Hosu
Cag u "Huciuiy 3a nyxreapne nayxe Bunua, Jlabopaiwopuja 3a iieopujcky pusuxy u dusuxy
KOoHgeH306ane mamepuje, Ynueep3uitieii y beoipagy, 6. ti. 522, 11001 Beoipag

OBo je npBa peBHja Koja OMUCYje KOOPAUHAINIMOHY XeMHUjy KOMILIeKca MeTaja ca KupapoBum
peareHcUMa U BUXOBUM XHIpa3oHUMa. Y KpahieM yBoJy IpHKa3aHe Cy XeMHjCKe OCOOMHE U 3HAYa]
OBe TpyIe OPraHCKuX jequmerma. Crneneha, Takohe Bpio kpaTka, CEKIHja OMHCyje METOAE CHHTE3E
KOMITJIEKCa M HaYWHE KOOpJHHAIje caMux JKupapoBux peareHaca. [locneame qBe HajommmpHUje
cekuuje nocseheHe Cy mpenapanuju, CTepeoXeMuji U CTPYKTYPHUM KapaKTepUCTHKaMa KOMILIEKCa
MeTana ca xuapazoHuma JKupapoBux peareHaca, yKJbydyjyhu ¥ HeKe HHUXOBE HEXHAPA30HCKE JEpH-
BaTe.

(ITpumibeHo 4. jyna, pesugupaso 8. asrycra 2012)
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Facile synthesis of bis(indolyl)methanes
usingiron(l11) phosphate
FARAHNAZ KARGAR BEHBAHANI* and MASOUMEH SASANI
Department of Chemistry, Karaj Branch, Islamic Azad University, Karaj, Iran
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Abstract: A new, convenient and high yielding procedure for the preparation of
bis(indolyl)methanes in glycerol by the electrophilic substitution reaction of
indole with aldehydes in the presence of catalytic amount of FePO, (5.0 mol
%) as a highly stable and reusable catalyst is described.

Keywords. FePOy; synthesis; bis(indolyl)alkanes; aldehyde; glycerol; catalyst.

INTRODUCTION

Lewis acids accelerate a wide range of organic reactions by binding to and
thereby activating reactants. This activation often results in rate increases of
many orders of magnitude compared with the thermal reaction. Transition metal
Lewis acids are promising and interesting because the precursor is often struc-
turally well-defined and steric and electronic tuning of the ligand to a particular
reaction is facilitated. Iron(l11) phosphate as a Lewis acid has been employed as a
catalyst for the transformation of various organic functional group under hetero-
geneous conditions, such as the selective oxidation of CH,4 to CH30H, benzene
to phenol,2 one-pot synthesis of dihydropyrimidinones and thiones,3 synthesis of
triarylated imidazoles, acetylation of alcohols and phenols,® tetrahydropyra-
nylation and tetrahydrofuranylation of alcohols and phenols,® synthesis of 2-sub-
stituted benzimidazoles,” and synthesis of polyhydroquinoline derivatives.8

Furthermore, the structura motifs of indole derivatives are found in nume-
rous biologically active compounds, which are used as anti-oxidants and pharma-
ceuticals.%-13 Big(indolyl)alkanes are present in many biologically active natural
products and are known to have applications in research areas, such as pharma-
ceuticals and materials science.14-20 Consequently, there is an increased interest
in the synthesis of compounds containing bis(indolyl)alkanes moieties due to
their importance and a number of synthetic methods for the synthesis of bis(in-

* Corresponding author. E-mail: Farahnazkargar @yahoo.com
doi: 10.2298/JSC110727203B
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dolyl)alkanes have been described in the literature.21-24 However, the procedures
described in the literature to access bis(indolyl)akanes are mainly focused on the
condensation of indole with carbonyl compounds in the presence of a protic acid
or a Lewis acid. Also, The synthesis of bis(indolyl)alkanes by the reaction of
indoles with alkynes catalyzed using Cu(OTf), has also been reported.

Lately, glycerine, which is readily available as a co-product in the produc-
tion of biodiesel, has attracted attention as a versatile, cheap and renewabl e feed-
stock in synthetic organic chemistry.2627 In view of current interest in catalytic
processes, the development of a method for the synthesis of bis(indolyl)methanes
using inexpensive, mild and non-polluting reagentsis highly desirable. The intro-
duction of reusable catalysts is preferred in order to minimize environmental
pollution due to the usage of hazardous solvents and their disposal. The limita-
tions of the current methods, together with the demand for greener aternatives
prompted us to develop a new method for the synthesis of bis(indolyl)methanes.

Due to our interest in developing new methodologies in catalytic organic
syntheses and to show the versatility of iron(l11) phosphate in organic synthe-
sis, 18 the preparation of bis(indolyl)methanes by reaction of indole with alde-
hydes in the presence of a catalytic amount of FePO4 (5.0 mol %), as an inex-
pensive, eco-friendly and reusable catalyst, in glycerol at 75 °C (Scheme 1) is
described herein.

2 \ + RCHO ﬂ, O i
Glycerol
N HN NH
H = S

R
Scheme 1. The preparation of bis(indolyl)methanes by reaction of indole with aldehydes
in the presence of a catalytic amount of FePO,.

EXPERIMENTAL

Melting points were measured by the capillary tube method using an Thermo Scientific
electrothermal 9200 apparatus. The IR spectra were recorded on a Perkin Elmer FT-IR spec-
trometer in the wavenumber range 4000-400 cmrl. IH-NMR spectra were obtained on Bruker
DRX-300MHZ NMR instrument. Chemicals shifts are reported in parts per million (9) rela-
tive to tetramethylsilane (6 = 0.0 ppm) asinterna standard. GC/mass spectra were recorded on
an Agilent 6890 GC Hp-5 capillary 30 mx530 umx1.5 um nominal operating at 70 eV. Anal-
ytical TLC of all reactions was performed on Merck pre-coated plates (silica gel 60F-254 on
aluminium). All starting materials purchased from Merck Co. All products were characterized
by 1H-NMR, FT-IR, and comparison of their melting points with authentic samples.

Synthesis of 3,3"-bis(indolyl)phenylmethane (1)
The reaction of benzaldehyde (1 mmol) and indole (2 mmol) was used as a model reac-
tion to determine the optimal conditions for the preparation of bis(indolyl)methanes. The
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effect of varying the amount of FePO, (0—10 mol %) was studied by stirring the reactantsin 4
mL glycerol for 3 h at 75 °C (Table 1) After completion of the reaction (monitored by TLC),
the mixture was treated with ethyl acetate and the catalyst filtered off. After evaporation of the
solvent, the residue was collected and purified by recrystallization from ethanol. Using the
optimal concentration (5 mol %) of FePO,, the synthesis was repeated for the same time at the
same temperature but in different solvents (Table I1). Finaly, the synthesis was performed in
glycerol using the optimal concentration of FePO, by stirring for 3 h at different temperatures
(25-80 °C) (Tablelll).

TABLE I. Effect of varying the amount of catalyst on the yield of 3,3 -bis(indolyl)phenyl-
methane; benzaldehyde, 1.0 mmol, indole, 2.0 mmol, glycerol, 4.0 mL at 75 °C

Entry Catalyst, mol % z/h Yield, %
1 - 3.0 10
2 2.0 3.0 60
3 5.0 3.0 90
4 10 3.0 90

TABLE Il. Effect of the solvent on the yield of 3,3'-bis(indolyl)phenylmethane; benzalde-
hyde, 1.0 mmol, indole, 2.0 mmol, at 75°Cin 3.0 h

Entry Solvent (4.0 mL) Yield, %
Glycerol 90

2 EtOH 70

3 H,O 60

4 EtOH/H,0O 65

5 — 60

TABLE Ill. Synthesis of 3-[(1H-indol-3-yl)phenylmethyl]-1H-indole using FePO, in glycerol
at different temperatures

Entry t/°C z/h Yield, %
1 25 3.0 30
2 50 3.0 65
3 75 3.0 90
4 80 3.0 90

Synthesis of 3,3’ -bis(indolyl)methane (2-15)

Compounds 1-14, Table 1V, were prepared by reaction of indole (2 mmol) with the
required aldehyde (1 mmol) in 4 mL glycerol at 75 °C in the presence of 5 mol % FePO,.
After completion of the reaction, controlled by TLC (the reaction times are given in Table
1V), ethyl acetate was added, the catalyst filtered off and the solvent evaporated. The residue
was recrystallized from ethanol to afford the pure compound.

Reusability of the catalyst

To test its reusability, the catalyst recovered by gravity filtration at the end of the reac-
tion was washed with ethyl acetate and reused for 5 sequential preparations of compound 1.

Available online at www.shd.org.rs/JSCS/

2012 Copyright (CC) SCS

@0

56

PG MO
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TABLE V. FePO, catalyzed synthesis of bis(indolyl)methanes

Mp./°C  M.p./°C

Entry Aldehyde z/h Yield, % (found) (reported) Ref.

Benzaldehyde 3 90 125 123-126 31
2 2-Chlorobenzaldehyde 8 80 72 69-71 30
3 4-Chlorobenzaldehyde 8 85 75 76-78 30
4 Trans-Cinnamal dehyde 7 85 100 95-97 29
5 2-Methoxybenzaldehyde 5 93 138 134-136 28
6 4-Methoxybenzaldehyde 4 92 176 178-181 28
7 3,4-Dimethoxybenzal dehyde 5 84 195-198 198199 31
8 4-Methylbenzaldehyde 5 84 64-98 97-99 28
9 4-Dimethylaminobenzal dehyde 7 75 208220 210212 29
10 2-Hydroxybenzal dehyde 5 75 350 340342 30
11 4-Hydroxybenzal dehyde 6 87 150 120-123 30
12 4-Nitrobenzaldehyde 5 84 220 216-218 32
13 Hexana 7 76 65 6774 30
14 Butanal 6 75 80 73-75 32
15 Furfural 8 90 340-345  322-324 29

RESULTS AND DISCUSSION

To the best of our knowledge, the preparation of bis(indolyl)methanes cata-
lyzed by anhydrous iron(l11) phosphate has not been reported previoudly.

The main aim of this work was to provide a new catalytic and environment-
aly benign protocol for the synthesis of bis(indolyl)methanes. Herein, a simple
and fast method for the synthesis of bis(indolyl)methanes in glycerol using
FePO, is reported.

To establish the optimum condition for this reaction, various ratios of FePOg4
were examined using indole and bezaldehyde in glycerol at 75 °C as a model re-
action (Table ). It can be seen that very little of the desired product was obtained
in the absence of catalyst and the best yields were obtained with FePO4. Thus,
the catalyst is an essential component for the synthesis of bis(indolyl)methanes
by the reported method.

Then the effect of the solvent was examined using different solvents in the
model reaction, whereby different yields were obtained (Table 11). Obvioudly,
glycerol stands out as the solvent of choice with its fast reaction rate, high yield,
selectivity, cheapness and environmental acceptability.

The effect of temperature was investigated by performing the model reaction
in glycerol and at different temperatures (25, 50, 75 and 80 °C). It was observed
that the yield is a function of temperature with the yield increasing with in-
creasing reaction temperature up to 75 °C. Thereafter, no further increase in the
yield was registered. Therefore, al further reactions were performed in glycerol
at 75 °C (Tablelll).
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To evaluate the scope and limitations of this work, different bis(indolyl)me-
thanes were synthesized using aliphatic, heterocyclic and aromatic aldehydes
(Scheme 1, Table 1V). As can be seen in Table IV, the aromatic and heterocyclic
aldehydes reacted similarly to give the corresponding bis(indolyl)methanes in
high yields and relatively short reaction times. The aiphatic aldehydes reacted
smoothly providing the corresponding products in good to moderate yields
(entries 4, 14 and 15).

This condensation reaction probably proceeds through the activation of a
carbonyl group by FePO4 as a Lewis acid to give intermediate |, which is fol-
lowed by indole attack of | to givell. After proton rearrangement to give 11, the
other indole is added to |11 with the loss of FePO,4 and H»O to afford |V, with
the following step resulting in the product V (Scheme 2).

/F eP 04 ,FePO4

(—o' H-0)

Scheme 2. Suggested mechanism for the synthesis of bis(indolyl)methanes

At the end of the reaction, the catalyst was recovered by gravity filtration
and recycled after washing with ethyl acetate and employed for further prepa-
rations. The results showed that the yield of product after five runs was only
dlightly reduced.

CONCLUSION

In conclusion, FePOg4 in glycerol was found to be mild and effective catalyst
for the electrophilic substitution reactions of indole with aldehydes, giving bis-
(indolyl)methanes in excellent yields. The use of this inexpensive and easily
available catalyst under mild conditions, the clean reaction and greater selectivity
make this protocol practical and economically attractive. The procedure was
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found to be general as avariety of aldehydes reacted with indole under mild reac-
tion conditions.

SUPPLEMENTARY MATERIAL

Physical and spectral data of the synthesized compounds are available electronically
from http://www.shd.org.rs/JSCS/, or from the corresponding author on reguest.

U3BOL
JIAKA CUHTE3A BUC(MHIOOJIMJII)METAHA ITOMORY I'BOXBE(III)-®OCPATA

FARAHNAZ KARGAR BEHBAHANI u MASOUMEH SASANI
Department of Chemistry, Karaj Branch, Islamic Azad University, Karaj, Iran

OmnucaH je HOB IOCTyINakK 3a CHHTE3y OMC(MHOOIWI)METaHa PEAaKUHjoOM MHAOJA U alfe-
XWJa, y TJIMLeposy Y MPUCYCTBY KaTaaUTHYKuX konuurHa FePO, (5,0 mol %). ITpoussonu ce
nodujajy y BUCOKOM ITPUHOCY a KaTalu3aTop je ctabuiaH U MOXKe Ce KOPUCTUTH BHIIE MyTa.

(ITpumibero 27. jyna, pesuaupano 10. Hoemdpa 2011)
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SUPPLEMENTARY MATERIAL TO
Facile synthesis of bis(indolyl)methanes
usingiron(l11) phosphate
FARAHNAZ KARGAR BEHBAHANI* and MASOUMEH SASANI
Department of Chemistry, Karaj Branch, Islamic Azad University, Karaj, Iran
J. Serb. Chem. Soc. 77 (9) (2012) 1157-1163

PHYSICAL AND SPECTRAL DATA OF THE SYNTHESIZED COMPOUNDS

3-[(1H-Indol-3-yl)(phenyl)methyl] -1H-indole (1). Yield: 90 %; m.p. 125 °C;
IR (KBr, cm1): 3412 (-N-H stretching of amine), 3055 (-C—H stretching of
aromatic ring), 1492, 1455 (—C=C stretching), 1092 (~C-N stretching); IH-NMR
(300 MHz, DMSO-dg, 6 / ppm): 7.85 (2H, s, -NH), 7.43 (2H, d, J = 8.1 Hz, aro-
matic), 7.21-7.43 (7H, m, aromatic), 7.01 (2H, t, J = 7.5 Hz, aromatic), 6.6 (2H,
d, J = 1.8 Hz, aromatic), 6.68 (2H, s, H-C-N), 5.58 (1H, s, —-CH); 13C-NMR
(300 MHz, CDCl3, ¢ / ppm): 32.6 (CH), 110.9-145.2 (aromatic); MS (m/z, (rela
tive abundance, %)): 322 (M*, 3.5) 116, 77 (BP, 100).

3-[(2-Chlorophenyl)(1H-indol-3-yl)methyl] -1H-indole (2). Yield: 80 %; m.p.
72 °C; IR (KBr, cm1): 3409 (-NH stretching of amine), 3054 (—C—H stretching
of aromatic ring), 1416-1455 (—C=C stretching), 1092 (-C-N stretching); IH-NMR
(300 MHz, DMSO-dg, J / ppm): 7.83 (2H, brs, -NH),7.38-7.5 (4H, m, aromatic),
7.1-7. 22 (6H, m, aromatic), 7.0 (2H, t, J = 7.8 Hz, aromatic), 6.58 (2H, s, H-CN),
6.31 (1H, s, -C—H); 13C-NMR (300 MHz, CDCl3, 6 / ppm): 37.1 (CH), 110.4—
141.5 (aromatic); MS (n/z, (relative abundance, %)): 356 (M*, 5.7), 358 (M+2,
2) 116, 111, 113, 76 (BP, 100).

3-[ (4-Chlorophenyl)(1H-indol-3-yl)methyl] -1H-indole (3). Yield: 85 %; m.p.
75 °C; IR (KBr, cm1): 3407 (-NH stretching of amine), 3052 (—C—H stretching
of aromatic ring), 1415-1453 (~C=C stretching), 1037 (-C-N stretching); 1H-NMR
(300 MHz, DM SO-dg, 6 / ppm): 10.85 (2H, s, -NH), 7.94 (2H, d, J = 7.8 Hz, aro-
matic), 7.01-7.95 (8H, m, aromatic), 6.87-6.94 (2H, m, aromatic), 6.84 (2H, s,
H-C—N), 5.85 (1H, s, -C-H); 13C-NMR (100 MHz, CDCl3, J / ppm): 38.5 (CH),
111.1-143.6 (aromatic); MS (m/z, (relative abundance, %)): 356 (M™*, 5.5), 358
(M+2, 1.8) 116, 111, 113, 76 (BP, 100).

* Corresponding author. E-mail: Farahnazkargar @yahoo.com
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(E)-3-[1-(1H-Indol-3-yl)-3-phenylallyl]-1H-indole (4). Yield: 85 %; m.p.
100 °C; IR (KBr, cm1): 3449 (-NH stretching of amine), 3042 (—C—H stretching
of aromatic ring), 1434, 1455 (—C=C stretching), 1090 (-C-N stretching); 1H-NMR
(300 MHz, DMSO-dg, ¢ / ppm): 8.01 (2H, s, -NH), 7.30-7.12 (13H, m, aro-
matic), 6.96 (1H, d, J = 15.9, Ph-CH=CH), 6.07 (1H, t, J = 7.9 Hz, Ph-CH=CH),
6.50 (2H, s, H-C-N), 4.14 (1H, d, J = 7.9 Hz, -C-H); 13C-NMR (300 MHz,
CDCl3, ¢ / ppm): 39.5 (CH), 111.1-136.6 (aromatic); MS (m/z, (relative abun-
dance, %)): 348 (M*, 4.2), 116, 77 (BP, 100).

3-[ (1H-Indol-3-yl)(2-methoxyphenyl)methyl] -1H-indole (5). Yield: 93 %;
m.p. 138 °C; IR (KBr, cm1): 3412 (-NH stretching of amine), 3055 (-C—H stretch-
ing of aromatic ring), 1417-1455 (-C=C stretching), 1092 (—C-N stretching);
IH-NMR (300 MHz, DMSO-dg, 6 / ppm): 7.80 (2H, brs, -NH), 6.81-7.40 (12H,
m, aromatic), 6.61 (2H, s, H-C-N), 6.32 (1H, s, -C-H ), 3.83 (3H, s, -OCH3);
13C-NMR (300 MHz, CDCl3, 6 / ppm): 32.3 (CH), 56.2 (O-CHg3), 110-157.1
(aromatic); MS (m/z, (relative abundance, %)): 352 (M*, 3.1), 107, 76 (BP, 100).

3-[(1H-indol-3-y1)(4-methoxyphenyl)methyl] -1H-indole (6). Yield: 92 %;
m.p. 176 °C; IR (KBr, cm1): 3395 (—NH stretching of amine), 3045 (-C—H stretch-
ing of aromatic ring), 1418, 1455 (—C=C stretching), 1171 (—C-N stretching);
IH-NMR (300 MHz, DMSO-dg, § / ppm): 7.86 (2H, brs, -NH), 7.38 (4H, dd,
aromatic), 7.28 (2H, d, J = 8.43, aromatic), 7.14 (2H, t, J = 7.36, aromatic), 7.05
(2H, t, J=7.29, aromatic), 6.81 (2H, d, J = 8.63, aromatic), 6.63 (2H, s, H-C—N),
5.85 (1H, s, -C-H), 3.79 (3H, s, “OCH3); 13C-NMR (300 MHz, CDCl3, 6 / ppm):
37.6 (CH) 54.8 (O—CH3), 110.4-157.2 (aromatic); MS (nVz, (relative abundance,
%)): 352 (M*, 3.6), 107, 76 (BP, 100).

3-[(3,4-Dimethoxyphenyl)(1H-indol-3-yl)methyl] -1H-indole (7). Yield: 84
%; m.p. 195-198 °C; IR (KBr, cmr1): 3415 (-NH stretching of amine), 3056
(—=C—H dtretching of aromatic ring), 1418-1456 (—-C=C stretching), 1094 (-C-N
stretching); IH-NMR (300 MHz, DMSO-dg, § / ppm): 7.86 (2H, brs, -NH), 7.38
(1H, s, aromatic), 7.28 (1H, d, J = 8.5 Hz, aromatic), 7.14 (1H, dd, J = 7.35, 2.3
Hz, aromatic), 6.81-7.05 (8H, m, aromatic), 6.63 (2H, s, H-C-N ), 5.85 (1H, s,
—C—H), 3.79 (6H, s, OCH3); 13C-NMR (100 MHz, CDCl3, § / ppm): 38.2 (CH),
55.1 (O—CHyg), 111.1-149.7 (aromatic); MS (m/z, (relative abundance, %)): 382
(M*, 4.1), 137, 106, 75 (BP, 100).

3-[(1H-Indol-3-yl)(p-tolyl)methyl] -1H-indole (8). Yield: 84 % ; m.p. 64-98
°C; IR (KBr, cm1): 3408 (-NH stretching of amine), 3048 (-C—H stretching of
aromatic ring), 1485, 1508 (—C=C stretching), 1453, 1336, 1182, 1039 (-C—N
stretching); 1H-NMR (300 MHz, DMSO-dg, 6 / ppm): 10.77 (2H, s, NH), 7.33—-
—7.65 (8H, m, aromatic), 7.54 (2H, d, J = 8.1, aromatic), 7.9 (2H, d, J = 8.1 Hz,
aromatic), 6.77 (2H, s, H-C-N), 5.75 (1H, s, -C-H), 2.21 (3H, s, CHy); 13C-
-NMR (300 MHz, CDCl3, ¢ / ppm): 21.0 (CH3), 39.0 (CH), 111.8-142.3 (aro-
matic); MS (m/z, (relative abundance, %)): 336 (M*, 5.1), 116, 91,76 (BP, 100).
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4-[ Di(1H-indol-3-yl)methyl] -N,N-dimethylbenzenamine (9). Yield: 75 %;
m.p. 208-220 °C; IR (KBr, cm1): 3396 (-NH stretching of amine), 3047 (-C—H
stretching of aromatic ring), 2891, 1597, 1465, 1515 (—-C=C stretching), 1374,
1166 (-C-N stretching); IH-NMR (300 MHz, DMSO-dg, 6 / ppm): 7.86 (2H,
brs, -NH), 7.38 (2H, d, J = 7.9 Hz, aromatic), 7.14 (2H, dd, J = 7.23, 2.35 Hz,
aromatic), 6.81-7.05 (8H, m, aromatic ring), 6.63 (2H, s, H-C-N ), 5.85 (1H, s,
—C—H), 3.79 (6H, s, N(CH3)); 13C-NMR (300 MHz, CDCl3, 6 / ppm): 35.3
(CH), 22.6 (N-CH3), 117.3-148.6 (aromatic); MS (m/z, (relative abundance,
%)): 365 (M*, 3.1), 76 (BP, 100).

2-[ Di(1H-indol-3-yl)methyl] phenol (10). Yield: 75 %; m.p. 350 °C; IR (KBr,
cmr1): 3445 (-NH stretching of amine), 3044 (—C—H stretching of aromatic ring),
1480-1616 (—C=C stretching), 1256, 1173, 1082 (—-C-N stretching); 7.90-7.48
(aromatic ring); IH-NMR (300 MHz, DMSO-dg, § / ppm ): 7.93 (2H, brs, -NH),
7.94 (1H, s, OH), 7.66 (2H, d, J = 7.36, 3.2 Hz, aromatic), 7.35 (2H, t, J = 7.35,
aromatic), 7.19-7.29 (8H, m, aromatic), 6.72 (2H, s, H-C-N), 5.93 (1H, s, -C-H);
13C-NMR (300 MHz, CDCl3, 6 / ppm): 38.8(CH), 136.3-111.5 (aromatic), 155.2
(O-Ar); MS (m/z, (relative abundance, %)): 338 (M*, 3.2), 116, 93, 76 (BP, 100).

4-[ Di(1H-indol-3-yl)methyl] phenol (11). Yield: 87 %; m.p. 150 °C; IR (KBr,
cm1): 3445 (-NH stretching of amine), 3052 (-C—H stretching of aromatic ring),
1424, 1613 (—C=C sdtretching), 1173, 1132, 1082 (-C—N stretching), 742, 796
(aromatic ring); TH-NMR (300 MHz, DMSO-dg, J / ppm): 7.93 (2H, brs, -NH),
7.64 (1H, s, OH ), 7.56 (2H, d, J = 8.2 Hz, aromatic), 7.45 (2H, d, J = 8.2 Hz,
aromatic), 7.19-7.29 (8H, m, aromatic), 6.75 (2H, s, H-C-N), 5.53 (1H, s, -C—H);
13C-NMR (300 MHz, CDCl3, § / ppm): 38.8 (CH), 136.3-111.5 (aromatic),
155.2 (O-Ar); MS (m/z, (relative abundance, %)): 338 (M*, 3.4), 116, 93,76 (BP,
100).

3-[ (1H-Indol-3-yl)(4-nitrophenyl)methyl] -1H-indole (12). Yield: 84 %; m.p.
220 °C; IR (KBr, cmr1): 3448 (—NH stretching of amine), 3055 (-C—H stretching
of aromatic ring), 1417, 1594 (—C=C stretching), 1342, 1218, 1012 (-C-N stretch-
ing), 735, 598 (aromatic ring); 1H-NMR (300 MHz, DMSO-dg, J / ppm): 8.15
(2H, s, .NH ), 7.01-7.08 (4H, m, aromatic), 7.36 (2H, d, J = 8.1 Hz, aromatic),
7.41 (2H, d, J = 8.1 Hz, aromatic), 7.49 (2H, d, J = 8.6 Hz, aromatic), 7.5 (2H, d,
J = 8.6 Hz, aromatic), 6.68 (2H, s, H-C-N ), 6 (1H, s, -C-H); 13C-NMR (300
MHz, CDCl3, 6 / ppm): 41.6 (CH), 112.4-147.5 (aromatic), 153.6 (OoN-Ar); MS
(m/z, (relative abundance, %)): 367 (M*, 4.5), 116, 76 (BP, 100).

3-[1-(1H-Indol-3-yl)hexyl]-1H-indole (13). Yield: 76 % ; m.p. 65 °C; IR
(KBr, cm1): 3350 (-NH stretching of amine), 3065 (-C—H stretching of aro-
matic ring), 1585-1615 (—-C=C stretching), 1062 (-C-N stretching); 1H-NMR
(300 MHz, DMSO-dg, o / ppm): 7.87 (2H, brs, -NH), 7.52 (2H, d, J = 8.5 Hz,
aromatic), 7.36 (2H, d, J = 8.5 Hz, aromatic), 7.02—7.18 (4H, m, aromatic), 6.66
(2H, s, H-C-N), 4.60 (1H, t, J= 6.9 Hz, CH), 4.24-1.24 (6H, m, CH>), 0.8 (3H,
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t, J = 7.3 Hz, CH3); 13C-NMR (300 MHz, CDCl3, J / ppm): 12.1 (CH3), 20.8
(CHy), 24.4 (CHy), 30.2 (CHy), 36.9 (CHy), 40.5 (CH), 111.2-136.5 (aromatic);
MS (nmVz, (relative abundance, %)): 316 (M*, 2.5), 116, 43 (BP, 100).

3-[1-(1H-Indol-3-yl)butyl] -1H-indole (14). Yield: 75 %; m.p. 80 °C; IR
(KBr, cm1): 3465 (-NH stretching of amine), 3028 (-C—H stretching of aro-
matic ring), 1495-1618 (—C=C stretching), 1009 (—C-N stretching), 782 (aroma-
tic ring); 1H-NMR (300 MHz, DMSO-dg, 6 / ppm): 7.92 (2H, brs, -NH), 7.53
(2H, d, J = 8.1 Hz, aromatic), 7.26 (2H, d, J = 8.1 Hz, aromatic), 7.06 (4H, m,
aromatic), 4.47 (1H, t, J = 7.5 Hz, CH), 1.77-2.56 (4H, m, CH>), 0.86 (3H, t,J =
= 6.9 Hz, CH3); 13C-NMR (300 MHz, CDCl3, 6 / ppm): 17.4 (CH3), 31.2 (CH)),
36.9 (CHy), 40.5 (CH), 111.1-138.5 (aromatic); MS (m/z, (relative abundance,
%)): 288 (M*, 2.3), 116, 43 (BP, 100).

3-[Furan-2-yl(1H-indol-3-yl)methyl)-1H-indole (15). Yield: 90 % ; m.p.
340-345 °C; IR (KBr, cm1): 3409 (-NH stretching of amine), 3053 (-C—H
stretching of aromatic ring), 1418, 1600 (—C=C stretching), 1093 (-C-N stretch-
ing); IH-NMR (300 MHz, DMSO-dg, 6 / ppm): 7.71 (2H, brs, -NH), 7.12-7.42
(8H, m, aromatic), 6.98 (1H, t, J = 6.8 Hz, furanyl), 6.72 (1H, d, J = 2.4 Hz,
aromatic), 6.28 (1H, d, J = 2.2 Hz, aromatic), 5.95 (2H, d, J = 3.4 Hz, aromatic),
5.82 (1H, s, =CH). ); 13C-NMR (300 MHz, CDCl3, ¢ / ppm): 34.6 (CH), 106.2—
136.2 (aromatic), 141.2 (O—C—CH). M S (nV/z, (relative abundance, %)): 312 (M*,
2.8), 116 (BP, 100).
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Microwave-assisted synthesis of novel 4H-chromene derivatives
bearing phenoxypyrazole and their antimicrobial
activity assessment
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Abstract: A new series of 4H-chromene derivatives 4a—p bearing the 5-phe-
noxypyrazole nucleus were synthesized under microwave irradiation by the
reaction of 5-phenoxypyrazole-4-carbaldehydes la—h, malononitrile 2 and
compounds 1,3-cyclohexanedione and dimedone (3a and 3b, respectively) in
presence of NaOH as a basic catalyst. All the compounds were screened
against three Gram-positive bacteria (Streptococcus pneumoniae, Clostridium
tetani and Bacillus subtilis), three Gram-negative bacteria (Salmonella typhi,
Vibrio cholerae and Escherichia coli) and two fungi (Aspergillus fumigatus
and Candida albicans) using the broth microdilution minimum inhibitory con-
centration (MIC) method. The antimicrobial screening showed that the majo-
rity of the compounds were active against C. tetani and B subtilis as well as
against C. albicans when compared with standard drugs.

Keywords. phenoxypyrazole; 4H-chromene; multi-component reaction; micro-
wave irradiation; antimicrobial activity.

INTRODUCTION

The steadily increasing microbial resistance to existing first line drugs is a
serious problem in antimicrobia cure and necessitates continuing research into
new classes of antimicrobials.1 Moreover, the progression of drug-resistant strains
has contributed to the inefficiency of the straight antimicrobial therapy. This is-
sue has provoked enormous interest in antimicrobial research and it is strongly
believed that there is an urgent call for the development of new drugs with di-
vergent and unique structures and probably with an unusua mechanism of action
differing from that of existing first line drugs.

The chromene ring system is considered one of the most imperative hete-
rocycles in nature as it has the distinction of being the parent ring in countless

* Corresponding author. E-mail: patel ranjanben@yahoo.com
doi: 10.2298/J5C120102030S
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derivatives of biological relevance. The current interest in 4H- and 2H-chromene
derivatives arises from their potential application as antimicrobial,2 anti-HIV,3
antitubercular,4 antioxidant,> anticancer,® antitumor,” cytotoxic agents,8 antidys-
lipidemic agent,® antileishmanial 10 anti-inflammatory,11 anti-Helicobacter pylori
agent12 and TNF-« inhibitor.13 On the other hand, pyrazole derivatives are also
well-known for their biological properties, including antimicrobial ,14-16 anti-in-
flammatory (COX-2 inhibitor and ulcerogenic activity),1® antitubercular,16 anti-
tumor,17 anti-angiogenesis,18 antiparasitic,19 antiviral,20 analgesic and anxiolytic
activity.21

Moreover, the most suitable protocol for the synthesis of functionalized or-
ganic compounds could be a multicomponent reaction (MCR) because the syn-
thesis could be performed without the isolation of the intermediates, without dis-
charging any functional groups and within short reaction time.22. In addition, the
conventional procedures are not found to be satisfactory with regard to opera-
tional simplicity, effectiveness and yield. An aternative synthetic approach is
microwave irradiation.23 In recent years, microwave irradiation has been de-
monstrated not only to dramatically accelerate many organic reactions, but also
to improve yields and selectivity.

Thus, in view of biological significance of 4H-chromene, a modification on
the 4-position on pyrane by 5-phenoxypyrazole was undertaken to check whether
it may bring significant changes in the bioactivities of 4H-chromene derivatives.
As a part of current studies in developing new antimicrobial agents via combi-
nation of two therapeutically active moieties,24 the synthesis of 4H-chromene
derivatives 4a—p by MCR are reported herein.

All the compounds were characterized using elemental analysis, FT-IR, 1H-
-NMR and 13C-NMR spectroscopy, and the molecular weights of some selected
compounds were confirmed by mass spectroscopy. All compounds were screened
for in vitro antimicrobia activity against eight human pathogens, i.e., three
Gram-positive bacteria (Streptococcus pneumoniae, Clostridium tetani and Ba-
cillus subtilis), three Gram-negative bacteria (Salmonella typhi, Vibrio cholera
and Escherichia coli) and two fungal pathogens (Aspergillus fumigates and
Candida albicans) using the broth microdilution minimum inhibitory concen-
tration (MIC) method.25

RESULTS AND DISCUSSION

Chemistry

The key intermediates, 3-methyl-5-aryloxy-1-aryl-1H-pyrazole-4-carbalde-
hydes 1la—h were prepared by refluxing 1-aryl-5-chloro-3-methyl-1H-pyrazole-4-
carbaldehyde and various phenols in the presence of anhydrous potassium car-
bonate in dry dimethylformamide (DMF) for 3.5 h.24a The required 1-aryl-5-
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-chloro-3-methyl-1H-pyrazole-4-carbaldehyde was prepared by the Vilsmeier—
—Haack reaction according to aliterature procedure.26

In the present study, 4H-chromene derivatives 4a—p were synthesized in
moderate to good yield, i.e., 68-90 %, by reaction of 1a—h, maononitrile 2 and
compounds 3a—b under microwave irradiation in the presence of NaOH as a
basic catalyst (Scheme 1).

CHO CHO

“Pocl; KOs
| 1eh)

(o] _
mo NC NaOH, Ethanol H,C ';' N /O/Rz
N + + = Z
Q \ c> Rs MWI 350 W, o o

R; (o} 140-170 s CN
R, R3 |
1(a-h) 2 3(a-b) R3 [o) NH,
4(a-p)

Comp. Rl R2 R3 Y|dda, % Comp Rl R2 R3 Y|e|da, %
4a H H H 78 4i H H CH; 90
4b H CHy H 90 4 H CHs CH; 75
4c H OCHs H 84 4K H OCHs CH; 87
4d H Cl H 69 4 H (@ CHj 65
46 CHy H H 80 4m CHy H CHy 88
4  CHy CHs H 84 40 CHy CHs GCHy 90
49 CH; OCH; H 72 40 CHy OCHs CHs 92
4h  CH; C H 64 4 CHy C  CHy 73

All yields areisolated yields

Scheme 1. Synthetic pathway for the synthesis of 4H-chromene derivatives
bearing the phenoxypyrazole core 4a—p.

In convenient electrochemical processes, organic basic catalysts, such as
piperidine and triethylamine, were used in the synthesis of many 4H-chromene
derivatives?’ but in the present study, NaOH was used as the basic catalyst to
avoid the employment of hazardous organic bases. Furthermore, during attempts
to synthesize the title compounds by the conventional method, some shortco-
mings in this method were observed, such as longer reaction time, drastic reac-
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tion conditions and poor yield. Consequently, to overcome these drawbacks, the
microwave irradiation method was used in the present study for the synthesis of
title compounds. In accordance with the mechanism suggested in literature,28 the
first step of this process may involve Knoevenagel condensation of the aldehyde
and malononitrile to gives heterylidenenitrile derivatives, which was followed by
Michael addition of 3a—b to the heterylidenenitrile to afford the title compounds
4a—p (Scheme 2).

O

Pyz
Pyz
y H

NC
Pyz | <CN NC\% R3 \% /@
CHO CN  .H,0 T b

CN
1(a-h) 2 Hetarylidene
-nitrile J
Pyz O Pyz O
NC. 3 f 5 NC
| Rs = / Rs
4(a-p) I\-I

Pyz-CHO = 3-Methyl-5-aryloxy-1-aryl-1H -pyrazole-4-carbaldehyde
R3=H, CH;

Scheme 2. Plausible mechanistic pathway of the synthesis of 4H-chromene derivatives 4a—p.

The structures of al the newly synthesized compounds were confirmed by
FTIR, 1H-NMR, 13C-NMR and mass spectroscopy, and elemental analysis. The
physical, analytical and spectral data of al the synthesized compounds 4a—p are
given in the Supplementary material to this paper. The IR spectrum of title com-
pounds 4a—p revealed the presence of amino, cyano, carbonyl and ether groups
through the appearance of absorption bands at around 3370-3430, 3170-3350,
2190-2220, 1630-1710 and 1190-1230 cm1, respectively. Their 1TH-NMR spec-
tra indicated the presence of a singlet in the range ¢ 4.12—4.38 ppm of the CH
proton and the disappearance of a singlet at 6 9.57-9.63 ppm of —CHO, which
clearly confirmed the cyclization of the Knoevenagel intermediates. Moreover,
multiplets in the range 6 6.59-7.55 ppm appeared for aromatic protons. In the
13C-NMR spectral data of the title compounds 4a—p, most characteristic signal
around ¢ 24.50-25.25 ppm indicate the formation of the pyrane ring. The signal
at around J 56.20-60.64 ppm is assigned to carbon attached to carbonitrile, while
signals around 6 110.20-164.50 and 196.10-196.35 ppm are attributed to all the
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aromatic and carbonyl carbons, respectively, of compounds 4a—p. The obtained
elemental analysis values are in good agreement with theoretical data. Further-
more, the molecular weight of selected compounds, i.e., 4c, 4i and 40, were con-
firmed by mass spectral studies. The mass spectra of these compounds showed a
molecular ion peak [M+1]* corresponding to the exact theoretical mass.

Biological evaluation

All the compounds were screened for their antibacterial and antifungal ac-

tivity and the results are presented in Table I, expressed in the form of MIC in pug
mL-1,

TABLE I. Antimicrobia activity of compounds 4a—p (minimum inhibitory concentration
(MIC), pg mL"1); Bs.: B. subtilis; Ct.: C. tetani; Sp.: S pneumoniae; Ec.: E. coli; St.: S typhi;
Vc.: V. cholerag; Af.: A. fumigatus; Ca.: C. albicans;, MTCC: microbia type culture collec-
tion; A: ampicillin; B: ciprofloxacin; C: norfloxacin; D: chloramphenicol; E: nystatin; F:
griseofulvin. “—* represents “not tested”

Gram-positive bacteria Gram-negative bacteria Fungal species
Bs. Ct. Sp. Ec. St Vec. Af. Ca

compound \Toc MTCC  MTCC MTCC MTCC MTCC MTCC  MTCC
441 449 1936 443 98 3906 3008 227

4a 500 500 500 250 500 500 >1000 >1000
4b 250 500 250 500 500 100 500 500
4c 500 500 500 200 500 500 250 250
4d 1000 100 500 250 500 200 250 100
4e 250 200 250 500 250 200 500 250
4f 500 200 500 250 250 200 500 500
49 500 250 500 250 500 100 500 200
4h 500 200 500 100 500 250 250 250
4 250 500 250 100 100 250 1000 500
4 500 100 500 250 62.5 250 1000 1000
4k 500 250 500 500 500 200 500 250
4 250 200 250 250 250 200 500 250
4m 500 500 50 250 500 500 1000 500
4n 62.5 100 250 100 62.5 200 >1000 >1000
4o 500 100 500 200 500 200 500 500
4p 250 250 500 100 62.5 250 250 250
A 250 250 100 100 100 100 - -
B 50 100 50 25 25 25 - -
C 100 50 10 10 10 10 - -
D 50 50 50 50 50 50 - -
E - - - - - - 100 100
F — — — — - — 100 500

An examination of the data prescribed in Table | revealed that many of the
compounds were more potent or equipotent to the standard drugs against the
Gram-positive bacteria C. tetani and afew against S. pneumoniae and B. subtilis.
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Against the Gram-positive bacteria B. subtilis, compound 4n (MIC = 62.5 ug
mL-1) was found to be more potent, whereas 4b, 4e, 4i, 41, and 4p (MIC = 250
ng mL—1) shows comparable activity to ampicillin (MIC = 250 pg mL-1).
Moreover, compound 4n (MIC = 62.5 ug mL—1) was found to more active as
compared to norfloxacin (MIC = 100 pug mL—1). Against C. tetani, compounds
4d, 4j, 4n and 40 (MIC = 100 pg/mL), and 4e, 4f, 4h and 41 (MIC = 200 pg mL—1)
were found to be more potent, whereas 4g, 4k and 4p (MIC = 250 ug mL—1)
showed comparable activity to ampicillin (MIC = 250 ug mL-1), while com-
pounds 4d, 4, 4n and 40 (MIC = 100 pg mL—1) were equally potent as compared
to ciprofloxacin (MIC = 100 pg mL-1). Against S. pneumoniae, compound 4m
(MIC = 50 pug mL—1) showed comparable activity to chlormphenicol and cip-
rofloxacin (MIC = 50 ug mL-1).

Towards the Gram-negative strain E. coli, compounds 4h, 4i, 4n and 4p
(MIC = 100 pg mL—1) showed comparable activity to ampicillin (MIC = 100 g
mL-1). Compounds 4j, 4n and 4p (MIC = 62.5 ug mL~1) were more potent,
whereas 4i (MIC = 100 ug mL~1) showed comparable activity to ampicillin (MIC
= 100 pg mL-1) towards S. typhi. Also the compounds 4b and 4g (MIC = 100
pg/mL) show comparable activity, to ampicillin (MIC=100 pg/mL) towards V.
cholerae.

Comparison of the data for compounds 4a—d with those for 4e-h showed
that on replacement of H with CH3, the poorly active compounds 4a, 4b and 4c
(MIC =500 ug mL-1 against C. tetani) were converted to the highly potent 4e, 4f
and 4g, respectively, while the potency of compound 4d, where R, = Cl, against
C. tetani decreased on introduction of CH3 at R1. Against B. subtilis, comparing
compound 4f with 4n, it was observed that the poorly active compound 4f (MIC
=500 png mL—1) led to the excellent activity of 4n (MIC = 62.5 pg mL—1), com-
pared to the activity of ampicillin and norfloxacin. Similarly, against the Gram-
negative bacteria S typhi, it was observed by comparing compound 4b with 4j
and 4f with 4n, that poorly active compounds were converted to highly active
ones (MIC = 62.5 ug mL—1) as compared with ampicillin (MIC = 100 ug mL-1),
i.e., the compound having a gem dimethyl group on the benzopyran ring showed
increased antibacterial activity.

Against fungal pathogen C. albicans, compounds 4d (MIC = 100 ug mL-1),
4g (MIC = 200 ug mL—1) 4c, 4e, 4h, 4k, 41 and 4p (MIC = 250 ug mL-1) showed
good to excellent activity, whereas 4b, 4f, 4i, 4m and 40 (MIC = 500 ug mL1)
were equipotent to griseofulvin (MIC = 500 pg mL-1). Compound 4d (MIC =100
ug mL—1) was found equipotent to nystatin towards C. albicans.

The remaining compounds showed moderate to good activity in the inhibi-
tion of the growth of bacterial pathogens and were all less effective than the
standard drugs. From the antimicrobial study of the title derivatives, it is inte-
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resting to note that a minor alteration in the molecular structure of the inves-
tigated compounds may have a pronounced effect on antimicrobial activity.

EXPERIMENTAL
Materials, instruments and methods

The required chemicals were obtained from S. D. Fine Chem Ltd., Vadodara, Gujarat,
India. 1,3-Cyclohexanedione and dimedone were obtained from Sigma-Aldrich. The solvents
were purified and dried before use. The microwave assisted reactions were conducted in a
“RAGA modified electromagnetic microwave system”, whereby the microwaves were gene-
rated by a magnetron at a frequency of 2450 MHz having adjustable output power levels, i.e.,
10 levels from 140 to 700 W and with an individual sensor for temperature control (fiber optic
was used as an individual sensor for temperature control). A reflux condenser was attached to
the reaction flask and the reactions were performed under constant stirring (thus avoiding the
risk of high pressure development). All melting points were taken in open capillaries and are
uncorrected. Thin-layer chromatography (TLC, on aluminium plates pre-coated with silica
gel, 60 F254, 0.25 mm thickness) (Merck, Darmstadt, Germany) was used for monitoring the
progress of all reactions, and the purity and homogeneity of the synthesized compounds. UV
radiation and/or iodine were used as the visualizing agents. Elemental analysis (% C, H, N)
was redlized using a Perkin-Elmer 2400 Series-Il elemental analyzer (Perkin-Elmer, USA)
and the results for al compounds were within 0.4 % of the theoretical values. The IR spectra
were recorded in KBr on a Perkin-Elmer Spectrum GX FT-IR spectrophotometer (Perkin-
Elmer, USA) and only the characteristic peaks are reported in cml, The *H-NMR and 13C-
-NMR spectra were recorded at 400 and 100 MHz, respectively, in DMSO-dg on a Bruker
Avance 400F spectrometer (Bruker Scientific Corporation Ltd., Switzerland) using the solvent
peak as internal standard. Chemical shifts are reported in parts per million (ppm). Mass
spectrawere scanned on a Shimadzu LCM S 2010 spectrometer.

Conventional synthesis of compounds 4a—p

Phenoxypyrazol e-4-carbaldehyde 1a—h (10 mmol), malononitrile 2 (10 mmol) and 1,3-
-cyclohexanedione/dimedone 3a—b (10 mmol) were thoroughly mixed in ethanolic NaOH (5
mmol, 10 mL) and charged into a round bottom flask. Then the reaction mixture was refluxed
for 3-3.5 h. Completion of the reaction was monitored by TLC. The solid product 4a—p that
separated was filtered off, washed well with ethanol (10 mL), dried and crystallized from
chloroform to obtain the pure solid sample 4a—p.

Microwave-induced synthesis of compounds 4a—p

Phenoxypyrazol e-4-carbaldehyde 1a—h (10 mmol), malononitrile 2 (10 mmol) and 1,3-
-cyclohexanedione/dimedone 3a—b (10 mmol) were thoroughly mixed in ethanolic NaOH (5
mmol, 10 mL) and irradiated in microwave oven a 350 W (50 % of the maximum output
power) for 140-170 s. After completion of the reaction (checked by TLC), the solution was
cooled to room temperature, the separated solid was filtered, washed well with ethanol (10
mL), dried and crystallized from chloroform to obtain the pure solid samples 4a—p.

CONCLUSIONS

A series of some new 4H-chromene derivatives 4a—p bearing the phenolxy-
pyrazole nuclei were synthesized through a facile one-pot multicomponent re-
action under microwave irradiation. This synthetic strategy allowed the construc-
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tion of a relatively complicated nitrogen- and oxygen-containing heterocyclic
system, as well as the introduction of various aromatic and heteroaromatic sub-
stituents at the 4-position of pyrane. From the studied compounds, it was noticed
that the most effective antibacterial members had a methyl group on the N-pheny!|
ring of the pyrazole moiety as well as a gem dimethyl group on the benzopyrane
ring with either Cl or methyl substituent on the O-phenyl ring of the pyrazole
moiety. The antifungal activity of the compounds shows that most of the com-
pounds were more potent against C. albicans than against A. fumigatus. It is
worth mentioning that minor changes in the molecular configuration of these
compounds profoundly influenced the activity. The present study throws light on
the identification of this new structural class as antimicrobials, which could be of
interest for further detailed preclinical investigations.

SUPPLEMENTARY MATERIAL

Analytical, physical and spectroscopic data of the synthesized compounds are available
electronically from http://www.shd.org.rs/JSCS/, or from the corresponding author on request.
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H3BOI

CHUHTE3A HOBUX JEPUBATA ®EHOKCHITMPASHHUII-4H-XPOMEHA I10]]
YCJIIOBUMA 3PAYEILA MUKPOTAJTACUMA YU OJPELFUBAIGE (hUXOBE
AHTUMHUKPOBHE AKTUBHOCTH

CHETAN B. SANGANI, NIMESH M. SHAH, MANISH P. PATEL u RANJAN G. PATEL
Department of Chemistry, Sardar Patel University, Vallabh Vidyanagar-388120, Gujarat, India

HoBa cepuja nepuata 4H-xpomeHa 4a—p Kkoju cazpke 5-HEHOKCHITHPA30Jl CHHTETH-
CaHH Cy 1OJ] yC/IOBMMA 03payMBalba MUKpOTalacuMa, peakuujomM 5-(peHoKCUnupasomn-4-kapo-
anpexuna 1a—h, ManoHoHuTpuna 2 W jenumwema (1,3-IUKIOXeKCAaHAWOH, nUMenoH) 3a-b y
npucyctBsy NaOH wnu Oa3Hux kaTanusatopa. CBUM jeoumemHMa HCIUTaHA je aKTHBHOCT
mpemMa 3 BpCTe rpaM-TIO3UTUBHUX OaktepHja (Streptococcus pneumoniae, Clostridium tetani u
Bacillus subtilis), 3 Bpcte rpam-HeraTuBHUX (Salmonella typhi, Vibrio cholerae u Escherichia
coli) u nmBe BpcTe mbMBaA (Aspergillus fumigatus w Candida albicans) xopuctehu mocrtymke
onpehrBawa MUK (MHHHManHa UHXUOUTOpPHA KOHLIEHTpalWja pa3dbnaxkewmem). TOKOM HCIU-
THBa®ka aHTUMHUKPOOHE aKTUBHOCTH YTBPHEHO je fa Cy jenumema akTuBHa npema C. tetani u B.
subtilis, kao u mpema C. albicans y nopehemwy ca BpeAHOCTMA CTaHAAPLHHUX JIEKOBA.

(ITprmibeHo 2. jaHyapa, peBUaupaHo 27. mapta 2012)

REFERENCES
1. N. Woodford, Expert Opin. Investig. Drugs 12 (2003) 117

Available online at www.shd.org.rs/JSCS/

2012 Copyright (CC) SCS

@0

56

PG MO




10.

11.

12.

13.

14.

15.

16.

17.

18.
19.

SYNTHESIS AND ANTIMICROBIAL ACTIVITY OF 4H-CHROMENE 1173

a) B. S. Kuarm, Y. T. Reddy, J. V. Madhav, P. A. Crooks, B. Rajitha, Bioorg. Med.
Chem. Lett. 21 (2011) 524; b) U. S. Rai, A. M. Idloor, P. Shetty, A. M. Vijesh, N. Prabhu,
S. Isloor, M. Thiageeswaran, H. K. Fun, Eur. J. Med. Chem. 45 (2010) 2695

a) D. Bhavsar, J. Trivedi, S. Parekh, M. Savant, S. Thakrar, A. Bavishi, A. Radadiya, H.
Vala, J. Lunagariya, M. Parmar, L. Paresh, R. Loddo, A. Shah, Bioorg. Med. Chem. Lett.
21 (2011) 3443; b) J. H. Park, S. U. Lee, S. H. Kim, S. Y. Shin, J. Y. Leg, C. G. Shin, K.
H.Yo0, Y. S. Lee, Arch. Pharm. Res. 31 (2008) 1

N. R. Kamdar, D. D. Haveliwala, P. T. Mistry, S. K. Patel, Med. Chem. Res. 20 (2012)
854

O. M. Singh, N. S. Devi, D. S. Thokchom, G. J. Sharma, Eur. J. Med. Chem. 45 (2010)
2250

B. C. Rgu, R. N. Rao, P. Suman, P. Yogeeswari, D. Sriram, T. B. Shaik, S. V. Kdivendi,
Bioorg. Med. Chem. Lett. 21 (2011) 2855

W. Huang, Y. Ding, Y. Miao, M. Liu, Y. Li, G. Yang, Eur. J. Med. Chem. 44 (2009)
3687

a) T. Rag, R. K. Bhatia, A. Kapur, M. Sharma, A. K. Saxena, M. P. S. Ishar, Eur. J. Med.
Chem. 45 (2010) 790; b) N. M. Sabry, H. M. Mohamed, E. Shawky, A. E. H. Khattab, S.
S. Motlag, A. M. El-Agrody, Eur. J. Med. Chem. 46 (2011) 765

K. V. Sashidhara, J. N. Rosaiah, G. Bhatia, J. K. Saxena, Eur. J. Med. Chem. 43 (2008)
2592

Z. Nazarian, S. Emami, S. Heydari, S. K. Ardestani, M. Nakhjiri, F. Poorrgjab, A.
Shafiee, A. Foroumadi, Eur. J. Med. Chem. 45 (2010) 1424

P. Gebhardt, K. Dornberger, F. A. Gollmick, U. Grafe, A. Hartl, H. Gorls, B. Schlegela,
C. Hertwecka, Bioorg. Med. Chem. Lett. 17 (2007) 2558

F. Chimenti, B. Bizzarri, A. Bolasco, D. Secci, P. Chimenti, S. Carradori, A. Granese, D.
Rivanera, D. Lilli, A. Zicari, M. M. Scaltrito, F. Sisto, Bioorg. Med. Chem. Lett. 17
(2007) 3065

J. Cheng, A. Ishikawa, Y. Ono, T. Arrhenius, A. Nadzan, Bioorg. Med. Chem. Lett. 13
(2003) 3647

a) |. Damljanovic, M. Colovic, M. Vukicevic, D. Mangjlovic, N. Radulovic, K. Wurst, G.
Laus, Z. Ratkovic, M. D. Joksovic, R. D. Vukicevic, J. Organomet. Chem. 694 (2009)
1575; b) I. Damljanovic, M. Vukicevic, N. Radulovic, R. Palic, E. Ellmerer, Z. Ratkovic,
M. D. Joksovic, R. D. Vukicevic, Bioorg. Med. Chem. Lett. 19 (2009) 1093; c¢) O.
Prakash, R. Kumar, V. Parkash, Eur. J. Med. Chem. 43 (2008) 435; d) O. Prakash, R.
Kumar, R. Sehrawat, Eur. J. Med. Chem. 44 (2009) 1763

A. A Bekhit, H. M. A. Ashour, Y. S. A. Ghany, A. E. A. Bekhit, A. M. Baraka, Eur. J.
Med. Chem. 43 (2008) 456

A. R. Trivedi, V. R. Bhuva, B. H. Dholariya, D. K. Dodiya, V. B. Kataria, V. H. Shah,
Bioorg. Med. Chem. Lett. 20 (2010) 6100

M. D. Joksovic, V. Markovic, Z. D. Juranic, T. Stanojkovic, L. S. Jovanovic, |. S.
Damljanovic, K. Meszaros Szecsenyi, N. Todorovic, S. Trifunovic, R. D. Vukicevic, J.
Organomet. Chem. 694 (2009) 3935

A. H. Abadi, A. A. H. Eissa, G. S. Hassan, Chem. Pharm. Bull. 51 (2003) 838

P. Rathelot, N. Azas, H. El-Kashef, F. Delmas, C. D. Giorgio, P. Timon-David, J.
Maldonado, P. Vanelle, Eur. J. Med. Chem. 37 (2002) 671

Available online at www.shd.org.rs/JSCS/

2012 Copyright (CC) SCS

@0

56

PG MO




1174 SANGANI et al.

20.

21.

22.

23.
24.

25.

26.
27.

28.

a) A. l. Hashem, A. S. A. Youssef, K. A. Kandeel, W. S. I. Abou-Elmagd, Eur. J. Med.
Chem. 42 (2007) 934; b) A. Farghaly, H. El-Kashef, ARKIVOC (2006) 76; c) A.
Farghaly, E. De Clercq, H. El-Kashef, ARKIVOC (2006) 137

S. C. Shetty, V. C. Bhagat, Asian J. Chem. 20 (2008) 5037

L. Boulard, S. BouzBouz, J. Cossy, X. Franck, B. Figadére, Tetrahedron Lett. 45 (2004)
6603.

M. A. Pasha, V. P. Jayshankara, Indian J. Chem., Sect. B 46 (2007) 1328

a) C. B. Sangani, D. C. Mungra, M. P. Patel, R. G. Patel, Cent. Eur. J. Chem. 9 (2011)
635; b) C. B. Sangani, D. C. Mungra, M. P. Patel, R. G. Patel, Chin. Chem. Lett. 23
(2012) 57; c) N. M. Shah, M. P. Patel, R. G. Patel, J. Heterocycl. Chem. 49 (2012) 913; d)
N. M. Shah, M. P. Patel, R. G. Patel, J. Chem. Sci., accepted; €) D. C. Mungra, M. P.
Patel, D. P. Rgjani, R. G. Patel, Eur. J. Med. Chem. 46 (2011) 4192; () J. A. Makawana,
M. P. Patel, R. G. Patel, Med. Chem. Res. (2011), doi: 10.1007/s00044-010-9568-6; ) N.
J. Thumar, M. P. Patel, Arch. Pharm. 344 (2011) 91; g) N. K. Shah, N. M. Shah, M. P.
Patel, R. G. Patel, J. Serb. Chem. Soc. 77 (2012) 279; h) H. G. Kathrotiya, M. P. Patel, R.
G. Patel, J. Serb. Chem. Soc. 77 (2012) 983

NCCLS (National Committee for Clinical Laboratory Standards), 2002. Performance
standards for antimicrobial susceptibility testing, Twelfth informational supplement.
ISBN 1-56238-454-6, M100-S12 (M7)

R.A. Pawar, A. A. Pdil, Indian J. Chem., Sect. B 33 (1994) 156

a) L. Fotouhi, M. M. Heravi, A. Fatehi, K. Bakhtiari, Tetrahedron Lett. 48 (2007) 5379;
b) S. Makarem, A. A. Mohammadi, A. R. Fakhari, Tetrahedron Lett. 49 (2008) 7194; c)
M. N. Jachak, D. B. Kendre, A. B. Avhae, R. B. Toche, V. J. Medhane, Org. Prep.
Proced. Int. 38 (2006) 313; d) A. Shaabani, R. Ghadari, S. Ghasemi, M. Pedarpour, A.
Rezayan, A. Sarvary, S. Weng Ng, J. Comb. Chem. 11 (2009) 956

J. A. Makawana, M. P. Patel, R. G. Patel, Bioorg. Med. Chem. Lett. 21 (2011) 6166.

Available online at www.shd.org.rs/JSCS/

2012 Copyright (CC) SCS

@0

56

PG MO




Journal of
the Serbian

£ [ ] [ ]
R Chemical Society
X L\ :
oy oorTe s> JSCS@tmfbg.ac.rs « www.shd.org.rs/JSCS
J. Serb. Chem. Soc. 77 (9) S152-S157 (2012) Supplementary material

SUPPLEMENTARY MATERIAL TO
Microwave-assisted synthesis of novel 4H-chromene derivatives
bearing phenoxypyrazole and their antimicrobial
activity assessment
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ANALYTICAL, PHYSICAL AND SPECTROSCOPIC DATA
OF THE SYNTHESIZED COMPOUNDS
2-Amino-4-(3-methyl-5-phenoxy-1-phenyl- 1H-pyrazol-4-yl)-5-0x0-5,6,7,8-tet-
rahydro-4H-chromene-3-carbonitrile (4a). Yield: 78 %; m.p.: 159-160 °C; Anal.
Calcd. for CogH2oN4O3 (FW: 438.48): C, 71.22; H, 5.06; N, 12.78 %. Found: C,
71.13; H, 5.13; N, 12.69 %; IR (KBr, cmr1): 3395 and 3310 (asym. and sym.
stretching of —NH»), 2200 (—C=N stretching), 1680 (C=0 str.), 1230 (C-O-C
ether stretching); 1H-NMR (400 MHz, DMSO-dg, 6 / ppm): 1.68-2.17 (6H, m,
3xCHy), 2.37 (3H, s, CH3), 4.20 (1H, s, CH), 6.68-7.41 (12H, m, Ar—H + NH>);
13C-NMR (100 MHz, DMSO-dg, ¢ / ppm): 13.10 (CH3), 19.45 (CHy), 25.00
(CH), 26.48 (CH>), 36.49 (CH>), 56.30 (C—CN), 111.20, 112.54, 115.26, 115.53,
120.50, 121.49, 126.85, 129.61, 138.34, 145.63, 147.80, 150.20, 155.43, 159.00,
164.30 (Ar—C + CN), 196.19 (C=0); MS (m/2): 439.2 (M+1).
2-Amino-4-[ 3-methyl-5-(4-methyl phenoxy)-1-phenyl - 1H-pyrazol -4-yl] -5-oxo-

-5,6,7,8-tetrahydro-4H-chromene-3-carbonitrile (4b). Yield: 90 %; m.p.: 217—
—218 °C; Ana. Cacd. for Co7H24N403 (FW: 452.50): C, 71.67; H, 5.35; N,
12.38 %. Found: C, 71.83; H, 5.45; N, 12.21 %; IR (KBr, cnm1): 3405 and 3200
(asym. and sym. stretching of —-NH5), 2190 (—C=N stretching), 1700 (C=0 str.),
1210 (C-O-C ether stretching); H-NMR (400 MHz, DMSO-dg, 6 / ppm): 1.71—
—2.24 (6H, m, 3xCH>), 2.23, 2.25 (2x3H, s, CH3), 4.29 (1H, s, CH), 6.75-7.51
(11H, m, Ar=H + NH>); 13C-NMR (100 MHz, DMSO-dg, 6 / ppm): 12.95 (CH3),
19.72 (CHy), 20.50 (CH3), 24.98 (CH), 26.55 (CH>), 36.60 (CH>), 57.25 (C-CN),
110.72, 112.22, 115.20, 115.75, 120.18, 121.39, 126.54, 129.60, 138.12, 145.57,
147.69, 150.14, 155.15, 159.17, 164.36 (Ar—-C+ CN), 196.11 (C=0); MS (m/2):
453.2 (M+1).
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2-Amino-4-[ 5-(4-methoxyphenoxy)- 3-methyl - 1-phenyl - 1H-pyr azol -4-y1] -5-oxo-
-5,6,7,8-tetrahydro-4H-chromene-3-carbonitrile (4c). Yield: 84 %; m.p.: 143—
-145 °C; Anal. Calcd. for Co7H24N404 (FW: 468.50): C, 69.22; H, 5.16; N,
11.96 %. Found: C, 69.09; H, 5.33; N, 12.03 %; IR (KBr, cn1): 3410 and 3340
(asym. and sym. stretching of -NH»), 2200 (—C=N stretching), 1640 (C=0 str.),
1205 (C-O—C ether stretching); H-NMR (400 MHz, DMSO-dg, 6 / ppm): 1.73—
—2.13 (6H, m, CH»), 2.33 (3H, s, CH3), 3.65 (3H, s, OCH3), 4.15 (1H, s, CH),
6.60-7.53 (11H, m, Ar-H + NHy); 13C-NMR (100 MHz, DMSO-dg, 6 / ppm):
13.19 (CH3), 19.59 (CHy), 25.20 (CH), 26.68 (CHy), 36.45 (CH»), 55.90
(OCH3), 56.37 (C—CN), 111.57, 112.28, 115.26, 115.71, 120.47, 121.49, 126.84,
129.60, 138.26, 145.65, 147.73, 150.19, 155.34, 159.13, 164.36 (Ar—C + CN),
196.27 (C=0); MS (m/2): 469.2 (M+1).

2-Amino-4-[ 5-(4-chlorophenoxy)-3-methyl- 1-phenyl - 1H-pyrazol -4-yl] -5-oxo-
-5,6,7,8-tetrahydro-4H-chromene-3-carbonitrile (4d). Yield: 69 %; m.p.: 173—
=174 °C; Ana. Calcd. for CogH21CIN4O3 (FW: 472.92): C, 66.03; H, 4.48; N,
11.85 %. Found: C, 65.90; H, 4.63; N, 12.00 %; IR (KBr, cm1): 3375 and 3320
(asym. and sym. stretching of -NH»), 2190 (—C=N stretching), 1695 (C=0 str.),
1215 (C-O-C ether stretching); H-NMR (400 MHz, DM SO-dg, 6 / ppm): 1.65—
—2.19 (6H, m, CHy), 2.43 (3H, s, CH3), 4.38 (1H, s, CH), 6.73-7.50 (11H, m,
Ar-H + NHy); 13C-NMR (100 MHz, DMSO-dg, § / ppm): 13.14 (CH3), 19.55
(CH»), 25.15 (CH), 26.58 (CH>), 36.54 (CH>), 57.25 (C—CN), 110.42, 112.01,
115.13, 115.65, 120.55, 121.11, 126.80, 129.13, 138.24, 145.18, 147.12, 150.00,
155.66, 159.18, 163.98 (Ar—C + CN), 196.14 (C=0); MS (m/2): 473.1 (M+1).

2-Amino-4-[ 3-methyl-1-(4-methyl phenyl)-5-phenoxy-1H-pyrazol -4-yl] -5-oxo-
-5,6,7,8-tetrahydro-4H-chromene-3-carbonitrile (4e). Yield: 80 %; m.p.: 189—
=190 °C; Anal. Calcd. for Co7H24N403 (FW: 452.50): C, 71.67; H, 5.35; N,
12.38 %. Found: C, 71.75; H, 5.44; N, 12.25 %; IR (KBr, cn1): 3410 and 3240
(asym. and sym. stretching of —-NH5), 2210 (—C=N stretching), 1665 (C=0 str.),
1215 (C-O-C ether stretching). 1H-NMR (400 MHz, DM SO-dg, 6 / ppm): 1.70—
—2.10 (6H, m, CH»), 2.35 (3H, s, CH3), 4.18 (1H, s, CH), 6.69-7.44 (11H, m,
Ar-H + NHy); 13C-NMR (100 MHz, DMSO-dg, ¢ / ppm): 13.01 (CH3), 19.40
(CH»), 20.55 (CH3), 25.23 (CH), 26.42 (CH>), 36.38 (CH»), 56.18 (C—CN),
111.40, 112.22, 115.17, 116.01, 120.53, 121.19, 126.11, 129.61, 138.27, 145.60,
147.73, 150.19, 155.16, 160.00, 164.10 (Ar—C + CN), 196.15 (C=0); MS (m/2):
453.2 (M+1).

2-Amino-4-[ 3-methyl-5-(4-methyl phenoxy)- 1-(4-methyl phenyl)- 1H-pyr azol -
-4-yl]-5-0x0-5,6,7,8-tetrahydr o-4H-chromene-3-carbonitrile (4f). Yield: 84 %,
m.p.: 129-130 °C; Anal. Cacd. for CogHogN4O3 (FW: 466.53): C, 71.09; H,
5.62; N, 12.01 %. Found: C, 71.14; H, 5.70; N, 11.87 %; IR (KBr, cm1): 3400
and 3225 (asym. and sym. stretching of -NH»), 2200 (—-C=N stretching), 1700
(C=0 sdtr.), 1200 (C-O-C ether stretching); 1H-NMR (400 MHz, DMSO-dg,
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o/ ppm): 1.73-2.22 (6H, m, CHy), 2.20, 2.26 (2x3H, s, CH3), 4.17 (1H, s, CH),
6.63-7.40 (10H, m, Ar-H + NHy); 13C-NMR (100 MHz, DMSO-dg, 6 / ppm):
12.90 (CHg3), 19.80 (CH»), 20.54, 20.65 (2xCHg), 24.70 (CH), 26.62 (CH>),
36.57 (CHy), 56.35 (C—CN), 110.35, 111.94, 115.20, 115.45, 120.59, 121.50,
126.84, 129.61, 138.11, 145.70, 147.84, 150.20, 155.55, 159.95, 163.28 (Ar—C +
CN), 196.29 (C=0); MS (m/2): 467.2 (M+1).

2-Amino-4-[ 5-(4-methoxyphenoxy)-3-methyl-1-(4-methyl phenyl)- 1H-pyrazol -
-4-yl]-5-0x0-5,6,7,8-tetrahydr o-4H-chromene-3-carbonitrile (4g). Yield: 72 %;
m.p.: 244-246 °C, Anal. Calcd. for CogHogN4O4 (FW: 482.53): C, 69.70; H,
5.43; N, 11.61 %. Found: C, 70.00; H, 5.19; N, 11.80 %; IR (KBr, cm1): 3425
and 3195 (asym. and sym. stretching of —-NH>), 2200 (—C=N stretching), 1690
(C=0 sdtr.), 1190 (C-O-C ether stretching); 1H-NMR (400 MHz, DMSO-dg,
o/ ppm): 1.66-2.14 (6H, m, CH5), 2.31 (3H, s, CH3), 3.66 (3H, s, OCH3), 4.20
(1H, s, CH), 6.75-7.46 (10H, m, Ar—H + NH5); 13C-NMR (100 MHz, DM SO-dg,
o [ ppm): 13.11 (CHg3), 19.47 (CHy), 20.72 (CH3), 25.62 (CH), 26.65 (CH>),
36.30 (CH»), 55.88 (OCH3), 58.20 (C—CN), 110.98, 112.03, 115.30, 115.74,
120.20, 121.67, 126.89, 129.62, 137.88, 145.12, 147.98, 149. 91, 155.35, 159.12,
164.50 (Ar—C + CN), 196.31 (C=0); MS (m/2): 483.2 (M+1).

2-Amino-4-[ 5-(4-chlorophenoxy)-3-methyl - 1-(4-methyl phenyl )-1H-pyrazol -
-4-yl]-5-0x0-5,6,7,8-tetrahydr o-4H-chromene-3-carbonitrile (4h). Yield: 64 %;
m.p.: 153-154 °C; Anal. Calcd. for Co7H23CIN4O3 (FW: 486.95): C, 66.60; H,
4.75; N, 11.51 %. Found: C, 66.45; H, 4.94; N, 11.73 %; IR (KBr, cm1): 3370
and 3330 (asym. and sym. stretching of —-NHy), 2215 (—C=N stretching), 1685
(C=0 str.), 1210 (C-O-C ether stretching); 1H-NMR (400 MHz, DMSO-dg,
o/ ppm): 1.74-2.20 (6H, m, CH>), 2.49 (3H, s, CH3), 4.22 (1H, s, CH), 6.72—
—7.55 (10H, m, Ar-H + NHy); 13C-NMR (100 MHz, DMSO-dg, 6 / ppm): 13.20
(CH3), 19.60 (CH>), 20.63 (CH3), 24.92 (CH), 26.70 (CH>), 36.38 (CH>), 56.25
(C—CN), 111.60, 111.99, 114.17, 119.12, 121.70, 123.02, 126.67, 128.72,
129.71, 138.01, 145.53, 148.27, 155.95, 158.04, 164.35 (Ar—C + CN), 196.26
(C=0); MS (m/2): 487.1 (M+1).

2-Amino-7,7-dimethyl-4-[ 3-methyl-5-phenoxy- 1-phenyl-1H-pyrazol -4-yl] -5-
-0x0-5,6,7,8-tetrahydro-4H-chromene-3-carbonitrile (4i). Yield: 90 %; m.p.:
249-250 °C; Anal. Calcd. for CogHogN4O3 (FW: 466.53): C, 72.09; H, 5.62; N,
12.01 %. Found: C, 71.84; H, 5.52; N, 12.17 %; IR (KBr, cm1): 3380 and 3180
(asym. and sym. stretching of -NH»), 2200 (—C=N stretching), 1680 (C=0 str.),
1220 (C-O-C ether stretching); IH-NMR (400 MHz, DMSO-dg, 6 / ppm): 1.02,
1.04 (3H, s, 2xCH3) 1.95, 2.13 (2x2H, s, CH2), 2.50 (3H, s, CH3), 4.36 (1H, s,
CH), 6.76-7.55 (12H, m, Ar-H + NH>); 13C-NMR (100 MHz, DMSO-dg,
o | ppm): 12.86 (CH3), 24.60 (CH), 27.68, 28.77 (2xCH3), 32.01 (C), 40.25,
50.43 (2xCH>), 60.64 (C—CN), 110.20, 111.80, 114.79, 119.00, 121.81, 122.92,
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126.51, 128.92, 129.76, 138.01, 145.50, 148.21, 156.45, 157.94, 161.64 (Ar—C +
CN), 196.17 (C=0); MS (nV2): 467.2 (M+1).

2-Amino-7,7-dimethyl -4-[ 3-methyl-5-(4-methyl phenoxy)- 1-phenyl -1H-pyra-
zol-4-yl]-5-0x0-5,6,7,8-tetrahydr o-4H-chromene-3-carbonitrile (4)). Yield: 75 %;
m.p.: 136-137 °C; Ana. Calcd. for CogH2gN4O3 (FW: 480.56): C, 72.48; H,
5.87; N, 11.66 %. Found: C, 72.45; H, 5.98; N, 11.88 %; IR (KBr, cn1): 3415
and 3265 (asym. and sym. stretching of —-NH>), 2220 (—C=N stretching), 1660
(C=0 sdtr.), 1205 (C-O-C ether stretching); TH-NMR (400 MHz, DMSO-ds,
o/ ppm): 0.95, 0.98 (2x3H, s, CH3) 1.98, 2.08 (2x2H, s, CH>), 2.28, 2.55 (2x3H,
s, CH3), 4.23 (1H, s, CH), 6.74-7.46 (11H, m, Ar-H + NHy); 13C-NMR (100
MHz, DMSO-dg, 6 / ppm): 13.25 (CH3), 20.58 (CH3), 25.08 (CH), 27.27, 28.89
(2xCHg), 32.00 (C), 40.00 50.34 (2xCHj), 58.69 (C-CN), 110.54, 111.48,
115.36, 115.70, 120.48, 121.51, 129.98, 135.85, 136.27, 145.54, 147.43, 150.23,
155.52, 159.00, 162.05 (Ar—C + CN), 196.22 (C=0); MS (m/z): 481.2 (M+1).

2-Amino-7,7-dimethyl-4-[ 5-(4-methoxyphenoxy)-3-methyl - 1-phenyl - 1H-py-
razol-4-yl] -5-oxo-5,6,7,8-tetrahydr o-4H-chromene-3-carbonitrile (4k). Yield: 87
%; m.p.: 179-180 °C; Anal. Calcd. for CogHogN4O4 (FW: 496.56): C, 70.15; H,
5.68; N, 11.28 %. Found: C, 70.24; H, 5.78; N, 11.01 %; IR (KBr, cm1): 3380
and 3210 (asym. and sym. stretching of —-NH>), 2195 (—C=N stretching), 1645
(C=0 str.), 1200 (C-O-C ether stretching). IH-NMR (400 MHz, DMSO-dg,
o 1 ppm): 1.05, 1.07 (2x3H, s, CH3) 1.90, 2.01 (2x2H, s, CH>), 2.25 (3H, s,
CHg), 3.64 (3H, s, OCH3), 4.17 (1H, s, CH), 6.70-7.48 (11H, m, Ar-H + NH>);
13C-NMR (100 MHz, DMSO-dg, § / ppm): 13.00 (CH3) 25.24 (CH), 27.42,
28.80 (2xCHg), 32.07 (C), 40.15 50.40 (2xCH>), 55.89 (OCH3), 57.31 (C—CN),
111.25, 112.02, 114.81, 119.06, 121.94, 123.11, 126.52, 128.62, 129.86, 138.19,
145.84, 148.28, 156.45, 157.90, 161.50 (Ar—C + CN), 196.35 (C=0); MS (m/2):
497.2 (M+1).

2-Amino-4-[ 5-(4-chlorophenoxy)-3-methyl- 1-phenyl - 1H-pyrazol -4-yl] - 7,7-di-
methyl-5-0x0-5,6,7,8-tetrahydr o-4H-chromene-3-car bonitrile (41). Yield: 65 %;
m.p.: 203-205 °C; Anal. Calcd. for CogHo5CIN4O3 (FW: 500.98): C, 67.13; H,
5.03; N, 11.18 %. Found: C, 67.02; H, 5.25; N, 11.37 %; IR (KBr, cm1): 3430
and 3190 (asym. and sym. stretching of —-NH>»), 2210 (—C=N stretching), 1690
(C=0 str.), 1220 (C-O-C ether stretching). 1H-NMR (400 MHz, DMSO-dg,
o / ppm): 0.88, 0.93 (2x3H, s, CH3) 1.81, 2.11 (2x2H, s, CH>), 2.39 (3H, s,
CH3), 412 (1H, s, CH), 6.64-7.50 (11H, m, Ar-H + NH>); 13C-NMR (100 MHz,
DMSO-dg, 6 / ppm): 12.80 (CH3), 24.50 (CH), 27.25, 28.94 (2xCH3), 31.90 (C),
39.92, 50.30 (2xCHy), 60.64 (C—CN), 110.27, 111.18, 115.52, 115.71, 120.55,
121.87, 130.00, 135.86, 136.20, 145.54, 147.17, 150.33, 155.51, 159.17, 162.10
(Ar—C + CN), 196.13 (C=0); MS (m/2): 501.2 (M+1).

2-Amino-7,7-dimethyl -4-[ 3-methyl - 1-(4-methyl phenyl)-5-phenoxy-1H-pyra-
z0l-4-yl] -5-0x0-5,6,7,8-tetrahydr o-4H-chromene-3-carbonitrile (4m). Yield: 88
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%; m.p.: 240-241 °C; Anal. Calcd. for CogH2gN4O3 (FW: 480.56): C, 72.48; H,
5.87; N, 11.66 %. Found: C, 72.63; H, 6.00; N, 11.80 %; IR (KBr, cm1): 3400
and 3340 (asym. and sym. stretching of -NH»), 2200 (—-C=N stretching), 1705
(C=0 str.), 1200 (C-O-C ether stretching); H-NMR (400 MHz, DMSO-dg,
o I ppm): 0.97, 1.01 (2x3H, s, CHg), 1.92, 2.04 (2x2H, s, CHy), 2.25, 2.50
(2x3H, s, CH3), 4.30 (1H, s, CH), 6.76-7.45 (11H, m, Ar-H + NH); 13C-NMR
(100 MHz, DMSO-dg, 6 / ppm): 13.18 (CHg), 20.75 (CH3), 25.25 (CH), 27.48,
28.91 (2xCHag), 32.10 (C), 40.20 50.45 (2xCHy), 57.91 (C-CN), 110.94, 111.81,
114.78, 118.79, 121.75, 122.88, 126.44, 128.90, 129.70, 138.00, 145.51, 148.12,
156.51, 157.88, 162.25 (Ar—C + CN), 196.28 (C=0); MS (m/z): 481.2 (M+1).

2-Amino-7,7-dimethyl-4-[ 3-methyl -5-(4-methyl phenoxy)-1-(4-methyl phenyl )-
-1H-pyrazol-4-yl] -5-0x0-5,6,7,8-tetrahydr o-4H-chromene-3-carbonitrile  (4n).
Yield: 90 %; m.p.: 223-224 °C; Anal. Calcd. for C3gH3gN4O3 (FW: 494.58): C,
72.85; H, 6.11; N, 11.33 %. Found: C, 72.70; H, 6.20; N 11.45 %; IR (KBr, cn1):
3420 and 3300 (asym. and sym. stretching of —-NH»), 2205 (—C=N stretching),
1680 (C=0 dir.), 1225 (C-O-C ether stretching); 1H-NMR (400 MHz, DM SO-dg,
o / ppm): 1.01, 1.03 (2x3H, s, CH3) 1.97, 2.09 (2x2H, s, CH>»), 2.25, 2.27, 2.32
(3x3H, s, CH3), 4.18 (1H, s, CH), 6.71-7.43 (10H, m, Ar-H + NH>); 13C-NMR
(100 MHz, DMSO-dg, 6 / ppm): 12.92 (CHg), 20.60, 20.90 (CH3), 25.03 (CH),
27.32, 28.75 (2xCH3g), 31.94 (C), 40.10 50.37 (2xCHy), 57.91 (C—CN), 110.94,
111.24, 115.38, 115.64, 120.23, 121.94, 130.56, 135.84, 136.20, 145.55, 147.39,
150.21, 155.30, 159.18, 162.25 (Ar—C + CN), 196.28 (C=0); MS (m/2): 495.2
(M+1).

2-Amino-4-[ 5-(4-methoxyphenoxy)-3-methyl-1-(4-methyl phenyl)- 1H-pyrazol -
-4-yl]-7,7-dimethyl-5-ox0-5,6,7,8-tetrahydr o-4H-chromene-3-carbonitrile  (40).
Yield: 92 %; m.p.: 149-150 °C; Anal. Calcd. for C3gH3gN4O4 (FW: 510.58): C,
70.57; H, 5.92; N, 10.97 %. Found: C, 70.69; H, 6.04; N, 11.13 %; IR (KBr, cn1):
3385 and 3230 (asym. and sym. stretching of —-NH»), 2205 (—C=N stretching),
1710 (C=0 dr.), 1195 (C-O-C ether stretching); H-NMR (400 MHz, DM SO-dg,
o/ ppm): 0.90, 0.93 (2x3H, s, CH3) 1.85, 2.07 (2x2H, s, CH>), 2.23, 2.30 (2x3H,
s, CHg), 3.66 (3H, s, OCHg), 4.16 (1H, s, CH), 6.59-7.40 (10H, m, Ar-H +
NH>); 13C-NMR (100 MHz, DMSO-dg, 6 / ppm): 13.10 (CHs3), 20.86 (CH3),
25.03 (CH), 27.29, 28.95 (2xCH3), 31.98 (C), 39.90 50.31 (2xCH)), 55.88
(OCHg3), 56.20 (C—CN), 111.18, 111.24, 115.36, 115.69, 120.43, 121.44, 130.04,
135.91, 136.21, 145.50, 147.40, 150.16, 155.26, 159.08, 162.24 (Ar—C + CN),
196.14 (C=0); MS (m/2): 511.2 (M+1).

2-Amino-4-[ 5-(4-chlorophenoxy)- 3-methyl-1-(4-methyl phenyl)-1H-pyrazol-
-4-yl]-7,7-dimethyl-5-0x0-5,6,7,8-tetrahydr o-4H-chromene-3-carbonitrile  (4p).
Yield: 73 %; m.p.: 168-169 °C; Ana. Calcd. for CogH27CIN4O3 (FW: 515.00):
C, 67.63; H, 5.28; N, 10.88 %. Found: C, 67.76; H, 5.44; N, 10.92 %; IR (KBr,
cm1): 3390 and 3300 (asym. and sym. stretching of —NHy), 2200 (-C=N stretch-
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ing), 1685 (C=0 str.), 1200 (C-O-C ether stretching); 1H-NMR (400 MHz,
DMSO-dg, ¢ / ppm): 1.03, 1.06 (2x3H, s, CH3) 1.83, 2.15 (2x2H, s, CH)>), 2.28,
2.45 (2x3H, s, CH3), 4.14 (1H, s, CH), 6.67—7.53 (10H, m, Ar-H + NHy); 13C-
-NMR (100 MHz, DMSO-dg, J / ppm): 13.07 (CH3z), 20.80 (CH3), 25.11 (CH),
27.50, 28.93 (2xCH3j), 32.05 (C), 40.25 50.41 (2xCHy), 59.11 (C—CN), 111.15,
111.39, 115.40, 115.70, 120.73, 121.60, 130.11, 135.85, 136.17, 145.44, 147.35,
150.00, 155.15, 159.08, 161.50 (Ar—C + CN), 196.20 (C=0); MS (m/2): 515.2
(M+1).
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Abstract: The four-component reaction of cyclobutanone, dibenzylamine and
(isocyanoimino)triphenylphosphorane in the presence of aromatic carboxylic
acids proceeds smoothly at room temperature under neutral conditionsto afford
N,N-dibenzyl-1-(5-aryl-1,3,4-oxadiazol-2-yl)cyclobutylamine  derivatives in
highyields.

Keywords. multicomponent reaction; isocyanide; 1,3,4-oxadiazole; heterocycles.

INTRODUCTION

There is increasing interest in the chemistry of heterocyclic compounds
because of their vast distribution in natural compounds, their applications in
pharmaceuticals, agrochemicals, and industrial chemicals, etc. 1,3,4-Oxadiazole
derivatives are an important class of heterocycles, which possess pharmaceutical
and biological activities, such as antimicrobial,1-3 antimycobacterial,4 anti-in-
flanmatory,® anti-allergic,® antifungal and genotoxic activities.” Nowadays,
many organic compounds can be synthesized in multicomponent reactions
(MCRs).8 An important class of MCRs are the isocyanide-based multicomponent
reactions (IMCRs). IMCRs are especidly interesting because they are more
diverse and versatile than non-IMCRs.9-18 Several methods have been reported
in the literature for the synthesis of 1,3,4-oxadiazoles. These protocols are multi-
step in nature.19-21 In recent years, a one-pot method for the synthesis of 1,3,4-
-oxadiazole derivatives from (isocyanoimino)triphenylphosphorane has been es-
tablished.22-26 |n connection with interest in the synthesis of heterocycles,2/-30
the synthesis of N,N-dibenzyl-1-(5-aryl-1,3,4-oxadiazol-2-yl)cyclobutylamine
derivatives via a four-component reaction of cyclobutanone, dibenzylamine, and

* Corresponding author. E-mail: n_shajari120@yahoo.com
doi: 10.2298/JSC111014024S
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(isocyanoimino)triphenylphosphorane in the presence of aromatic carboxylic
acids, in high yields and fairly mild reaction conditions, is reported herein (Sche-
me 1).

O

Ph Ph - 4

CH3CN

ArCO,H +E/(+ L rec=n—Nn,
N PPhy r.t,24h

H
(0)) 2 3 @

® ©)

Scheme 1. Four-component reaction of carboxylic acids, cyclobutanone,
dibenzylamine and (isocyanoimino)triphenylphosphorane.

RESULTS AND DISCUSSION

The four-component reactions of cyclobutanone (2), dibenzylamine (3) and
(isocyanoimino)triphenylphosphorane (4) in the presence of aromatic carboxylic
acids (1) led to N,N-dibenzyl-1-(5-aryl-1,3,4-oxadiazol-2-yl)cyclobutylamine
derivatives (5) in high yields, under fairly mild reaction conditions (Scheme 1
and Table 1). A mechanistic rationalization for this reaction is provided in Sche-
me 2. The imine intermediate generated by the reaction of cyclobutanone (2) and
dibenzylamine (3) is protonated with aromatic carboxylic acid (1) to produce
iminium intermediate (7). Nucleophilic addition of the (isocyanoimino)triphenyl-
phosphorane (4) to the iminium ion (7) leads to a nitrilium intermediate (9). The
intermediate 9 may be attacked by the carboxylate anion (8) to form adduct 10.
The adduct 10 may undergo an intramolecular aza-Wittig reaction of an
iminophosphorane moiety with the ester carbonyl group to afford the 1,3,4-
oxadiazole derivatives (5) by the removal of triphenylphosphine oxide (6) from
intermediate (11).

The structures of the products were deduced from their 1H-NMR, 13C-NMR,
mass, IR spectra, and elemental analysis. For example the 1H-NMR spectrum of
5a exhibited distinct signals at oy 1.71-1.92, 2.17-2.38 and 2.40-2.61 ppm (6H,
3m) arising from the 3CH» groups of cyclobutane, oy 3.65 ppm (4H, s) from the
2CH> groups of benzyl and at oy 7.12-8.18 ppm (15H, m) of the aromatic CH
groups. The 13C-NMR spectrum of 5a showed 14 distinct resonances arising
from the 3CH> of cyclobutane (d¢ 14.47 and 33.05 ppm), the 2CH> of benzyl (d¢
53.85 ppm), Cipso Of cyclobutane (dc 62.66 ppm), aromatic carbons (Jc 124.09,
126.88, 126.95, 128.01, 129.00, 129.12, 131.74 and 139.65 ppm), 2C=N (d¢
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165.47 and 168.55 ppm). The mass spectrum of 5a displayed a molecular ion
peak at m/z = 395. The anaytic and spectral data for all the synthesized com-
pounds are given in the Supplementary material to this paper.

TABLE I. Synthesis of N,N-dibenzyl-1-(5-aryl-1,3,4-oxadiazol-2-yl)cyclobutylamine deriva-

tives
Entry Ar Product
CeHs 5a
2 2-Thienyl 5b
3 4—C|C6H4 5c
4 3-CICgH, 5d
5 4-BrCgHy4 5e
6 4-FCgH, 5f
7 4-MeCgH, 59
8 3-MeCgH, 5h
O
o + b)j\Ar
Ho P NEn(®)
ArCOH  + + Ph/\N/\Ph 2 |
H /—‘
+ -
N—N=C
1 @) ©) 2
Ph;P
+ PhsP
/N—NEC ¥ \\N'N
/
PheP N o
)(J)\— )T A AN T
Ar P "ol P
8 ©) Ph
+
g fgin -
O
A%O N Ph
~—N N-
O TN+ e
Ph O ar

(11)

) (6)

Scheme 2. The proposed mechanism for the formation of 5.

EXPERIMENTAL

The starting materials and solvents were

obtained from Merck (Germany) and Fluka

(Switzerland) and were used without further purification. The melting points were measured
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on an electrothermal 9100 apparatus and are uncorrected. The IR spectra were recorded on a
Jasco FT-IR 6300 spectrometer. The 1H- and 13C-NMR spectra were measured (CDCl5 solu-
tion) with a Bruker DRX-250 Avance spectrometer at 250.0 and 62.5 MHz, respectively. The
mass spectra were recorded on a HP (Agilent Technologies) 5937 mass selective detector at
an ionization potential of 70 eV. The elemental analyses were realized using a Heraeus CHN-
-O-rapid analyzer.

General procedure

To a magnetically stirred solution of cyclobutanone (2, 1 mmoal), dibenzylamine (3, 1
mmol) and an aromatic carboxylic acid (1, 1 mmol) in CH3CN (5 mL) was added dropwise a
solution of (isocyanoimino)triphenylphosphorane (4, 1 mmol) in CH3CN (5 mL) at room
temperature over 15 min. The mixture was stirred for 24 h. The solvent was removed under
reduced pressure and the viscous residue was purified by preparative layer chromatography
(silica gel; petroleum ether—ethyl acetate (10:3)). The solvent was removed under reduced
pressure and the products 5a—h were obtained.

CONCLUSIONS

The reported method offers a mild, ssmple, and efficient route for the prepa-
ration of N,N-dibenzyl-1-(5-aryl-1,3,4-oxadiazol-2-yl)cyclobutylamine derivati-
ves via a four-component reaction of cyclobutanone, dibenzylamine and (isocy-
anoimino)triphenylphosphorane in the presence of an aromatic carboxylic acid in
high yields and under fairly mild reaction conditions.

SUPPLEMENTARY MATERIAL

Analytical and spectral data of the synthesized compounds are available electronically
from http://www.shd.org.rs/JSCS/, or from the corresponding author on request.

Acknowledgment. The authors are thankful to the Zanjan Branch, Islamic Azad Uni-
versity for partial support of this work.

N3BOJ

E®UKACHA CUHTE3A JEPUBATA N,N-IUBEH3WJI-1-(5-APUJI-1,3,4-OKCA-
IOHUA30JI-2-UWTIUKIOBYTUIAMUHA Y JETHOM PEAKITMOHOM KOPAKY
YETBOPOKOMIIOHEHTHE PEAKITUOHE CMEIIE — (U301TUJAHO-
HMUHO)TPUPEHUIIOOCOOPAH, TUBEH3WIAMUH, APOMATUYHA
KAPBOKCHW/IHA KUCEJIMHA WU ITUKJIOBYTAHOH

NAHID SHAJARI, ALI REZA KAZEMIZADEH u ALI RAMAZANI

Research Laboratory of MCRs, Department of Chemistry, Zanjan Branch,
Islamic Azad University, P O Box 49195-467, Zanjan, Iran

PeakuroHa cMellla Koja cagpxu (M30ouHdjaHOUMUHO)TprudenundochopaH, TudeH3WIaMUH
U IMKJI00yTaHOH, Y NPUCYCTBY apOMAaTHYHUX KapOOKCHIIHUX KUCEIHHA, TPU CODHOj TeMIepa-
TypH, kao Ipou3Boz naje nepusate N,N-nudeHsun-1-(5-apui-1,3,4-okcafgna3on-2-wi)IHuKIo-
OyThnaMrHa y BUCOKOM IIPUHOCY.
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SUPPLEMENTARY MATERIAL TO
Efficient one-pot, four-component synthesis of N,N-dibenzyI-
-1-(5-aryl-1,3,4-oxadiazol-2-yl)cyclobutylamine derivatives
from thereaction of (isocyanoimino)triphenylphosphorane,
dibenzylamine, an aromatic carboxylic acid and cyclobutanone

NAHID SHAJARI*, ALl REZA KAZEMIZADEH and ALI RAMAZANI

Research Laboratory of MCRs, Department of Chemistry, Zanjan Branch,
Islamic Azad University, P. O. Box 49195-467, Zanjan, Iran

J. Serb. Chem. Soc. 77 (9) (2012) 1175-1180

ANALYTICAL AND SPECTRAL DATA OF THE SYNTHESIZED COMPOUNDS

N,N-Dibenzyl-1-(5-phenyl-1,3,4-oxadiazol -2-yl)cyclobutylamine (5a). Yel-
low crystal, Yield: 81 %; m.p. 99.8-102.6 °C; Anal. Calcd. for CogHosN30: C,
78.96; H, 6.37; N, 10.62 %. Found: C, 79.04; H, 6.42; N, 10.58 %; IR (KBr, cm1):
1554, 1447, 1363, 1257, 1076, 750, 698; 1H-NMR (250 MHz, CDCls, 6 / ppm):
1.71-1.92 (2H, m, cyclobutane), 2.17-2.38 (2H, m, cyclobutane), 2.40-2.61 (2H,
m, cyclobutane), 3.65 (4H, s, 2CH» of benzyl), 7.12-8.18 (15H, m, aromatic
CH); 13C-NMR (62.5 MHz, CDCl3, 6 / ppm): 14.47 and 33.05 (3CH,, cyclobu-
tane), 53.85 (2CH of benzyl), 62.66 (Cipso, Cyclobutane), 124.09, 126.88, 126.95,
128.01, 129.00, 129.12, 131.74 and 139.65 (aromatic carbons), 165.47 and
168.55 (2C=N); MS, m/z (%): 395 (M, 7), 304 (69), 276 (29), 250 (17), 196 (9),
173 (12), 130 (9), 91 (100), 65 (13), 41 (2).

N,N-Dibenzyl-1-[ 5-(2-thienyl)-1,3,4-oxadiazol -2-yl] cyclobutylamine (5b).
Yellow crystal, yield: 85 %; m.p. 57.6-59.8 °C; Anal. Calcd. for CogH23N30S:
C, 71.79; H, 5.77; N, 10.47 %. Found: C, 71.72; H, 5.79; N, 10.53 %; IR (KBr,
cm1): 1553, 1450, 1363, 1254, 1075, 749, 696; 1H-NMR (250 MHz, CDCl3, 6 /
/ ppm): 1.70-2.04 (2H, m, cyclobutane), 2.15-2.40 (2H, m, cyclobutane), 2.42—
—2.62 (2H, m, cyclobutane), 3.65 (4H, s, 2CH> of benzyl), 7.05-7.87 (13H, m,
aromatic CH); 13C-NMR (62.5 MHz, CDCls, § / ppm): 14.44 and 33.02 (3CHp,
cyclobutane), 53.88 (2CH of benzyl), 62.67 (Cjpso, cyclobutane), 125.51 (Cipso,
thiophene), 126.86, 127.98, 128.16, 128.97, 129.68, 130.05 and 139.62 (aromatic
carbons), 161.24 and 167.97 (2C=N); MS, m/z (%): 401 (M*, 2), 310 (51), 282

* Corresponding author. E-mail: alirezakazemizadeh@yahoo.com; aliramazani @yahoo.com
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(29), 264 (6), 196 (10), 173 (18), 149 (7), 132 (12), 106 (38), 91(100), 65 (21),
41 (6).

N,N-Dibenzyl-1-[ 5-(4-chlorophenyl)-1,3,4-oxadiazol -2-yl] cycl obutylamine
(5¢). Yellow crystal, yield: 80 %; m.p. 89.0-915 °C; Ana. Cacd. for
Co6H24CIN3O: C, 72.63; H, 5.63; N, 9.77 %. Found: C, 72.70; H, 5.58; N, 9.70
%; IR (KBr, cm1): 1541, 1452, 1363, 1257, 1076, 748, 696; 1H-NMR (250
MHz, CDCl3, ¢ / ppm): 1.75-1.92 (2H, m, cyclobutane), 2.23-2.40 (2H, m, cyc-
lobutane), 2.42-2.58 (2H, m, cyclobutane), 3.67 (4H, s, 2CH» of benzyl), 6.98—
—7.38 (10H, m, aromatic CH), 7.54 (2H, d, 3Jyy = 8.0 Hz, aromatic CH), 8.02
(2H, d, 34y = 8.0 Hz, aromatic CH); 13C-NMR (62.5 MHz, CDCl3, ¢ / ppm):
14.39 and 32.98 (3CHp, cyclobutane), 53.76 (2CH> of benzyl), 62.67 (Cjpso, Cyc-
lobutane), 122.62, 126.89, 128.00, 128.20, 128.94, 129.46, 137.91 and 139.51
(aromatic carbons), 164.20 and 168.88 (2C=N); MS, m/z (%): 429 (M*, 2), 338
(59), 310 (39), 290 (7), 263(5), 196 (13), 173(22), 149 (10), 130 (12), 91 (100),
65 (17), 41 (4).

N,N-Dibenzyl-1-[ 5-(3-chlorophenyl)-1,3,4-oxadiazol -2-yl] cycl obutylamine
(5d). Yellow crystal, yield: 83 %; m.p. 131.1-133.2 °C; Ana. Calcd. for
Co6H24CIN3O: C, 72.63; H, 5.63; N, 9.77 %. Found: C, 72.57; H, 5.67; N, 9.70
%; IR (KBr, cr1): 1551, 1438, 1364, 1259, 1080, 749, 696, 1H-NMR (250
MHz, CDCls3, ¢ / ppm): 1.72-1.96 (2H, m, cyclobutane), 2.22-2.43 (2H, m, cyc-
lobutane), 2.45-2.61 (2H, m, cyclobutane), 3.68 (4H, s, 2CH> of benzyl), 7.03—
—8.09 (14H, m, aromatic CH); 13C-NMR (62.5 MHz, CDCl3, § / ppm): 14.39 and
32.99 (3CH3, cyclobutane), 53.76 (2CH> of benzyl), 62.68 (Cipso, Cyclobutane),
125.04, 125.75, 126.90, 128.00, 128.90, 128.94, 130.44, 131.68, 135.19 and
139.48 (aromatic carbons), 163.72 and 169.07 (2C=N).

N,N-Dibenzyl-1-[ 5-(4-bromophenyl)-1,3,4-oxadiazol - 2-yl] cyclobutylamine
(5¢). Yellow crystal, yield: 82 %; m.p. 121.3-123.1 °C; Ana. Cacd. for
CosH24BrN3O: C, 65.83; H, 5.10; N, 8.86 %. Found: C, 65.89; H, 5.13; N, 8.83
%; IR (KBr, cm1): 1563, 1452, 1361, 1257, 1080, 758, 703; 1H-NMR (250
MHz, CDCl3, ¢ / ppm): 1.81-1.98 (2H, m, cyclobutane), 2.28-2.48 (2H, m, cyc-
lobutane), 2.52-2.68 (2H, m, cyclobutane), 3.73 (4H, s, 2CH» of benzyl), 7.12—
—7.98 (10H, m, aromatic CH), 8.01 (2H, d, 3Jyy = 8.5 Hz, aromatic CH), 8.19
(2H, d, 34y = 8.5 Hz, aromatic CH); 13C-NMR (62.5 MHz, CDCl3, ¢ / ppm):
14.47 and 33.07 (3CH, cyclobutane), 53.96 (2CH of benzyl), 62.78 (Cipso,
cyclobutane), 123.31, 126.87, 127.13, 128.00, 129.00, 129.08, 132.88 and 139.69
(aromatic carbons), 165.22 and 168.72 (2C=N).

N,N-Dibenzyl-1-[ 5-(4-fluor ophenyl)-1,3,4-oxadiazol -2-yl] cyclobutylamine
(5f). Yelow crystal, yield: 80%; m.p. 91.3-935 °C; Ana. Cdcd. for
CoeH24FN30: C, 75.52; H, 5.85; N, 10.16. Found: C, 75.50; H, 5.89; N, 10.12;
IR (KBr, cm1): 1560, 1497, 1364, 1235, 1067, 745, 697, H-NMR (250 MHz,
CDCl3, 0 / ppm): 1.76-1.95 (2H, m, cyclobutane), 2.26-2.44 (2H, m, cyclobu-
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tane), 2.46-2.61 (2H, m, cyclobutane), 3.68 (4H, s, 2CH> of benzyl), 7.02—7.45
and 8.05-8.16 (14H, 2m, aromatic CH); 13C-NMR (62.5 MHz, CDCl3, 6 / ppm):
14.39 and 32.99 (3CHy, cyclobutane), 53.82 (2CH> of benzyl), 62.68 (Cjpso, Cyc-
lobutane), 116.41 (2CH of aromatic carbons, d, 2Jcg = 22.5 Hz), 120.52 (C, d,
aromatic ,*Jcr =3.6 Hz), 126.88, 127.99, 128.94 and 139.56 (aromatic carbons),
129.19 (2CH of aromatic carbons, d, 3Jcr = 8.1 Hz), 164.58 (C, d, aromatic,
1JcE = 231.1 Hz), 164.20 and 168.70 (2C=N).

N,N-Dibenzyl-1-[ 5-(4-methyl phenyl)- 1,3,4-oxadiazol -2-yl] cyclobutylamine
(50). Ydlow crystal, yield: 82 %; m.p. 55.5-57.9 °C; Ana. Calcd. for
Co7H27N30: C, 79.19; H, 6.65; N, 10.26 %. Found: C, 79.24; H, 6.62; N, 10.29
%; IR (KBr, cm1): 1560, 1454, 1364, 1258, 1078, 747, 696; 1H-NMR (250
MHz, CDCl3, ¢ / ppm): 1.75-1.91 (2H, m, cyclobutane), 2.22—-2.62 (4H, 2m, cyc-
lobutane), 2.47 (3H, s, CH3), 3.67 (4H, s, 2CH» of benzyl), 7.12—7.45 (10H, m,
aromatic CH), 7.33 (2H, d, 3Jyn = 8.0 Hz, aromatic CH), 7.99 (2H, d, 3]y = 8.0
Hz, aromatic CH); 13C-NMR (62.5 MHz, CDCl3, ¢ / ppm): 14.44 and 33.03
(3CH2, cyclobutane), 21.66 (CH3), 53.95 (2CH; of benzyl), 62.71 (Cipso, Cyclo-
butane), 121.42, 126.83, 126.90, 127.97, 128.98, 129.78, 139.73 and 142.17
(aromatic carbons), 165.16 and 168.28 (2C=N).

N,N-Dibenzyl-1-[ 5-(3-methyl phenyl)-1,3,4-oxadiazol - 2-yl] cycl obutylamine
(5h). Yelow crysta, yield: 81 %; m.p. 100.1-102.3 °C; Ana. Calcd. for
Co7H27N30: C, 79.19; H, 6.65; N, 10.26 %. Found: C, 79.25; H, 6.67; N, 10.22;
IR (KBr, cm1): 1556, 1454, 1363, 1255, 1071, 750, 695; IH-NMR (250 MHz,
CDCl3, 6 / ppm): 1.72-1.92 (2H, m, cyclobutane), 2.23-2.61 (4H, 2m, cyclo-
butane), 2.49 (3H, s, CH3), 3.67 (4H, s, 2CH» of benzyl), 7.12—7.50 and 7.85—
—7.96 (14H, 2m, aromatic CH); 13C-NMR (62.5 MHz, CDCl3, ¢ / ppm): 14.45
and 33.03 (3CHo, cyclobutane), 21.40 (CHs3), 53.97 (2CH» of benzyl), 62.72
(Cipso, cyclobutane), 124.03, 124.09, 126.85, 127.46, 127.97, 128.40, 128.98,
132.48, 138.97 and 139.70 (aromatic carbons), 165.17 and 168.47 (2C=N).
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Trichloroisocyanuric acid as an efficient homogeneous catalyst
for the chemoselective synthesis of 2-substituted oxazolines,
imidazolines and thiazolines under solvent-free condition

SEYEDEH FATEMEH HOJATI* and SEY EDE ATEFE NEZHADHOSEINY
Department of Chemistry, Sabzevar Tarbiat Moallem University, Sabzevar 9617976487, Iran
(Received 31 October 2011, revised 21 March 2012)

Abstract: Trichloroisocyanuric acid, as a commercially available and inexpen-
sive catalyst, was used in a new, facile and efficient procedure for the synthesis
of 2-oxazolines, 2-imidazolines and 2-thiazolines through the reaction of
nitriles with 2-aminoethanol, ethylenediamine or 2-aminoethanethiol under
solvent-free conditions.

Keywords: trichloroisocyanuric acid; oxazoline; imidazoline; thiazoline; sol-
vent-free condition.

INTRODUCTION

Developing new and efficient methods for the synthesis of heterocyclic bio-
logically active natural compounds has received considerable attention in organic
chemistry. Thisimportance is due to their great applications in medicine. Oxazo-
lines, imidazolines and thiazolines are important substructures in a large number
of biologically active natural products.12 Many derivatives of these heterocycles
have shown antihypertensive,34 antidepressive,> antihyperchol esterolemic, anti-
diabetic,” antitumor8 and anti-inflammatory® properties. In addition to these se-
rious affairs, they are also known as valuable intermediates in organic transfor-
mations. 1011 Furthermore, optically active mono- and bis-derivatives of these
heterocycles have been widely used as both auxiliaries and ligands in asymmetric
syntheses,12-14

Numerous methods have been reported for the synthesis of 2-oxazolines,
2-imidazolines and 2-thiazolines from various precursors.1>-25 Although some of
these procedures have been successfully used for the synthesis of these hetero-
cycles, most of them suffer from disadvantages such as. strong acidic conditions,
long reaction times, low yields of products, use of complex and expensive re-

* Corresponding author. E-mail: sfhojati @sttu.ac.ir
doi: 10.2298/JSC111031028H
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1182 HOJATI and NEZHADHOSEINY

agents and toxic solvents. Therefore, the introduction of a new efficient method
for the synthesis of these useful moietiesis till in demand.

Trichloroisocyanuric acid (1,3,5-trichloro-1,3,5-triazine-2,4,6(1H,3H,5H)-tri-
one or TCCA) is an N-halo compound which has been known since 1902 (Fig.
1). It has been used primarily as a disinfectant in swimming pools and water
treatment.26 Recently, TCCA has become attractive candidate as a homogeneous
catalyst in organic transformations?/—3% due to its lack of volatility, commercial
availability, low cost and ease of handling.

0

ao A _a
N N

O)\ IiT /KO

c1 Fig. 1. Structure of trichloroisocyanuric acid.

Consequently, in continuation of our interest in the synthesis of 2-oxazoline,
2-imidazoline and 2-thiazoline derivatives,36-38 the catalytic activity of TCCA in
thisfield was investigated (Scheme 1).

o TCON, 1102:¢ N

solvent-free X
Ar

(a) (b) (c)

Scheme 1. Synthesis of 2-oxazoline, 2-imidazoline and 2-thiazoline derivatives
using TCCA as catalyst.

EXPERIMENTAL

General procedure for the conversion of nitriles to 2-oxazolines, 2-imidazolines and
2-thiazolines

A mixture of anitrile (I mmol), 2-aminoethanol (6 mmol), ethylenediamine (4 mmol) or
2-aminoethanethiol (1.2 mmol) and TCCA (0.03 mmol for oxazoline, 0.1 mmol for imida-
zoline and 0.01 mmol for thiazoline synthesis) was stirred at 110 °C for an appropriate time,
according to Table |. The reaction was performed under solvent-free conditions. After com-
pletion of the reaction, monitored by TLC (eluent: n-hexane:EtOAc, 2:1 for oxazolines and
thiazolines, EtOAc:methanol, 10:1 for imidazolines), the reaction mixture was cooled to room
temperature and the crude product (1c—24c) was purified by column chromatography to afford
the pure productsin high yields (Table ).
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TABLE I. Synthesis of 2-oxazolines, 2-imidazolines and 2-thiazolines from nitriles catalyzed
by TCCA

No. Nitrile (a) Product (c)2 Time, min Yied®, %

1c (0] 60 95
O O
N
2c (@) 30 20
o (O
N
cl Cl
3c

0] 120 98
o~
N
4c (0] 60 90
aze
N=— N
5c (0] 20 94
(O
— N

(@]
(@)
Z

X

=
@)
Z

z
|

P
N
=

@)

z

6¢c o) 140 93
L <]
S CN S N
7c H 240 90
O N
\
N
8c H 120 85
CN
\
Cl N
cl
9c H 180 93
CI@CN - < > <\ j
N
10c H 150 93
Br@CN < > :Nj
Br \
N
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TABLE |. Continued
Entry Nitrile (a) Product (c)@ Time, min  Yield®, %

11c H 8 98
7 NN ®_<Nj
=N N
12¢ H 150 95
7 NN ®_<Nj
= B N
N N
13c H 15 94
7 N
O O
— N
14c H 120 )
BN N
s” CN D/<\ j
S N
15¢ 2 95
O O
N
16¢ S 1 %
Ty O
N
17¢ S 5 97
Cl—< :>—CN cl Q j
N
18¢ 2 80
Br4©7CN Br \Sj
N
19¢ 2 98
O O
N
ON ON
20c 3 60
N
21c

<
3
2
<
%
i
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TABLE I. Continued
Entry Nitrile (a) Product (c)2 Time, min  Yield®, %

22c Q o Q_<\ st 1 98
23c QCN ©_<\ :j 3 97
24c 2 98

@The products were identified by comparison of their physical and spectral data with those of authentic samples;
bisolated yield

General method for the conversion of dinitriles to mono- and bis-oxazolines,
mono-imidazolines and bis-thiazolines

To amixture of adinitrile (1 mmol) and 2-aminoethanol (10 mmol), ethylenediamine (8
mmol) or 2-aminoethanethiol (2.5 mmol), TCCA (0.06 mmol for oxazoline, 0.15 mmol for
imidazoline and 0.02 mmol for thiazoline synthesis) was added. The reaction mixture was
stirred at 110 °C without solvent. The progress of the reaction was followed by TLC (eluent:
n-hexane:EtOAc, 2:1 for mono- and bis-oxazolines and bis-thiazolines, EtOAc:methanol, 10:1
for mono-imidazolines). After the appropriate time according to Table |1, the pure products
(1f—8f) were gained by column chromatography.

RESULTS AND DISCUSSION

In continuation of our work to recommend new cataysts for organic
syntheses, 3642 now TCCA as a highly efficient homogeneous catalyst for the
preparation of 2-oxazolines, 2-imidazolines and 2-thiazolines from nitriles is pre-
sented (Scheme 1).

In order to find the optimum reaction conditions, benzonitrile was reacted
with 2-aminoethanol in the presence of TCCA. The model reaction was per-
formed using different molar ratios of substrates and catalyst, at various tempe-
ratures and in different polar and non-polar solvents. With the goal of performing
the synthesis in the absence of solvent as a special advantage of the method, the
model reaction was also investigated under solvent-free conditions. The best re-
sult was obtained in the reaction of benzonitrile (1 mmol), 2-aminoethanol (6
mmol) and TCCA (0.03 mmol) at 110 °C under solvent-free conditions (Table |,
entry 1). Using these optimized conditions, a variety of aromatic and heteroaro-
matic nitriles were reacted with 2-aminoethanol and corresponding 2-oxazolines
were generated in high yields (Table |, entries 1-6).

Similarly, the model reaction of benzonitrile with ethylenediamine was per-
formed in the presence of TCCA for optimization of 2-phenylimidazoline syn-
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thesis. After several experiments, 1:4:0.1 molar ratio of benzonitrile: ethylene-
diamine: catalyst at 110 °C in the absence of solvent was selected as the best re-
action conditions (Table I, entry 7). Subsequently, heterocyclization of a great
variety of aromatic and heteroaromatic nitriles with ethylenediamine were per-
formed to prepare the corresponding 2-imidazoline products (Table I, entries 7—
-14).

Furthermore, cyclocondensation of benzonitrile with 2-aminoethanethiol was
performed in the presence of different amounts of TCCA. The effects of tem-
perature and solvent were also investigated. The best result was obtained with
1:1.2:0.01 molar ratios of benzonitrile:2-aminoethanethiol: TCCA at 110 °C under
solvent-free conditions. Various aromatic and heteroaromatic nitriles were re-
acted with 2-aminoethanethiol in the presence of TCCA under the optimum re-
action conditions. The corresponding 2-substituted thiazolines were generated in
good to excellent yields (Table I, entries 15-24).

Extensive applications of both chira and achiral bis-oxazolines, bis-imi-
dazolines and his-thiazolines as ligands in various complex structures promoted
the use of the present method for the synthesis of these useful ligands from di-
nitriles. Therefore, dicyanobenzene derivatives were reacted with 2-aminoetha-
nol, ethylenediamine or 2-aminoethanethiol in the presence of TCCA at 110 °C
under solvent-free conditions (Table 11). As given in Table I, the conversion of
dinitriles to mono-oxazolines (10-20 min) and bis-oxazolines (300-390 min) isa
special time-dependent chemo-selective procedure. It is aso important to note
that the synthesis of mono-imidazolines and bis-thiazolines is a chemo-selective,
but not a time-dependent reaction (Table I1). Mono-imidazolines were satisfac-
torily produced after 20-30 min (Table I, 5f and 6f) and prolonging the reaction
time did not lead to the production of the corresponding bis-imidazolines.
Whereas, bis-thiazolines were exclusively obtained from the reactions of dinit-
riles with 2-aminoethanethiol after 7-10 min (Table I1, 7f and 8f).

TABLE Il. Synthesis of mono- and bis-derivatives of oxazolines, imidazolines and thiazolines
from dinitriles catalyzed by TCCA

Entry Dinitrile (€) Product (f)2 Time, min  Yield®, %

1f (0] 10 95
O (O
N
NC NC
2f (0] 20 92
Do o<
N
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TABLE II. Continued
Entry Dinitrile (e) Product (f)2 Time, min  Yield?, %

3f O 300 80
CN \ j
N

N=—

T

N

k/o
4f N 0 390 o7
NC CN [ \>_©_< j
N
o N

f H 20 92

CN N

\
NC N
NC
of H 30 95
NC CN
O e
N

7 95

S
8f S S 10 92

&The products were identified by comparison of their physical and spectral data with those of authentic samples;
bisolated yield

O
(@)
zZ
\l

N

It is noteworthy that the method is selective for the reaction of aromatic
nitriles as aliphatic nitriles are unreactive under these conditions.

In order to show the superiority of TCCA over other catalysts, the results
obtained in the present study for the synthesis of 2-phenyloxazoline are com-
pared with some other results reported in the literature in Table Il It is note-

TABLE Ill. Comparison of some other procedures with the present method for the synthesis
of 2-phenyloxazoline (1c)

Entry Catalyst amount, mol %  Temperature, °C Time, h Yield, % Ref.
1 TCCA (3) 110 1 95 -
2 Bi(OTf)3 (5) 100 35 88 31
3 ZrOCl,.8H,0 (10) 100 5 0] 33
4 H3PW 1,044 (1) 100 35 85 -
5 ZnCl, (1.25) 130, under N, 12 74 34
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worthy that the catalytic activity of TCCA was greater than those of some active
Lewis acids or solid acids, asgivenin Tablelll.

CONCLUSIONS

In summary, TCCA was employed as a novel and highly efficient catalyst
for the synthesis of 2-oxazolines, 2-imidazolines and 2-thiazolines from nitriles
in high yields. This homogeneous catalyst is commercially available, inexpensive
and non-volatile and is a chemical commonly found in organic laboratories.
Furthermore, the efficiency and chemoselectivity of the protocol was aso inves-
tigated in the selective preparation of aromatic and heteroaromatic mono- and
bis-oxazolines, mono-imidazolines and bis-thiazolines. In addition, the absence
of hazardous and non-green solvents, easy work-up and approximately short
reaction times are another noteworthy advantage of the reported protocols.

SUPPLEMENTRY MATERIAL

The physical and spectral data of the prepared compounds are available electronically
from http://www.shd.org.rs/JSCS/, or from the corresponding author on request.
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U3BO[
TPUXJIOPU30LNJAHYPHA KUCEJIMHA KAO EOMKACAH XOMOT'EHHU KATAJIU3ATOP
Y XEMOCEJIEKTUBHOJ CUHTE3H 2-CYIICTUTYWUCAHUX OKCA30JIMHA,
HUMHIA3Z0JIMHA U TUA30JIMHA Y PEAKIIMJAMA BE3 PACTBAPAYA

SEYEDEH FATEMEH HOJATI u SEYEDE ATEFE NEZHADHOSEINY
Department of Chemistry, Sabzevar Tarbiat Moallem University, Sabzevar 9617976487, Iran

TpuxnopH30LUjaHypHa KUCENIMHA je KOMEPLHUjaHO JOCTYIaH ¥ IIPUCTYIIauyaH pearexc,
KOju je ynoTped/beéH Kao KaTaJu3aTop y CHHTe3W 2-OKCa30lWHA, 2-UMHUIA30JIMHA U 2-TH-
a30JIMHA, Y Peakuuju 2-aMHUHOETaHOMa, eTUIeHIUAaMHUHA WIH 2-aMUHOETAHTHOJIA Y OJICYCTBY
pacTBapaua.

(ITpumibeno 31. oxrodpa 2011, pesuaupano 21. mapta 2012)
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SUPPLEMENTARY MATERIAL TO
Trichloroisocyanuric acid as an efficient homogeneous catalyst
for the chemoselective synthesis of 2-substituted oxazolines,
imidazolines and thiazolines under solvent-free condition

SEYEDEH FATEMEH HOJATI* and SEY EDE ATEFE NEZHADHOSEINY
Department of Chemistry, Sabzevar Tarbiat Moallem University, Sabzevar 9617976487, Iran
J. Serb. Chem. Soc. 77 (0) (2012) 0000-0000
PHYSICAL AND SPECTRAL DATA OF SOME PRODUCTS

2-Phenyl-4,5-dihydro-1,3-oxazole (1c). Oil; IR (neat, cm™): 1648 (C=N stretch-
ing); *H-NMR (500 MHz, CDCls,  / ppm): 4.05 (2H, t, J = 9.5 Hz, CH,-0), 4.41
(2H, t,J=9.5Hz, CH,-N), 7.40 (2H, t, J = 7.5 Hz, aromatic), 7.46 (1H,t,J=7.5
Hz, aromatic), 7.95 (2H, d, J = 7.5 Hz, aromatic).
2-(3-Chlorophenyl)-4,5-dihydro-1,3-oxazole (2¢). m.p. 4042 °C; IR (KBr,
cm™): 1644 (C=N stretching); *H-NMR (500 MHz, CDCls, 6 / ppm): 4.04 (2H, t,
J = 9.5 Hz, CH,0O,), 441 (2H, t, J = 9.5 Hz, CH,-N), 7.32 (2H, t, aromatic,
J=7.9Hz), 7.42 (1H, dd, aromatic, J= 0.8 and 7.9 Hz), 7.81 (1H, dd, J = 0.8 and
7.9 Hz, aromatic), 7.92 (1H, s, aromatic).
2-(4-Chlorophenyl)-4,5-dihydro-1,3-oxazole (3c). m.p. 77-79 °C; IR (KBr,
cm™): 1646 (C=N stretching); *H-NMR (500 MHz, CDCls, 6 / ppm): 4.05 (2H, t,
J = 9.5 Hz, CH,0), 443 (2H, t, J = 9.5 Hz, CH>-N), 7.8 (2H, d, J =8.3 Hz,
aromatic), 7.88 (2H, d, J = 8.3 Hz, aromatic).
2-(3-Pyridyl)-4,5-dihydro-1,3-oxazole (4c). m.p. 66-68 °C; IR (KBr, cm™):
1648 (C=N stretching); *H-NMR (500 MHz, CDCl3,  / ppm): 4.06 (2H, t, J =
= 9.6 Hz, CH,-0), 4.44 (2H, t, J = 9.6 Hz, CH,-N), 7.33 (1H, dd, J =7.9 and 4.7
Hz, aromatic), 8.20 (1H, dd, J = 1.8 and 7.9 Hz, aromatic), 8.68 (1H, dd, J=1.8
and 4.7 Hz, aromatic), 9.13 (1H, s, aromatic).
2-(4-Pyridyl)-4,5-dihydro-1,3-oxazole (5¢). m.p. 109-111 °C; IR (KBr, cm™):
1648 (C=N stretching); *H-NMR (500 MHz, CDCl3,  / ppm): 4.05 (2H, t, J =
= 9.6 Hz, CH,-0O), 442 (2H, t, J = 9.4 Hz, CH,N), 7.74 (2H, d, J = 5.7 Hz,
aromatic), 8.67 (2H, d, J=5.7 Hz, aromatic).
2-(2-Thienyl)-4,5-dihydro-1,3-oxazole (6¢). m.p. 58-60 °C; IR (KBr, cm™):
1642 (C=N stretching); *H NMR (500 MHz, CDCl3, 5 / ppm): 4.03 (2H, t, CH,-O,

* Corresponding author. E-mail: sfhojati @sttu.ac.ir
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J=9.4Hz), 442 (2H, t, CH>-N, J = 9.4 Hz), 7.06 (1H, dd, aromatic, J =3.6 and
4.7 Hz), 7.44 (1H, d, aromatic, J = 4.7 Hz), 7.60 (1H, d, aromatic, J = 3.6 Hz).

2-Phenyl-4,5-dihydro-1H-imidazole (7c). m.p. 100-102 °C; IR (KBr, cm™):
3190 (NH stretching), 1598 (C=N stretching); *H-NMR (80 MHz, CDCl3,  / ppm):
3.75 (4H, s, 2CH,), 4.8 (1H, s, NH), 7.3-7.4 (3H, m, aromatic), 7.7-7.8 (2H, m,
aromatic).

2-(3-Chlorophenyl)-4,5-dihydro-1H-imidazole (8c). m.p. 134-136 °C; IR
(KBr, cm™): 3140 (NH stretching), 1595 (C=N stretching); *H-NMR (80 MHz,
CDCl3, 0 / ppm): 3.76 (4H, s, 2CH,), 4.25 (1H, s, NH), 7.22-7.75(4H, m,
aromatic).

2-(4-Chlorophenyl)-4,5-dihydro-1H-imidazole (9c). m.p. 186-188 °C; IR
(KBr, cm™): 3140 (NH stretching), 1590 (C=N stretching); *H-NMR (80 MHz,
CDClg3, 6 / ppm): 3.75 (4H, s, 2CH,), 4.22 (1H, s, NH), 7.30 (2H, d, aromatic),
7.93 (2H, d, aromatic).

2-(4-Bromophenyl)-4,5-dihydro-1H-imidazole (10c). m.p. 242-246 °C; Anal.
Calcd. For CoHgNLBr: C, 48.17; H, 4.06; N, 12.45. Found: C, 48.21; H, 4.02; N,
12.50; IR (KBr, cm™): 3130 (NH stretching), 1590 (C=N stretching); ‘H-NMR
(80 MHz, CDCl3, 6 / ppm): 3.90 (4H, s, 2CH,), 7.70-7.80 (4H, m).

2-(2-Pyridyl)-4,5-dihydro-1H-imidazole (11c). m.p. 100-102 °C; IR (KBr,
cm™): 3240 (NH stretching), 1594 (C=N stretching); *H-NMR (80 MHz, CDCls,
o/ ppm): 3.81 (4H, s, 2CH,), 5.38 (1H, s, NH), 7.22-7.38 (1H, m, aromatic),
7.62-7.85 (1H, m, aromatic), 8.12 (1H, d, aromatic). 8.55 (1H, d, aromatic).

2-(3-Pyridyl)-4,5-dihydro-1H-imidazole (12c). m.p. 106-108 °C; IR (KBr,
cm™): 3150 (NH stretching), 1586 (C=N stretching); *H-NMR (80 MHz, CDCls,
o/ ppm): 3.78 (4H, s, 2CH,), 4.54 (1H, s, NH), 7.2—7.38 (1H, m, aromatic), 8.02—
-8.15 (1H, m, aromatic), 8.6-8.67 (1H, m, aromatic), 8.92 (1H, s, aromatic).

2-(4-Pyridyl)-4,5-dihydro-1H-imidazole (13c). m.p. 133-135 °C; IR (KBr,
cm™): 3180 (NH stretching), 1594 (C=N stretching); *H-NMR (80 MHz, CDCls,
o / ppm): 3.79 (4H, s, 2CHy), 4.3 (1H, s, NH), 7.61 (2H, d, aromatic), 8.65 (2H,
d, aromatic).

2-(2-Thienyl)-4,5-dihydro-1H-imidazole (14c). m.p. 174-176 °C; IR (KBr,
cm™): 3140 (NH stretching), 1597 (C=N stretching); '"H NMR (80 MHz, CDCls,
o/ ppm): 3.75 (4H, s, 2CH,), 4.25 (1H, s, NH), 6.9-7.05 (1H, m, aromatic), 7.35—
—7.4 (2H, m, aromatic).

2-Phenyl-4,5-dihydro-1,3-thiazole (15¢). m.p. 126-128 °C; *H-NMR (500
MHz, CDCl3, 6 / ppm): 3.40 (2H, t, CH-S, J=8.3 Hz), 4.46 (2H, t, CH>N, J =
=8.3Hz), 7.38-7.49 (3H, m, aromatic), 7.85 (2H, dd, aromatic, J = 1.6 and 7.6 Hz).

2-(4-Fluorophenyl)-4,5-dihydro-1,3-thiazole (16c). Qil; Anal. Calcd. For
CoHsNSF: C, 59.64; H, 4.45; N, 7.72. Found: C, 59.67; H, 4.42; N, 7.73; 'H-
-NMR (500 MHz, CDCl3, 6 / ppm): 3.44 (2H, t, CH,-S, J = 8.3 Hz), 4.46 (2H, t,
CH,—N, J=8.3Hz), 7.07-7.13 (2H, m, aromatic), 7.82—7.87 (2H, m, aromatic).
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2-(4-Chlorophenyl)-4,5-dihydro-1,3-thiazole (17c). m.p. 53-55 128 °C; 'H-
-NMR (500 MHz, CDCl3, 6 / ppm): 3.45 (2H, t, CH-S, J = 8.4 Hz), 4.47 (2H, t,
CH>N, J = 8.4 Hz), 7.40 (2H, d, aromatic, J = 8.6 Hz), 7.79 (2H, d, aromatic,
J=8.6 Hz).

2-(4-Bromophenyl)-4,5-dihydro-1,3-thiazole (18c). m.p. 60-62 °C; *H-NMR
(500 MHz, CDCl3, 6 / ppm): 3.33 (2H, t, CH,-S, J=8.35 Hz), 4.44 (2H, t, CHN,
J=8.4Hz), 754 (2H, d, aromatic, J = 8.55 Hz), 7.69 (2H, d, aromatic, J = 8.5 Hz).

2-(3-Nitrophenyl)-4,5-dihydro-1,3-thiazole (19c). m.p. 135-137 °C; Anal.
Calcd. For CoHgN,SO,: C, 51.94; H, 3.81; N, 13.44. Found: C, 51.92; H, 3.85; N,
13.46; 'H-NMR (500 MHz, CDCls, § / ppm): 3.53 (2H, t, CH-S, J = 8.4 Hz),
453 (2H, t, CH>-N, J = 8.4 Hz), 7.63 (1H, t, aromatic, J = 8.0 Hz), 8.19 (1H, d,
aromatic, J = 7.8 Hz), 8.34 (1H, dd, aromatic, J = 1.3 and 8.2 Hz), 8.70 (1H, s,
aromatic, J = 1.8 Hz).

2-(4-Hydroxyphenyl)-4,5-dihydro-1,3-thiazole (20c). m.p. 176-178 °C; 'H-
-NMR (500 MHz, CDCls, 6 / ppm): 3.43 (2H, t, CH-S, J= 8.3 Hz), 3.85 (1H, s,
OH), 4.44 (2H, t, CH,—N, J = 8.3 Hz), 6.84 (2H, d, aromatic, J = 8.5 Hz) 7.73
(2H, d, aromatic, J = 8.5 Hz); MS (m/2): 179 (M"), 177 (M*=2H), 151 (M*—
—C;Hy).

2-(4-Methoxyphenyl)-4,5-dihydro-1,3-thiazole (21c). m.p. 53-55 °C; 'H-
-NMR (500 MHz, CDCl3, 6 / ppm): 3.42 (2H, t, CH-S, J= 8.2 Hz), 3.86 (3H, s,
O-CHj3), 4.44 (2H, t, CH-N, J = 8.2 Hz), 6.93 (2H, d, aromatic, J = 8.3 Hz),
7.81 (2H, d, aromatic, J = 8.3 Hz).

2-(2-Pyridyl)-4,5-dihydro-1,3-thiazole (22c). m.p. 92-94 °C; *H-NMR (500
MHz, CDCl3, 6 / ppm): 3.32 (2H, t, CH-S, J=8.6 Hz), 4.48 (2H, t, CH>N, J =
8.6 Hz), 7.28-732 (1H, m, aromatic), 7.71 (1H, dt, aromatic, J= 1.7 and 7.7 Hz),
8.01 (1H, d, aromatic, J = 7.9 Hz), 8.60 (1H, d, aromatic, J = 4.8 Hz).

2-(3-Pyridyl)-4,5-dihydro-1,3-thiazole (23c). m.p. 111-113 °C; 'H-NMR
(500 MHz, CDCl3, 6 / ppm): 3.37 (2H, t, CHS, J = 8.4 Hz), 4.39 (2H, t, CH-N,
J=8.4Hz), 7.27 (1H, dd, aromatic, J = 4.8 and 8.0 Hz), 8.02 (1H, dt, aromatic,
J =19 and 8.0 Hz), 8.60 (1H, dd, aromatic, J = 1.4 and 4.8 Hz), 8.96 (1H, d,
aromatic, J = 1.9 Hz).

2-(2-Thienyl)-4,5-dihydro-1,3-thiazole (24c). m.p. 40-42 °C; *H-NMR (500
MHz, CDCl3, 6 / ppm): 3.37 (2H, t, CH-S, J = 8.4 Hz), 4.39 (2H, t, CH,N,
J=8.4Hz), 7.27 (1H, dd, aromatic, J = 4.8 and 8.0 Hz), 8.02 (1H, dt, aromatic,
J =19 and 8.0 Hz), 8.60 (1H, dd, aromatic, J = 1.4 and 4.8 Hz), 8.96 (1H, d,
aromatic, J = 1.9 Hz).

3-(4,5-Dihydro-1,3-oxazole-2-yl)benzonitrile (1f). m.p. 98-100 °C; IR (KB,
cm™): 1647 (C=N stretching); *H-NMR (500 MHz, CDCls, § / ppm): 4.08 (2H, t,
CHx-O, J = 9.6 Hz), 447 (2H, t, CH,N, J = 9.4 Hz), 7.53 (1H, t, aromatic,
J=7.8), 7.74 (1H, d, aromatic, J = 7.7 Hz), 8.18 (1H, d, aromatic, J = 7.8 Hz),
8.22 (1H, s, aromatic).
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4-(4,5-Dihydro-1,3-oxazol-2-yl)benzonitrile (2f). m.p. 112-114 °C; IR (KBr,
cm™): 1641 (C=N stretching); *H-NMR (500 MHz, CDCls, § / ppm): 4.09 (2H, t,
CHx-O, J = 9.6 Hz), 4.426 (2H, t, CH-N, J = 9.6 Hz), 7.68 (2H, d, aromatic,
J=8.3Hz), 8.03 (2H, d, aromatic, J = 8.3 Hz).

2,2'-(1,3-Phenylene)biq 4,5-dihydrooxazole] (3f). m.p. 137-139 °C; IR
(KBr, cm™): 1657 (C=N stretching); "H-NMR (500 MHz, CDCls, ¢ / ppm): 4.09
(4H, t, 2CH,-O, J = 9.5 HZ), 4.46 (4H, t, 2CH,—N, J = 9.5 Hz), 7.48 (1H, t, aro-
matic, J = 7.8 Hz), 8.10 (2H, dd, aromatic, J = 1.4 and 7.8 Hz), 8.50 (1H, s, aro-
matic).

2,2'-(1,4-Phenylene)big[ 4,5-dihydrooxazole] (4f). m.p. 238-240 °C; IR
(KBr, cm™): 1640 (C=N stretching); "H-NMR (500 MHz, CDCls, ¢ / ppm): 4.10
(4H, t, 2CH,-O, J = 9.6 HZz), 4.48 (4H, t, 2CH,N, J = 9.6 Hz), 8.01 (4H, s, aro-
matic).

3-(4,5-Dihydro-1H-imidazol-2-yl)benzonitrile (5f). m.p. 133-134 °C; 'H-
-NMR (500 MHz, CDCl3, ¢ / ppm): 3.81 (4H, s, 2CH,), 4.2 (1H, s, NH), 7.51
(1H, t, aromatic, J = 7.8 Hz), 7.71 (1H, d, aromatic, J = 7.7 Hz), 8.01 (1H, d,
aromatic, J = 7.9 Hz), 8.05 (1H, s, aromatic); MS (m/2): 171 (M), 169 (M*-2H),
142 (M*~C;Hs).

4-(4,5-Dihydro-1H-imidazole-2-yl)benzonitrile (6f). m.p. 207209 °C; 'H-
-NMR (500 MHz, CDCl3, ¢ / ppm): 3.83 (4H, s, 2CH,), 4.2 (1H, s, NH), 7.71
(2H, d, aromatic, J = 8.4 Hz), 7.90 (2H, d, aromatic, J = 8.4 Hz); MS (m/2): 171
(M), 169 (M*—=2H), 142 (M*—C;Hs).

2,2’ -(1,3-Phenylene)big[4,5-dihydrothiazole] (7f). m.p. 111-113 °C; *H-NMR
(500 MHz, CDCls, 6 / ppm): 3.46 (4H, t, 2CH,-S, J = 8.4 Hz), 4.49 (4H, t,
2CHx-N, J=8.4 Hz), 7.48 (1H, dd, aromatic, J = 7.8 and 8.0 Hz), 7.95 (2H, dd,
aromatic, J = 1.5 and 7.8 Hz), 8.27 (1H, s, aromatic); MS (m/2): 248 (M"), 246
(M*=2H), 244 (M*—4H), 220 (M*=C;H,), 192 (M*-2C,H,).

2,2'-(1,4-Phenylene)big[ 4,5-dihydrothiazole] (8f). m.p. 105-107 °C; *H-NMR
(500 MHz, CDCls, ¢ / ppm): 3.45 (4H, t, 2CH,-S, J = 8.3 Hz), 4.49 (4H, t,
2CH>-N, J=8.3 Hz), 7.88 (4H, s, aromatic).
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Application of membrane processes for the concentration of
Symphytum officinale and Geranium robertianum extracts
to obtain compounds with high anti-oxidative activity
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(Received 6 January, revised 22 February 2012)

Abstract: The paper reports the successful application of membranes processes
to obtain good quality extracts with compounds of high antioxidative activity
and therapeutic value. In this study, the phenolic compounds from two plant
species used in Romanian ethno-medicine were investigated and their antioxi/-
dant and cytotoxic activities evaluated. Three extracts prepared from Geranium
robertianum and Symphytum officinale were concentrated by microfiltration
and ultrafiltration. The levels of phenolic compounds and flavonoids were de-
termined by UV—Vis spectroscopy and high-pressure liquid chromatography
(HPLC). The free-radical scavenging activity of the concentrated extracts was
determined by the 2,2-diphenyl-1-picrylhydrazyl radical (DPPH) method. The
preliminary tests of cytotoxic activity for the concentrated extracts were per-
formed on human epidermoid laryngeal carcinoma cell line (Hep-2p) and nor-
mal monkey kidney cells (RM). The results showed that al the concentrated
extracts had a very low cytotoxicity against healthy cells, but a significant cyto-
toxic effect on Hep-2p tumor cells. The concentrated extracts had a high anti-
oxidant activity (% DPPH inhibition > 80 %).

Keywords. antioxidant compounds; cytotoxicity; ultrafiltration; Geranium ro-
bertianum; Symphytum officinale; free-radical scavenger.
INTRODUCTION

The major therapeutical activity of phytochemicalsis described in relation to
their biologically active polyphenol components, such as flavonoids and phenolic
acids, which possess significant antioxidant activity.1~4 Antioxidant substances

* Corresponding author. E-mail: gpaunroman@gmail.com
doi: 10.2298/JSC120106021P
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block the action of free radicals involved in the pathogenesis of many diseases,
including atherosclerosis, ischemic heart disease, Alzheimer’'s disease, Parkin-
son’s disease, cancer and the aging process.® With respect to this, in recent years,
considerable attention has been paid to plants as sources of antioxidants.

In the present study, interest was focused on medicina plants extracts ob-
tained from Symphytum officinale and Geranium robertianum L. (Geraniaceae),
both of them known for a long time as remedies in traditional medicine69 S
officinale L. — comfrey (Boraginaceae family) is used in the traditional medicine
of Romania to treat different human and animal diseases, such as ulcerations in
the gastrointestinal tract, lung congestion, and joint inflammation, and to promote
wound healing.6.7 G. robertianum (herb Robert) is used as an anti-inflammatory,
haemostatic, anti-diabetic, antibacterial, immunomodulatory and anti-cancer
remedy in popular medicine, athough very little information is available on the
congtituents.8.9

Medicinal plants have been used for centuries in the cure of human diseases
due to their content of components with therapeutic value.10 Moreover, the wide
use of plant extracts in the food, cosmetic and pharmaceutical industries suggests
that a systematic study of medicinal plantsis very important to identify the active
compounds.10

Previous studies revealed that ultrafiltration could be used for the concentra-
tion of medicinal plant extracts.411 Ultrafiltration processes offer more benefits
over conventional technologies. Its application in the phyto-pharmaceutical in-
dustry raises particular interest, since membrane processes occur at mild tem-
peratures, avoiding damages caused by therma processes, thus maintaining the
original characteristics of the processed products. Compared with other purifi-
cation and concentration techniques, including evaporation and dialysis, ultrafil-
tration has the capability to process larger amounts at greater speeds and it is a
very efficient process. Vacuum evaporation is a slower process and is feasible
only with small volumes of samples.

The mgjor aim of the present study was to apply various membrane tech-
niques to obtain good quality extracts with high value antioxidant compounds
and therapeutic value. The second aim was to determine the cytotoxic effect of S.
officinale and G. robertianum extracts for application as herbal medicine in ex-
tract preparation.

In addition, in various research studies, the level of minerals present in medi-
cinal plants were investigated, since these are essential for human nutrition.12.13
Recently, the importance of the determination of toxic metals level in agueous
extracts and on the phyto-products made from medicinal plants,14 has been em-
phasized not only for their benefits, but also for their safe use.

In this study, the metal ions present in the extracts, considering both essen-
tial and non-essential ions to the human body, were also determined. The analysis
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was performed using flame atomic absorption spectroscopy. The levels of phe-
nolic compounds and flavonoids were determined by UV—-Vis spectroscopy and
reversed phase-high pressure liquid chromatography (RP-HPLC). To the best of
our knowledge, there are no experimental data reported in the literature on the
content of microelements and the cytotoxic effect of S officinale and G. rober-
tianum extracts.

EXPERIMENTAL
Chemicals and equipments

All chemicals and solvents were purchased from Sigma Aldrich (Germany), Fluka
(Switzerland) and Roth (Germany). Deionized water was used for all the performed analysis
(Millipore, Bedford, MA).

Microfiltration membranes with 0.45 um pores and ultrafiltration membranes from rege-
nerated cellulose (MWCO 10000 Da and 1000 Da) were purchased from Millipore (SUA).

The medicina plants (S officinale and G. robertianum) were obtained from a provider
specialized in medicinal and aromatic plants — Phytogentec srl (Romania).

Determinations of Ca, Mg, Mn, Zn, Fe, Ni and Pb were performed using a flame atomic
absorption spectrometer — FAAS SOLAAR 969 AA (ATI Unicam). All of the absorbance
measurements were realized in the area integration mode. Samples were prepared in triplicate
and their signals were subtracted from their blanks.

The experiments are performed in a KMS Laboratory Cell CF-1 (Koch Membrane —
Germany) with atype cross-flow lab-scale filtration unit.

Thergjection, R, was calculated using Eg. (1):

R % =100 (1 -cplcy) (@)

where ¢; and ¢, are the polyphenol s/flavones concentrations in the feed and permeate, respec-
tively.
Preparation and concentration of the extracts

Three extracts were prepared by maceration: G. robertianum aqueous extract using cold
distilled water as the solvent and for S officinale and G. robertianum, alcoholic extracts using
50 % aqueous ethanol (v/v) as the solvent. The dried root (comfrey) and dried leaves (herb
Robert) were ground into powder using mill equipment (Grindomix G200), and then mixed
with the selected solvent. The herbal mass concentration in the solvent was 6 % (w/v).

The extracts were then successively filtered through Whatman 1 (Medium-fast) filter
paper, and microfiltered through 0.45 um pore size membrane (Millipore), to remove any fine
solid particles that could cause membrane fouling during the ultrafiltration (UF).

The concentration experiments were realized on a two-stage membrane filtration set.
First, the microfiltration (MF) extracts are treated using a UF1 membrane (cut-off 10000 Da),
then the permeate obtained from UF1 was introduced into the cross-flow circuits for UF2
membrane (cut-off 1000 Da) treatment. Each of the flat sheet membranes used in the expe-
riment had an effective area of 0.0028 m?2.

The concentration ratio in ultrafiltration processes (expressed as permeate and concen-
trate volume ratio) was 2:1. All ultrafiltration experiments were performed at room tempe-
rature (ca. 23 °C).
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Determination of phenolic compounds

The phenolic total content (TPC) was determined by the Folin-Ciocalteu method.1> Gal-
lic acid (GAE) was used to calibrate the standard curve; the total polyphenols content was
obtained from the regression equation of the calibration curve of galic acid (y = 0.0036x +
+0.0203, R2 = 0.9954) and is expressed as gallic acid (GAE) equivalent.

The characterization of the bioactive phenolic compounds was effected by UV-Vis
spectroscopy and HPLC.

Determination the total flavonoid compounds (TFC)

The total flavonoid content was determined according to the aluminum chloride colori-
metric method with slight modifications.1® Rutin was chosen as the standard in the concen-
tration range: 0.005 to 0.1 mg mL-1 and the total flavonoid content is expressed as microgram
rutin per mL. Total flavonoid content was obtained from the regression equation of the cali-
bration curve of rutin (y = 0.00989x + 0.01975, R2 = 0.9977).

HPLC analysis of the extracts for polyphenols and flavones

The analysis of extracts for polyphenols and flavones was performed with a Shimadzu
HPLC system equipped with a binary pump (LC-20Adsp), a CTO-20AC column thermostat
and a diode-array detector (DAD: SPD-M20A). The spectral data for all peaks were recorded
in the range 220-800 nm. Samples were injected at ambient temperature (20 °C) onto a re-
verse-phase KROMASIL Cg column, 4.6 mmx150 mm, 5.1 um. An auto injector was used to
inject 15 pL of the test solution into the HPLC system. The binary mobile phase consisted of
solvent A (water acidified with 1 % formic acid, pH 3.0) and B (acetonitrile acidified with 1 %
formic acid, pH 3.0). The gradient elution started with 5 % B and changed to 50 % B in 50
min, then reached 5 % B in 5 min. The flow rate was 1.0 mL min'l. The quantitative deter-
minations were made by the calibration curves for caffeic acid, gallic acid, coumaric acid, fe-
rulic acid, chlorogenic acid, rosmarinic acid, rutin, quercetin and kaempferol.

Determination of free radical scavenging activity

The free radical scavenging activities of the feed (extracts), permeate and retentate were
studied by the DPPH method — based on the decrease in the maximum absorbance at 519 nm
of the 2,2-diphenyl-1-picrylhydrazyl radical (DPPH) (Sigma-Aldrich) in the presence of an
antioxidant.1”-1° DPPH- is a stable radical that can readily undergo reduction by an
antioxidant (AH), which occurs by the reaction:

DPPH* + AH — DPPH-H + A’

The decreasing of the DPPH radical absorption by the action of antioxidants could be
used as a measure the antioxidative activity.

The antioxidant activity (radical scavenging activity) was caculated using the
expression:

| % =100 (A~ AJ/A) ©)
where A is the blank absorbance and A the sampl e absorbance.
Cytotoxic activity analysis

The preliminary tests of the cytotoxic activity of the concentrated extracts were per-
formed on the human epidermoid laryngeal carcinoma cell line (Hep-2p) and norma monkey
kidney cells (RM).

The cellular cultures of human neoplasm origin (Hep-2p cells) were cultured in DMEM
medium (Dulbeco’s modified essential medium, Biochrom AG, Germany) supplemented with
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10 % fetal bovine serum (Sigma, Germany), 100 pg mL-1 streptomycin (Biochrom, Ger-
many), 100 U mL"1 penicillin (Biochrom, Germany) and 50 pug mL1 amphotericin B (Bio-
chrom, Germany), at a density of 5x10° cells mL1 flasks, in a humidified 5 % CO, atmo-
sphere at 37 °C. When the cells reached confluence, they were detached from the flask with
0.25 % trypsin + 0.02 % ethylenediaminetetraacetic acid (EDTA, Biochrom, Germany) in nor-
mal medium and then centrifuged at 1800 rpm for 2 min. The cells were seeded at a density of
1x10° cells mL1 in experimental tubes containing 2 mL DMEM medium. The medium of the
24 h cell cultures was replaced either by a normal one (control cultures) or by one containing
the vegetal extracts (treated cultures), in a variable dose. After 24 and 48 h of in vitro treat-
ment, the total cell number (cytometry), the dead cells/living cells (exclusion test with Trypan
Blue) and the cell cultures development were estimated. The cytotoxic property of the studied
biopreparations was cal cul ated using the expression:20
Cytotoxicity level = 100(N;et — Neat)/Nic 4

where Ny = total number of treated cells, N.gz = number of treated living cells and N =
control cell total number.
Satigtical analysis

The measurements were performed in triplicate and Excel 2007 was used for statistical
processing, standard deviation (SD) was < 10 %.

RESULTS AND DISCUSSION

The microfiltration (MF) process is performed for feed clarification and ste-
rilization, while the ultrafiltration (UF) processes were employed to concentrate
the bioactive compounds in the extracts from S. officinale and G. robertianum.

As plant phenalics represent one of the major groups of compounds acting as
primary antioxidants or free radical scavengers, it was important to determine
their total amount in the selected plant extracts. The total contents of polyphenols
(Fig. 1) and flavones (Fig. 2) were determined in the permeate and retentate after
ultrafiltration of the extracts.

The obtained results for the concentration of the extracts by ultrafiltration
(after UF2) ranged between 72—78 % for the polyphenols retention, while for fla-
vonoids, the retention ranged between 4661 %. The degree of retention of poly-
phenols was between 19-33 % when the extracts were processed using the UF1
membrane. The retention of polyphenols by the UF1 membrane (cut-off 10000
Daltons) was probably due to colloids, which were clustered together with the
colloidal matter on the membrane.

The contents of the individual polyphenolic compounds (flavones and poly-
phenol carboxylic acids) in the extracts were determined by RP-HPLC, after
processing by MF—UF. The obtained values are presented in Tables | and I1.

Quantitative and qualitative analysis showed that pure water was not the best
solvent for the extraction of phenolic compounds (G. robertianum agueous ex-
tract compared with G. robertianum agueous alcoholic extract). This is in con-
cordance with previous studies, which reported that agueous alcohol solvent is
the best solvent for the extraction of phenolic compounds from plant materials.21.22
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Fig. 1. Total phenolic compoundsin S. officinale and G. robertianum extracts
concentrated by ultrafiltration.
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Fig. 2. Total flavonoid compoundsin S. officinale and G. robertianum extracts
concentrated by ultrafiltration.

The most important compound identified in the comfrey extract was rosmarinic
acid (146.3 mg kg in the microfiltrate and 198.66 mg kgl in the fina
concentrate extract) and a less important one was luteolin (1.11 mg kg in the
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microfiltrate and 1.23 mg kg1 in the final concentrate extract). In the G. ro-
bertianum agueous alcoholic extract, kaempferol (284.57 mg kg2 in the micro-
filtrate and 402.83 mg kg1 in the final concentrated extract) and quercetin (54.6
mg kg2 in the microfiltrate and 74 mg kg1 in the final concentrate extract) were
the major compounds identified. p-Coumaric (9.22 mg kg1 in the microfiltrate
and 21.05 mg kg1 in the final concentrate extract) followed by ferulic acid (11
mg kg1 in the microfiltrate and 18.12 mg kg1 in the final concentrate extract)
were of minor importance.

TABLE I. Contents of phenolic acids (mg kg1) and flavonoidsin S officinale extracts

Chloro- ' . p-Cou- . .
Sample  genic Caifeic Ferulic maric Rutin Rosmarl- Lute- Quer- Kaem- Apige-
: acid acid . nicacid olin cetin pferol  nin
acid acid
ME 323 1335 351 851 786 14630 111 150 149 181
UFL 158 743 199 243 223 4105 096 042 128 163
permeate
UFL 225 097 412 530 489 13737 104 148 143 172
retentate
UF2 411 1258 851 1151 1045 19866 123 175 153 178
retentate

TABLE Il. Contents of phenolic acids (mg kg1) and flavonoids in G. robertianum extracts

Caffeic  p-Coumaric

Sample Rutin acid acid Ferulicacid Quercetin  Kaempferol
G. robertianum agueous extract

MF 2.67 8.18 0.77 1.18 4.83 0.00

UEL Retentate  10.72  10.97 0.52 3.63 0.00 0.00
Permeate  1.75 7.85 0.43 1.23 4.83 0.00

UR2 Retentate  1.87 8.32 0.50 1.25 5.60 0.00

G. robertianum agueous alcoholic extract

MF 3895 20.18 9.22 11.00 54.60 284.57

UF1 Retentate  42.78 25.28 22.80 12.58 66.90 375.30
Permeate 11.73  13.97 6.80 4.27 40.20 188.27

UF2 Retentate  26.97 24.48 21.05 18.12 74.00 402.83

The polyphenol-rich extracts were obtained by combining the two retentate
fractions.

The total phenolic contents in the G. robertianum and S. officinale concen-
trated extracts were proportional to their free-radical scavenging-linked antioxi-
dant activities.

The results obtained by the DPPH method showed 90 % DPPH inhibition by
the G. robertianum concentrated extracts (Fig. 3) and over 80 % DPPH inhibition
by the comfrey concentrated extract (Fig. 4). The retentate from the agueous
alcoholic and aqueous G. robertianum extracts showed the highest antioxidant
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activity. The results indicate that the antioxidant activity of the all concentrated
extracts is higher than that of Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-
-carboxylic acid).
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Fig. 3. Comparison of the DPPH radical scavenging activity of the
concentrated G. robertianum extracts and that of Trolox.
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Fig. 4. Companson of the DPPH radical scavenging activity of the
concentrated Symphytum officinale extracts and that of Trolox.

A good correlation coefficient (Pearson’s correlation coefficient r > 0.98)
between TPC and DPPH scavenging activity was observed.

The strong correlation observed in this study between the total phenolics and
the total antioxidant capacity, together with the lack of the cytotoxicity, indicates
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the necessity for the use of comfrey and herb Robert, in order to increase health
benefits.

There is a direct relationship between the quality of phytotherapeutic pro-
ducts and the bioprocessing of herbals based on the latest developed methods.
The present research contributes to the field of medicinal and aromatic plant pro-
cessing, as the ultrafiltration process showed good results in concentration and
purification processes of the active principles with high antioxidant activity from
S officinale (comfrey) and G. robertianum (herb Robert).

The contents of microelements in the extracts, expressed as mg L1, are
givenin Table Il1l. Some metals, such as Ca, Mg, Mn, Zn and Fe, are reported as
essential for human health, whereas others, such as Pb and Ni, have been iden-
tified as toxic.

TABLE Il1. Contents of microelements in comfrey (S. officinale) and herb Robert (G. rober-
tianum) extracts; DL = detection limit; MF = microfiltrate: UF = ultrefiltrate

Content of microelements, mg L1

Sample Ca Mg Mn Zn Fe Ni Pb

S officinale MF 0.052+ 0.054+ <DL 0.079+ 0 0.050+ 0.354+

0.004 0.005 0.009 0.004 0.011

Permeate UF1 0.052+ 0.053+ <DL 0.072t O 0.041+ 0.298%

0.005 0.004 0.008 0.003 0.02

PermeasteUF2 <DL <DL <DL 0030+ O 0.048+ 1.22+

0.001 0.003 0.09

Retentate UF2 0.051+ 0.052+ <DL 0.082+ O 0.023+ 0.196x

0.004 0.003 0.007 0.001 0.02

G. MF 0.935+ 10.4+ 0.893+ 0.071+ 32+ 0.051+ <DL
robertianum 0.08 03 007 0006 01 0.003

agueous Permeate UF1 0.89+ 9.4+ 0.734+ 0.071+ 23+ 0.043% <DL
extract 0.07 06 006 0006 01 0.003

Permeate UF2 0.705+ 8.82+ 0.236+ 0.050+ 0.7+ 0.042+ <DL
0.06 04 001 0004 005 0.003

Retentate UF2 1.72+ 12.8+ 0.919+ 0.097+ 5.6+ 0.044+ <DL
0.1 09 008 0008 03 0.004

G. MF 0.927+ 9.78+ 0.819+ 0.069+ 1.8+ 0.047+ <DL
robertianum 0.08 0.7 0.07 0006 01 0.003

Aqueous Permeate UF1 0.896+ 9.12+ 0.729+0 0.064+ 1.3+ 0.041+ <DL
acoholic 0.07 0.6 .06 0006 0.09 0.003

extract Permeate UF2 0.792+ 7.69+ 0.254+ 0.031+ 0.3t 0.037= <DL

0.05 06 001 0004 003 0.003
Retentate UF2 1.34+ 11.7+ 1273+ 011+ 29 0.046x <DL
0.09 09 0.09 0009 0.2 0.004

The concentrations of Ca, Mg, and Fe in permeate of the S. officinale extract
after the UF2 were below the detection limit of the instrument. Mn was an ex-
ception as its concentration was below the detection limit even in the microfil-
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tration step. In the case of the G. rabertianum extracts, only Pb was below the de-
tection limit even in the microfiltration step.

The elementa studies of the plants showed that they contained large amounts
of nutrients (Mg, Ca and Fe); WHO limits for these metals have not been esta-
blished.

On comparing the two extracts, it could be observed that the concentrations
of the toxic heavy metals (Pb and Ni) in the UF2 retentate were higher in the S,
officinale extracts. The Pb concentration levels ranged from 0.196 to 0.354 mg L—1
and Ni concentration levels from 0.023 to 0.05 mg L~ but they did not exceed
the limits of 10 mg kg~ Pb and 8 mg kg1 Ni recommended for medicinal plants.23
The concentrations of all the microelements determined in the studied medicinal
plants were well below the critical limits.

Determination of the cytotoxic action of the studied extracts on the viability
of Hep-2p tumor cell cultures and the normal RM cell cultures was based on the
calculation of viahility percentage of the treated cell cultures, in relation to the
controls. The obtained results are presented in Tables IV-VI.

TABLE IV. The cytotoxic impact of S. officinale agueous alcoholic extract processed by MF-
UF on Hep-2p tumor cells and RM normal cells; ES = standard deviation; NS = no significant

Number of alivecells Number of dead cells

Sample (X*E9=107 0 (X*E9=107 0 Cytotoxicity, %
Hep-2p cells

Control 94.60+5.34(5) - 3.90+1.08(5) - 4.0
Retentate UF2  32.85+1.97(5) NS 5.25+2.34(5) NS 138

70 % Ethanol 1.11+0.6(5) <0.001 4.8+1.2(5) <0.001 81.2

RM cells

Control 39.90+3.10(5) - 3.00+£1.26(5) - 6.9
Retentate UF2  39.30+2.83(5) <0.001 2.50+0.97(5) <0.001 6.0

70% Ethanol 0.18+0.2(5) <0.001 1.11+0.4(5) <0.001 86.0

The comparative analysis of the number of alive and dead cells from the
Hep-2p cell cultures/normal RM cell cultures, control and treated for 48 h with
extracts, at a dose of 1.5 mg mL—1, emphasized the different behavior of these
two types of cell cultures. Thus, the control cultures were characterized by a
greater number of living cells than dead ones, while the treated cultures showed a
greater number of dead cells than living ones.

It is highly important that all concentrated extracts, namely the ethanolic ex-
tract of S. officinale and G. robertianum, and the aqueous extract of G. roberti-
anum showed very low cytotoxicity against healthy cells, but selective cytotoxi-
city against the Hep-2p tumor cells. The low cytotoxic potential of the agueous
extractsis of great significance for their traditional use in the treatment of various
disorders, other than cancer.
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TABLE V. The cytotoxic impact of G. robertianum agueous extract processed by MF-UF on
Hep-2p tumor cells and RM normal cells; MF = microfiltrate extract, ES = standard deviation;
NS = no significant

Number of divecells

Number of dead cells

Sample (XXESX102 5 (XZESx10°2 ) Cytotoxicity, %
Hep-2p cells
Control 314.89+9.98(5) - 10.11+0.32(5) 31
MF 271.85£7.60(5) <0.01 21.47+0.60(5) <0.001 7.3
UF1 Permeate  320.44+9.04(5) NS 2.77+0.08(5) <0.001 0.9
UF1 Retentate  101.53+3.91(5) <0.001 48.97+1.89(5) <0.001 325
UF2 Retentate  319.58+7.18(5) NS  19.20+0.07(5) <0.001 5.7
RM cells
Control 214.15+11.72(5) - 6.87+0.38(5) - 3.1
MF 176.41+9.40(5) <0.05 7.17+0.38(5) NS 3.9
UF1 Permeate  210.72+6.79(5) NS 3.29+0.11(5) <0.001 15
UF1 Retentate  124.98+5.26(5) <0.001 12.72+0.54(5) <0.001 9.2
UF2 Retentate ~ 195.93+7.68(5) NS  10.43+0.41(5) <0.001 5.1

TABLE VI. The cytotoxic impact of G. robertianum agqueous alcoholic extract processed by
MF-UF on Hep-2p tumors cells and RM normal cells;, MF = microfiltrate extract, ES = stan-
dard deviation; NS = no significant

Sample

Number of alive cells

Number of dead cells

Cytotoxicity, %

(X+ES)x103 p (X+E9x103 p
Hep-2p cell
Control 318.70+10.10(5) - 6.30+0.20(5) - 19
MF 251.60+7.63(5) <0.001 71.70+2.17(5) <0.001 222
HA 239.66+3.85(5) <0.001 15.58+0.25(5) <0.001 6.1
UF1 Permeate  247.61+3.61(5) <0.001 19.77+0.29(5) <0.001 7.4
UF1 Retentate  92.73+1,70(5) <0.001 32.37+0.60(5) <0.001 259
UF2 Retentate ~ 167.66+2.73(5) <0.001 41.49+0.67(5) <0.001 19.8
RM cell
Control 214.15+11.72(5) - 6.87+0.38 (5) - 19
HA 157.42+7.24 (5) <0.002 53.47+2.46 (5) <0.001 254
MF 182.18+3.91(5) <0.02 15.96+0.34 (5) <0.001 8.1
UF1lPermeate  195.55+3.92(5) NS  9.73+0.20 (5) <0.001 4.7
UF1 Retentate  118.44+1.79 (5) <0.001 34.06+0.51 (5) <0.001 22.3
UF2 Retentate  185.30+3.40 (5) <0.02 10.75+0.20 (5) <0.001 5.5

The concentrated agueous alcoholic extract from G. robertianum was the
most cytotoxic on Hep-2 cell lines, 19.8 % cytotoxicity for the UF2 retentate and
25.9 % cytotoxicity for the UF1 retentate, while the cytotoxicity of the concen-
trated aqueous extracts from G. robertianum were 32.5 % for the UF1 retentate
and 5.7 % for UF2 retentate.

Comparison of the cytotoxicity of S. officinale and G. robertianum may lead
to the conclusion that this effect is mainly related to their phenolic compounds.
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The cytotoxic effect of the comfrey extract concentrate may also be associated
with the toxic metal level (Pb and Ni).

This information helps to establish modern complementary and alternative
medicine treatment methods, which may offer efficient cures to large populations
suffering from different diseases, including cancer.

CONCLUSIONS

This study showed that it is possible to obtain concentrated comfrey and
herb Robert extracts with high antioxidant activity by membrane processes.

Moreover, the Geranium aqueous and agueous alcoholic extracts, both puri-
fied and concentrated by membrane processes, and the concentrated Symphytum
aqueous alcoholic extract diminished the viability of tumor cells. This proved
that these extracts had a moderate cytotoxic potential.

The present study evidenced that the heavy metal and minerals contents of
the selected medicinal plants were within safe limits. Thus, it was proven that the
health of the human body is unlikely to be affected by the extracts of these medi-
cina plants containing such low contents of heavy metas.

It should be stressed that, hitherto, no reports on the microelements and cyto-
toxic effect of extracts of S. officinale and G. rabertianum exist in the available
literature.

Acknowledgment. This research was supported by the Executive Agency for Higher
Education, Research, Development and Innovation Funding — PN62076/2008 and MedPlaNet
projects.
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IMPUMEHA MEMBPAHCKOT ITPOLIECA 3A KOHLUEHTPOBAKE EKCTPAKATA BUJbAKA
Symphytum officinale U Geranium robertianum PAIV OOBUJAA JETUEHA
BEJIMKE AHTUOKCHUIATHUBHE AKTUBHOCTHU

GABRIELA PAUN', ELENA NEAGU', SIMONA CARMEN LITESCU", PINCU ROTINBERG
1 GABRIEL LUCIAN RADU®

ICentre of Bioanalysis, National Institute for Research — Development of Biological Sciences, 296 Spl.
Independentei, P. O. Box 17—-16, 060031, Bucharest 6, Romania, 2Biological Research Institute —
National Institute of Research-Development, Lascar Catargi Street 47, Iassy, Romania u
3Faculty of Applied Chemistry and Materials Science, Polytechnic University of Bucharest,

313 Spl. Independentei, 060042, Bucharest, Romania

Y pany je omucaHa mpuMeHa MeMOpPAHCKOT Tpolleca 3a JoOHjame eKCTpaKaTa jefumberna
BEJIMKE aHTHMOKCHIATUBHE aKTUBHOCTH M Moryhe npumeHe y Tepanuju. McnutusaHa cy de-
HOJIHA jeJumera OW/BHUX BpCTa KOje ce KOPUCTe Y PYMYHCKOj eTHOMEeIULIMHU U yTBpheHa je
HUX0BA aHTHOKCHIATHBHA M IUTOTOKCHYHA aKTUBHOCT. ExcTpakTy modujenu us Geranium ro-
bertianum u Symphytum officinale cy KOHLEHTPOBaHH MUKPODUITPaLMjoM U yiaTpaduiTpa-
nujom. KoHuenTpanuje deHonHux jemumerma U ¢naBoHouna cy oxpehene UV—-Vis cnekrpo-
ckonijom U Metogom HPLC. CriocobHocT XBaTama CI0OONHHUX pafiukaia KOHIEHTPOBAHUX
excTpakara yrspheHa je metogoM DPPH. IIpenuMuHapHH TeCTOBH LIMTOTOKCHYHOCTH H3Be-
IeHH cy Ha henujckoj NTUHUjU enmupepMouAHOT kKapuuHoMa (Hep-2p) u Ha HopmanHuM Oyb-
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pexxauM henujama MajMyHa. Pe3ynTaté cy NOKasald Ja KOHIIEHTPOBAHU eKCTPAKTH HCIIO-
JbaBajy HUCKY LUTOTOKCHYHOCT CIIpaM 3IpaBUX henuja, HOK je IUTOTOKCHYHOCT cripam Hep-
2p Tymopckux henuja 3HavyajHa. KOHLEHTPOBAHU €KCTPAKTH Cy HCIO/BHIN M BEJHMKY aHTH-
oxcupatuHy aktUBHOCT (DPPH nuxubunuja je npexo 80 %).

[E=Y

21.

22.
23.

COo~NORA~WDNE

(ITpumsbeHo 6. janyapa, peunupano 22. dedpyapa 2012)
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Synthesis and characterization of cis-dioxomolybdenum(V1I)
complexes having furil asa precursor molecule
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Abstract: The syntheses of some new dioxomolybdenum(VI) complexes having
the general formula [MoO,(mac)](acac),, (where mac = tetraazamacrocyclic
ligands derived from the condensation of furil with 1,2-diaminobenzene or
2,3-diaminopyridine and their reaction with S-diketones) using the dioxometal
ion as a kinetic template are reported. The prepared complexes were characte-
rized by molar conductance, elemental analyses, infrared and electronic data.
The spectral data indicate that the ligands act as tetradentate chelating agents.
Due to their biological relevance, molybdenum catalyzed oxygen transfer reac-
tions are of great interest. All the dioxomolybdenum(VI) complexes had octa-
hedral geometry with six coordination.

Keywords. dioxomolybdenum(V1); condensation; amines;, macrocyclic com-
plexes.

INTRODUCTION

The versatile nature of molybdenum is due to its multiple oxidation states,
which range from —2 to +6, and coordination numbers, which vary from four to
eight.1 In the second transition series, only molybdenum is considered as a bio-
metal that is important for animals, plants and microorganisms. There are many
reports on the use of dioxomolybdenum(V1) complexes, which act as catalystsin
some biological processes?3 and in some industrial processes.4-6 Due to their re-
levance in biological processes, molybdenum-catalyzed oxygen-transfer reac-
tions have attracted considerable interest. Mo(V1) is present as a ssmple molyb-
date (M0O42-) ion in agueous solution depending on its concentration and the pH

* Corresponding author. E-mail: devendraprataprao@yahoo.com
doi: 10.2298/JSC111110020R
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of the solution. The coordination chemistry of Mo(V1) is an actively pursued area
of current research because of its catalytic properties and biological activities.’~10
Furil is a versatile chelating ligand having two reactive carbonyl groups capable
of undergoing Schiff base condensation with a variety of di- and polyamines.
Thus, furil has played an important role in the design of macrocyclic ligands. In
this context, some dioxomolybdenum(VI) complexes with new high denticity li-
gands derived from the condensation of furil with 1,2-diaminobenzene or 2,3-di-
aminopyridine, capable of undergoing cyclization with S-diketones via the metal
template effect, were prepared, characterized and their tentative structures ascer-
tained.

Herein, the synthesis of these complexes and their tentative structures, based
on molar conductivity, elemental analysis, and electronic and IR spectroscopy,
are reported.

EXPERIMENTAL
Materials and methods

All the employed chemicals and solvents were of reagent grade. The S-diketones viz.
acetylacetone, benzoylacetone, thenoyltrifluoroacetone and dibenzoylmethane were SRL pro-
ducts and the diamines used were reagent grade products. Furil was obtained from Aldrich.
Dioxomolybdenum(V1) acetylacetonate was prepared by the standard method using sodium
molybdate and acetylacetone.

Analytical methods and physical measurements

The microanalysis of carbon, hydrogen and nitrogen for the complexes were realized at
the Central Research Facility, NERIST, Nirjuli-791109, Itanagar, Arunachal Pradesh, India
Molybdenum was estimated gravimetrically after decomposing the complex with concentrated
nitric acid by the standard method.1! Sulphur was estimated as barium sulphate.l2 The
standard technique of melting point (uncorrected) determination using a sulphuric acid bath
was employed. The electronic spectra of the complexes were recorded on a Beckmann DU-2
spectrophotometer and ¢ ®10 Russian spectrophotometer in the ranges 2000-185 nm and
700-400 nm. The infrared spectra of the complexes were recorded in the region 4000-200 cmt
in pressed KBr pellets on a Perkin-Elmer 621 and a Beckmann Acculab-9 spectrophotometers.
In-situ preparation of dioxomolybdenum(VI) complexes with ligands derived by condensation
of furil with 1,2-diaminobenzene or 2,3-diaminopyridine

Molybdenyl acetylacetonate (2 mmol) dissolved in methanol (20 mL) was added to a
refluxing solution of furil (2 mmol) and 1,2-diaminobenzene (4 mmol) or 2,3-diaminopyridine
(4 mmol) in ethanol (20 mL). The mixture was allowed to react under mild reflux for 6 h,
when the colour of the solution turned yellow (Scheme 1). The solvent was removed under
vacuo at room temperature and the dirty yellow colour product was isolated. The complex was
thoroughly washed with methanol/ethanol mixture. The yield was 70 %.

In situ preparation of macrocyclic complexes of dioxomolybdenum(VI1)

Molybdenyl acetylacetonate (2 mmol) dissolved in methanol (20 mL) was added to a
refluxing solution of furil (2 mmol) and 1,2-diaminobenzene or 2,3-diaminopyridine (4 mmol)
in ethanol (25 mL). The mixture was subjected to mild reflux for 6 h, when the colour of the
solution intensified and turned yellow (Scheme 2). To this reaction mixture, an ethanolic
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solution (10 mL) of acetylacetone (2 mmol) and glacia acetic acid (5 mL) were added. The
reaction mixture was refluxed for about 6 h whereby a yellow precipitate was obtained. The
filtered precipitate of the complex was purified by washing with 10 mL of a mixture of me-
thanol/ethanal (1:1). The yield was 60 %. The same procedure was adopted for the synthesis
of other dioxomolybdenum(V1) macrocyclic complexes using benzoylacetone, thenoyltri-
fluroacetone and dibenzolylmethane.

/— \u/é)% (acac); 4240
\n;n/ \m,/
MoO;(L))(acac),

Type I

Scheme 1. Preparation of dioxomolybdenum(V1) complexes; X = 1,2-diaminobenzene or
2,3-diaminopyridine; L1 = furil + 1,2 diaminobenzene; L2 = furil + 2,3-diaminopyridine.

R R Y &
M I [
mfy\ (acac), +—L-2ketones OC\O 40"\ (acac); +2H,0
Pa
o0, L] acac), i J\)\H i
[MoO,mec)](acac)
Type II

Scheme 2. Preparation of macrocyclic complexes of dioxomolybdenum(V1); mac = tet-
raazamacrocyclic ligands derived from the condensation of L1 or L2 with s-diketonesin
presence of the dioxmolybdenum(V1) cation; R = CH3, CgHs, C4H3S, CgHs;

R’ = CHj3, CHj3, CF5 or CgHs; S-diketone = acetylacetone, benzoylacetone,
thenoyltrifluroacetone or dibenzoylmethane.

RESULTS AND DISCUSSION

The dioxomolybdeum(V1) complexes were synthesized using an in-situ me-
thod by refluxing the reaction mixture of furil, diamines and molybdenyl acetyl-
acetonate in 1:2:1 molar ratio in agueous ethanol, as shown in Scheme 1, which
resulted in the macrocyclic complexes according to Scheme 2.

Physical and analytical data of the molybdenum complexes

The physical and analytical data of the complexes are given in the Supple-
mentary material to this paper. The elemental analyses of the complexes agreed
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with the theoretical values and showed 1:1 metal to ligand stoichiometry. The
molar conductivity of dioxmolybdenum(VI1) complexes in dimethylformamide
showed values of Ay between 125-140 ohm1 cm? mol—21, which indicate their
electrolytic nature.

Infrared spectra

The characteristic infrared spectral bands for the complexes are listed in the
Table given in the Supplementary material to this paper. The macrocyclic com-
plexes of dioxomolybdenum(V1) exhibit >C=N absorption around 1625-1610
cm1, which normally appears at 1660 cm2 in free ligands.13-15 The lowering of
this band in the complexes (Type-1) indicates coordination of the nitrogen atoms
of the azomethine groups to the molybdenum.13-16 The presence of a band at
around 300 cm1 may be assigned to v(Mo-N) vibrations.1’ The appearance of
>C=N band and the absence of the >C=0 band around 1700 cm1 is conclusive
evidence for the condensation of the diamines with the two keto groups of fu-
ril.18.19 The bands appearing at 3350 and 3180 cnm1 may be assigned to asym-
metrical and symmetricall N-H stretching modes of the coordinated terminal
amino group.18 The dioxomolybdenum(V1) complexes prefer to form a cis-dioxo
group due to the maximum utilization of the d-orbital for bonding. The cis-dioxo
configuration in the dioxomolybdenum(V1) moiety20-22 js characterized by two
infracred bands, vagym(O=M0=0) and vgym(O=M0=0) in Cpy symmetry. The
presence of two infra-red bands in the 898-910 cm1 and 935-945 ¢! regions
are assigned to vagym(O=M0=0) and vgm(O=Mo0=0) vibrations, respectively.
The bands appearing at 1562 and 1515 cmr1 are assigned to v(C=0) and v(C=C)
vibrations of the acetylacetonate group present in the outer coordination sphere.23
The infrared spectra of macrocyclic complexes of Type-11 show the same pattern
of bands but the asymmetrical and symmetrical N-H stretching modes of the ter-
minal amino groups are absent due to condensation of these amino groups with
the carbony! group of the $-diketones in cyclization reactions.24.25

Electronic spectra

These spectra are similar to other dioxomolybdenum(V1) complexes invol-
ving nitrogen donor atoms. The electronic spectra of the complexes were re-
corded in 10-3 mol L-1 solution in DMF and these spectral bands are interpreted
according to earlier reported energy level scheme.26.27 The high intensity peaks
observed in the region 295-360 nm of the dioxomolybdenum(V1) complexes
seem to appear due to intraligand n — n*/n — x* transitions. A medium inten-
sity peak appearing in the region 343 and 394 nm may be assigned as a ligand to
metal charge-transfer transition between the lowest empty molybdenum d-orbital
and highest occupied ligand molecular orbital .28
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The above details support the tentative structures of dioxomolybdenum(V1)
complexes of Type (1) and macrocyclic complexes of type (I1), as shown in the
Schemes 1 and 2.

CONCLUSIONS

The spectral data show that the Schiff base condensation of furil, a versatile
chelating agent, with diamines and their cyclization reaction with fdiketones
were achieved by virtue of the kinetic template effect of the dioxomolybde-
num(V1) cation in agqueous ethanol medium. The Schiff bases behave as tetraden-
tate ligands by bonding to the metal ion through the azomethine nitrogen atoms.
The analytical data show the presence of one metal ion per ligand molecule and
suggest a mononuclear structure for the complexes. The analytical and electronic
data support the octahedral structure for the dioxomolybdenum(V1) complexes.

SUPPLEMENTARY MATERIAL

Physical and analytical data of the synthesized molybdenum complexes are available
electronically from http://www.shd.org.rs/JSCS/, or from the corresponding author on request.

Acknowledgements. The authors are thankful to the Director, NERIST, Nirjuli, Itanagar,
Arunachal Pradesh, Indiafor providing the laboratory facilities for the synthetic work and the
Central Research Facility for the microanalysis of carbon, hydrogen and nitrogen.

H3BOI

CHUHTE3A Y KAPAKTEPU3AIINJA cis-JUOKCOMOJIMBAEH(VI) KOMIIJIEKCA KOJHU
CAIIPXXE ©YPHWJI KAO ITPEKYPCOPCKH MOJIEKYJI

DEVENDRA PRATAP RAO', HARDEO SINGH YADAV?, ASHOK KUMAR YADAVA?,
SANJAY SINGH® 1 UMA SHANKER YADAV*
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Pradesh, India, 3Department of Chemistry, M.G.P.G. College, Gorakhpur, Uttar Pradesh, India u
“Department of Chemistry, J. P. University, Chapra, Bihar, India

[Tonasehu on muoxcomonudaeH(VI) joHa TeMIIaTHOM METONOM CHHTETHUCAHH CYy HOBH
koMmiekcu onute popmyne [MoO,(mac)](acac), (mac = TeTpaasaMakpOLUKINYHY JINTAaHOU
nobuBeHH KOHZIeH3auujoM (ypuna ca 1,2-iHaMHUHODEH3€HOM WX 2,3-THaMHUHONHPHUAWHOM
¥ BUXOBOM PeaKklHjoM ca [-IUKeTOHHMA). CUHTETHCAHH KOMIUIEKCH Cy OKapaKTepHCaHH Ha
OCHOBY KOHIYKTOMETPHjCKUX Mepema, pe3yJiTaTta ejleMeHTalHe aHanuse, HHMpaupBeHUX U
€JIEKTPOHCKHX allCOPNUUOHUX crekTapa. Ha 0CHOBY CEKTPOCKOICKMX Mepewa HaheHo je fa
KOOpAUMHAUWOHU Opoj nuokcomonudneHa(VI) usHocH LIecT U ja KOMIIEKCH UMajy OKTaeiap-
CKYy TeOMeTpHjy ca TeTPaJeHTaTHOM KOOPIWHALIWjOM UCIUTUBAHUX JIUTAHA/A.

(ITpumsbeHo 30. HoBemdpa 2011, pesunupano 7. dedpyapa 2012)
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J. Serb. Chem. Soc. 77 (9) (2012) 12051210
PHYSICAL AND ANALYTICAL DATA OF THE MOLYBDENUM COMPLEXES

[MoOx(LD)](acac), (1). Yield: 62 %; m.p. 306 °C; Anal. Calcd. for
C3oH3oMON4Og (FW 696.57): C, 55.2; H, 4.6; N, 8.1; Mo, 13.8 %. Found: C,
55.1; H, 4.5; N, 8.0; Mo, 13.7 %.

[MoOy(L?)] (acac), (2). Yield: 64 %; m.p. 304 °C; Ana. Calcd. for
C3gH30MONgOg (FW 698.54): C, 51.6; H, 4.3; N, 12.0; Mo, 13.7 %. Found: C,
51.5; H, 4.2; N, 12.0; Mo, 13.7 %.

[MoOy(macl)] (acac), (3). Yield 65 %; m.p. 305 °C; Ana. Calcd. for
C37H36MON4Og (FW 760.66): C, 58.4; H, 4.7; N, 7.4; Mo, 12.6 %. Found: C,
58.3; H, 4.6; N, 7.3; Mo, 12.5 %.

[MoOy(mac?)] (acac), (4). Yield 62 %; m.p. 308 °C; Anal. Calcd. for
C4oH3sMON4Og (FW 822.73): C, 61.3; H, 4.6; N, 6.8; Mo, 11.7 % . Found: C,
61.2; H, 4.5; N, 6.7; Mo, 11.6 %.

[MoOx(mac3)] (acac), (5). Yield: 65 %; m.p. 306 °C; Anal. Calcd. for
Cy0H33F3MON4OgS (FW 882.73): C, 54.4; H, 3.7; N, 6.3; Mo, 10.9; S, 3.7 %.
Found: C, 54.3; H, 3.6; N, 6.2; Mo, 10.8; S, 3.6 %.

[MoO,(macH)] (acac), (6). Yield 67 %; m.p. 305 °C; Anal. Calcd. for
Ca7H40MON4Og (FW 884.80): C, 63.8; H, 4.6; N, 6.3; Mo, 10.8 %. Found: C,
63.7; H, 4.5; N, 6.2; Mo, 10.8 %.

[MoOx(mac®)] (acac), (7). Yield: 65 %; m.p. 304 °C; Anal. Calcd. for
C35H34MONgOg (FW 762.63): C, 55.1; H, 4.5; N, 11.0; Mo, 12.6 %. Found: C,
55.0; H, 4.4; N, 11.0; Mo, 12.5 %.

* Corresponding author. E-mail: devendraprataprao@yahoo.com
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[MoOy(mac®)] (acac), (8). Yield: 67 %; m.p. 306 °C; Anal. Calcd. for
C4oH3sMONgOg (FW 824.70): C, 58.3; H, 4.4; N, 10.2; Mo, 11.6 %. Found: C,
58.2; H, 4.3; N, 10.1; Mo, 11.5 %.

[MoOy(mac’)] (acac), (9). Yield: 62 %; m.p. 308 °C; Anal. Calcd. for
CsgH31F3M0oNgOgS (FW 884.70): C, 51.6; H, 3.5; N, 9.5; Mo, 10.8; S, 3.6 %.
Found: C, 51.5; H, 3.4; N, 9.4; Mo, 10.7; S, 3.5 %.

[MoOy(mac8)] (acac), (10). Yield: 65 %; m.p. 304 °C; Anal. Calcd. for

Cys5H3gMONgOg (FW 886.77): C, 61.0; H, 4.3; N, 9.5; Mo, 10.8 %. Found: C,
60.9; H, 4.2, N, 9.5; Mo, 10.7 %.
L1 = ligand derived by condensation of furil with 1,2-diaminobenzene (1:2); L2 =
ligand derived by condensation of furil with 2,3-diaminopyridine(1:2); macl =
macrocyclic ligand derived by condensation of L1 with acetylacetone; mac? =
macrocyclic ligand derived by condensation of L1 with benzoylacetone; mac3 =
macrocyclic ligand derived by condensation of L1 with thenoyltrifluoroacetone;
mac* = macrocyclic ligand derived by condensation of L1 with dibenzoylme-
thane; mac® = macrocyclic ligand derived by condensation of L2 with acetyl-
acetone; mac® = macrocyclic ligand derived by condensation of L2 with benzoyl-
acetone; mac’ = macrocyclic ligand derived by condensation of L2 with the-
noyltrifluoroacetone; mac8 = macrocyclic ligand derived by condensation of L2
with dibenzoylmethane.

INFRARED DATA

TABLE S-I. Infrared spectral bands (v / cml) of the molybdenum complexes. All spectra
were recorded in KBr pellets in the range 4000-200 cm'?

_ >C=0 >C=C<  Vaym Vym Vaym Vem
Complex >C=N Mo-N of acetylacetonate O=Mo=0 N-H
[MoOy(LY)](acac), 1622 302 1560 1517 906 938 3352 3182
[M0Oy(L3)](acac), 1620 300 1564 1515 904 936 3350 3180
[MoOy(mac)](acac), 1622 301 1562 1513 903 943 - -
[MoOy(mac?)](acac), 1616 304 1560 1517 904 940 - -
[MoOy(mac3)](acac), 1618 304 1562 1513 905 942 - -
[MoOy(mact)](acac), 1622 303 1560 1515 904 943 - -
[MoO,(macd)](acac), 1624 301 1564 1517 908 940 - -
[MoOy(mach)](acac), 1616 302 1562 1513 906 942 - -
[MoOy(mac’)](acac), 1618 300 1560 1515 904 936 - -
[MoOy(mac®)](acac), 1622 303 1564 1517 905 94 - -
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Synthesis of thiadiazolobenzamide, via cyclization of
thioxothiourea, and its Ni and Pd complexes
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MINA GHIASI® and MAJID M. HERAV I3
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Institute for Materials Research and Testing, Berlin, Germany and
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Abstract: In this study, a compound, N-(3-methyl-4-oxo-4H-[1,3,4]thiadiazo-
10[2,3-c][1,2,4]triazin-7-yl)benzamide, was obtained via two different reac-
tions: 1) reaction of 4-amino-6-methyl-3-(methylthio)-1,2,4-triazin-5(4H)-one
with benzoy! isothiocyanate under removal of methanethiol and 2) reaction of
4-amino-3,4-dihydro-6-methyl-3-thioxo-1,2,4-triazin-5(2H)-one with benzoyl
isothiocyanate under elimination of hydrogen sulfide. In both reactions, a new
bond between sulfur and nitrogen atoms was formed and a five-membered ring
was created. The oxo thiadiazolo benzamide was characterized by IR, TH-NMR
and 13C-NMR spectroscopy, and mass spectrometry. X-Ray crystallography
was used to shed light on the structure of this new compound. Two new com-
plexes could be generated by coordination of the oxo thiadiazolo benzamide to
Pd(11) and Ni(ll) ions. These complexes were analyzed by IR, 1H-NMR and 13C-
-NMR spectroscopy, conductometry and thermal gravimetry (TGA). The theo-
retical QM calculation GIAO was a so applied to predict the structure of the Pd
complex.

Keywords. nucleophilic addition reaction; Pd complexes; QM calculations; GIAO.

INTRODUCTION

The chemistry of isocyanates and isothiocyanates have been greatly investi-
gated.12 |socyanate and isothiocyanate compounds undergo two kinds of reac-
tions: cycloaddition,3-° such as [2+2],6:7 [3+2],89 [4+2],10.11 [2+2+2],12.13 gnd
nucleophilic addition, such as to thiosemicarbazide, 14 thiosemicarbazone, 15 ureal¢
and thiourea.1’ The nucleophilic addition of an amine group to an isothiocyanate
results in the formation of thiourea, thiosemicarbazide and, in some cases, to

* Corresponding author. E-mail: fadhami @iausr.ac.ir
doi: 10.2298/JSC110911052A
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benzamide derivatives.18 Properties such as cytotoxic and antibacterial have been
reported for some of these compounds.19-21 These compounds, as neutral or an-
ionic ligands, can aso connect to metal cations and form numerous com-
plexes.22-24

In this study, the compounds produced by the nucleophilic addition reaction
of benzoyl isothiocyanate with two thiotriazine derivatives were analyzed. In ad-
dition, these compounds were used as ligands to produce their nickel(11) and pal-
ladium(l1) complexes. The biological activities of the obtained complexes were
also investigated. The prepared compounds and complexes were analyzed by dif-
ferent techniques and quantum mechanical calculations were employed to con-
firm additionally the experimental data.

EXPERIMENTAL

4-Amino-6-methyl-3-(methylthio)-1,2,4-triazin-5(4H)-one  (AMMSTO) and 4-amino-
-3,4-dihydro-6-methyl-3-thioxo-1,2,4-triazin-5(2H)-one (AMTTO) were prepared according
to literature procedures.?> Benzoy! isothiocyanate and the solvents were purchased from Fluka
and Merck. All chemicals were used without further purification.

Ultrasonic (Elmasonic S) and microwave (CEM MDS-2000) radiation were applied in
the experiments. Melting points were determined using an Electro Thermal |A 9000 instru-
ment. The infrared spectra (on a Nicolet 5SXC employing the KBr disk technique, 4000400
cml) and 1H-NMR and 13C-NMR spectra (on a Bruker Advance 500 spectrometer using
DMSO-dg and TMS as the internal reference) were recorded at room temperature.

Synthesis of N-(3-methyl-4-oxo-4H-[ 1,3,4] -thiadiazol o] 2,3-c] [ 1,2,4] triazin-7-yl)benzamide (1)

Benzoyl isothiocyanate (0.156 cm3, 1 mmol) was gradually added to a solution of
4-amino-6-methyl-3-(methylthio)-1,2,4-triazin-5(4H)-one (AMMSTO) (0.2 g, 1 mmol) in
acetonitrile (15 cmd). The mixture was stirred for 7 h at 70-80 °C. The milky precipitate of 1
was filtered, washed with methanol and dried in an oven at 80 °C. Yield: 76 %. The reaction
was repeated with the same reactant ratio under other conditions: 1) microwave 360 W, 15
min; 600 W, 3 min in solvent and 600 W, 2 min without solvent, 2) ultrasonic 75 °C, 2 h. The
maximum yield of about 81 % was obtained by using microwave 600 W and without solvent.
Synthesis of N-{[(2,5-dihydro-6-methyl-5-oxo0-3-thioxo-1,2,4-triazin-4(3H)-yl)amino] thioxo-
methyl} benzamide (2)

Benzoyl isothiocyanate (0.156 cm3, 1 mmol) was gradually added to a solution of
4-amino-3,4-dihydro-6-methyl-3-thioxo-1,2,4-triazin-5(2H)-one (AMTTO) (0.158 g, 1 mmol)
in ethanol (15 cmd). The mixture was stirred for 6 h at 70-80 °C. The white precipitate of 2
was filtered, washed with methanol and acetone, and dried in an oven at 80 °C. Yield: 36 %.
This reaction was also repeated with the same reactant ratio under the other conditions. The
highest yield of 42 % was afforded using microwave 360 W radiation for 15 min and solvent-
-free.

Synthesis of the Pd and Ni complexes

Synthesis of the palladium complex with N-(3-methyl-4-oxo-4H-[ 1,3,4] -thiadiazol o[ 2,3-
-c][1,2,4]triazin-7-yl)benzamide (1), complex C1. Complex C1 was synthesized from palla-
dium(l1) chloride (0.04 g, 0.2 mmol) and 1 (0.105 g, 0.3 mmol) in 8 cm3 acetonitrile. After 1
hour, 1 cm® methanol was added and the mixture was stirred under reflux for 4 h. The ob-
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THIADIAZOLOBENZAMIDE AND ITS COMPLEXES 1213

tained brown precipitate was filtered, washed with methanol and dried in a vacuum oven. The
yield was 82 %. With the same ratio of reactants in DM SO under the other employed con-
ditions, microwave 180 W radiation for 15 min afforded the highest yield of 92 %.

Synthesis of the nickel complex with N-{[ (2,5-dihydro-6-methyl-5-oxo-3-thioxo-1,2,4-tri-
azin-4(3H)-yl)amino] thioxomethyl} benzamide (2), Complex C2. Complex C2 was synthesized
from nickel(I1) acetylacetonate (0.051 g, 0.20 mmol) and 2 (0.064 g, 0.20 mmol) in 4 cm?
ethanol. The mixture was stirred gently at 70 °C for 10 h. The obtained green precipitate was
filtered, washed several times with methanol and dried in a vacuum oven. Repetition of the
reaction under the other conditions had no effect on the yield.

Thermal gravimetric analysis and conductivity

Thermal analysis and conductivity of complexes were measured by Module STA 1500
and Metrohm, respectively.

The conductivity of 0.20-0.80 M solutions of complexes in N,N-methylformamide was
measured at room temperature. No conductivity has been detected. Thermal analysis was
performed in air within 100-950 °C temperature range; the heating rate was 40 °C min™.
X-Ray crystallography

Suitable single crystals of compounds 1 and 2 were obtained by dissolving the corres-
ponding precipitate in a mixture of methanol and acetonitrile (1:1) or methanol and N,N-di-
methylformamide (1:1), respectively. The data collection for the crystal was realized on a
Bruker AXS SMART diffractometer at room temperature using MoK ,, radiation (4 = 0.71073
A) monochromatized by a graphite crystal. Data reduction was completed using the Bruker
AXS SAINT and SADABS software packages. The structure of compounds 1 and 2 were
solved by direct methods and refined by full-matrix least-squares calculation using SHEL X-
97. An empirical absorption correction (¥-scan) was applied. All non-hydrogen atoms were
refined anisotropically. The positions of the hydrogen atoms were calcul ated corresponding to
their geometric conditions and refined using the riding model. Isotropic displacement para-
meters of hydrogen atoms were derived from the parent atoms.

RESULTS AND DISCUSSION

On reaction of AMMSTO with benzoyl isothiocyanate, methanethiol was
released, 26 a five-membered ring was formed and finally N-(3-methyl-4-oxo0-4H-
-[1,3,4]-thiadiazol o[ 2,3-c][ 1,2,4]triazin-7-yl)benzamide (1) was afforded. N-{[(2,5-
-di—hydro-6-methyl-5-oxo-3-thioxo-1,2,4-triazin-4(3H)-yl)amino] thioxomethyl} -
benzamide (2) was synthesized directly through the reaction of AMTTO with
benzoy! isothiocyanate (Scheme 1).

Fpectral data for the synthesized compounds and complexes
N-(3-methyl-4-oxo-4H-[ 1,3,4] -thiadiazol o 2,3-c] [ 1,2,4] triazin-7-yl)benzamide
(1). Decomposed at 300 °C. FTIR (KBr, cm1): 3212 (NH stretching), 3109 (CH
stretching of aromatic ring), 2921 (CH stretching of aliphatic group), 1702 (C=0
stretching), 1673 (C=0O stretching), 1598, 1566 (NH bending), 1529 (C=N and
C=C dtretching), 1487 (C=N and C=C stretching), 1296 (C—N- stretching), 1252
(N-N stretching), 1068 (C-N stretching), 713 (C-S stretching). IH-NMR (500
MHz, DMSO-dg, o / ppm): 2.42 (3H, s, CH3), 7.58 (2H, t, J = 7.3 Hz, C2H and
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1214 ADHAM I et al.

C4H), 7.70 (1H, t, J = 7.3 Hz, C3H), 8.14 (2H, d, J = 7.35 Hz, C1H and C5H),
13.76 (1H, s, NH). 13C-NMR (125 MHz, DMSO-dg, 6 / ppm): 17.29 (CHs),
128.51 (C2 and C4), 128.77 (C1 and C5), 130.41 (C3), 133.70 (C6), 147.92 (C9),
152.97 (C11), 153.57 (C7), 157.42 (C8), 166.89 (C10). MS (m/z, (relative
abundance, %)): 211 (CgHaN502S+1, 75), 105 (CgHsCO*, 100), 77 (CeHs™,
88), 51 (C4H3™, 30). Scheme 1 indicates the C numbering.

i2)
Scheme 1. Reaction pathways of the reactantsto 1 and 2. The C atom numbering is indicated.

N-{[(2,5-di—hydro-6-methyl-5-ox0-3-thioxo-1,2,4-triazin-4(3H)-yl)amino] -
thioxomethy!} benzamide (2). Decomposed at 330 °C. FTIR (KBr, cnm1): 3328
(NH stretching), 3169 (CH stretching of aromatic ring), 2956 (CH stretching of
diphatic group), 1713 (C=0 stretching), 1698 (C=0 stretching), 1599 (NH bend-
ing), 1519 (C=N and C=C dretching), 1490 (C=N and C=C stretching), 1376
(C=S sdtretching), 1324 (C=S sdtretching), 1297 (C-N stretching), 1269 (N-N
stretching), 1094 (C-N stretching). IH-NMR (500 MHz, DMSO-dg, J / ppm):
2.43 (3H, s, CH3), 7.59 (2H, t, J = 7.3 Hz, C2H and C4H), 7.71 (1H,t,J = 7.3
Hz, C3H), 8.14 (2H, d, J = 7.3 Hz, C1H and C5H), 13.71 (1H, s, NH). 13C-NMR
(125 MHz, DMSO-dg, J / ppm): 17.00 (CH3), 128.49 (C2 and C4), 128.77 (C1
and C5), 130.28 (C3), 133.74 (C6), 147.90 (C9), 153.00 (C11), 153.44 (C7), 157.39
(C8), 166.79 (C10). MS (m/z, (relative abundance, %)): 321 (C12H11N50,S,™,
14.5), 287 (C12HgN50,St, 8.5), 158 (C4H5N4OSH+1, 36.5), 105 (CgHsCO*,
100), 77 (CgHs*, 83), 51 (C4H3t, 23). Scheme 1 indicates the C numbering.

Spectral data for the prepared Ni and Pd complexes

Complex C1. Decomposed at 320 °C. FTIR (KBr, cm1): 3245 (NH stretch-
ing), 3109 (CH stretching of aromatic ring), 2956 (CH stretching of aliphatic
group), 1710 (C=0 stretching), 1680 (C=0 dtretching), 1597, 1563 (NH bending),
1492 (C=N and C=C dtretching), 1460 (C=N and C=C stretching), 1297 (C-N
stretching), 1254 (N-N stretching), 1099 (C-N stretching), 706 (C-S stretching).
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THIADIAZOLOBENZAMIDE AND ITS COMPLEXES 1215

1H-NMR (500 MHz, DMSO-dg, 6 / ppm): 2.42 (3H, s, CH3), 7.58 (2H, 1, J= 7.3
Hz, C2H and C4H), 7.71 (1H, t, J = 7.3 Hz, C3H), 8.13 (2H, d, J = 7.3 Hz, C1H
and C5H), 13.70 (1H, s, NH). 13C-NMR (125 MHz, DMSO-dg, J / ppm): 16.99
(CH3), 128.51 (C2 and C4), 128.78 (C1 and C5), 130.14 (C3), 133.78 (C6),
147.86 (C9), 153.02 (C11), 153.37 (C7), 157.41 (C8), 166.73 (C10). Scheme 1
indicates the C numbering.

Complex C2. Yield: 63 %; decomposed at 220 °C. FTIR (KBr, cnm1): 3365
(NH stretching), 3072 (CH stretching of aromatic ring), 2924 (CH stretching of
aliphatic group), 1630 (C=0 stretching), 1594 (C=0 stretching), 1557 (NH bend-
ing), 1525 (C=N and C=C sretching), 1504 (C=N and C=C stretching), 1264 (N-N
stretching), 1071 (C-N stretching), 734 (C-S stretching). 1H-NMR (500 MHz,
DMSO-dg, ¢ / ppm): 2.29 (3H, s, CH3), 7.39 (3H, s, C2H, C3H and C4H), 8.06
(2H, s, C1H and C5H), 2.48 (12H, s, CH3, acetylacetonate), 5.42 (2H, s, CH,
acetylacetonate). 13C-NMR (125 MHz, DM SO-dg, 6 / ppm): 17.05 (CH3), 126.09
(C2 and C4), 126.69 (C1 and C5), 128.88 (C3), 136.29 (C6), 146.06 (C9), 159.85
(C11), 171.57 (C10), 15.52 (CH3, acetylacetonate), 54.41 (CH, acetylacetonate),
196.30 (CO, acetylacetonate). Scheme 1 indicates the C numbering.

IR spectroscopy and mass spectrometry confirmed the synthesis of com-
pound 2 as well as compound 1. However, although 1 and 2 differed in the absor-
bance bands in their IR spectra and the peaks in the mass spectra differed sig-
nificantly, both exhibited the same 1H- and 13C-NMR spectra and X-ray single
crystal data. This indicated the instability of 2 in solution and its conversion to 1
by loss of hydrogen sulfide (Scheme 1). The analysis of complex C2 showed that
this conversion also occurred in this complex.

The observed decrease in the wavelength numbers of absorbance bands of
carbonyl group in the complex C2 could be due to the dislocation of the elec-
tronic cloud in acetylacetonate and thiadiazolo benzamide. In the NMR spectrum,
the resonances of the methyl groups and carbony! groups of acetylacetonate ions
appeared at 15.52 and 196.30 ppm, respectively. The sharp resonances of com-
plexes C1 and C2 demonstrated that the Ni(l1) and Pd(I1) ions with d® electronic
configuration have diamagnetic properties.

The conductivities of the complexes were measured in N,N-dimethylform-
amide and no conductivity could be detected. The lack of conductivity certified
the neutral structure of the complexes. This is evidence for the location of the
ligands and the anionic partsin the inner sphere of both complexes.

X-Ray diffraction analysis

The same structures were deduced for 1 and 2. The relevant crystallographic
information on 1 is summarized in Table | and Fig. 1. In the crystal lattice, three
interactions were observed between sulfur and nitrogen atoms (S1:--N6, medium,
3.161 A) and sulfur and oxygen atoms (S2---O1, strong, 2.566 A and S2--04,
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strong, 2.602 A). Finally, two intermolecular hydrogen bonds joined the molecu-
les together (N5-H5.--O3, strong, 2.834 A and N10-H10A---N3, medium, 3.004 A).

Thermal analysis

The thermal gravimetric analysis (TGA) and differential thermal analysis
(DTA) datafor complexes C1 and C2 arelisted in Table 1.

TABLE |. Crystalographic and structure refinement data of 1

Empirical formula C1oHgN50,S
Formula weight 287.30
T/K 296(2)
Wavelength, A 0.71073
Crystal system Monoclinic
Space group P2;/c
alA 7.2750(4)
b/A 26.6492(15)
c/A 13.1837(7)
Bl° 100.962(4)
VA3 2509.3(2)
z 8
D/gcm?3 1.521

w !/ mm? 0.267

% Completeness to 6, R(int)
Final Rindices (I > 20(l))
Rindices (all data)

97.5 (0 = 34.89°), 0.0582
R1 = 0.1010, wR2 = 0.1329
R1 = 0.0471, wR2 = 0.1143

Fig. 1. Molecular structure of compound 1 (50 % probability level).
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THIADIAZOLOBENZAMIDE AND ITS COMPLEXES 1217

Thermal gravimetric analyses indicated different behavior of C1 and C2 even
though both had 1 as the ligand. For both complexes, weight loss occurred in two
steps. In the first step complex, C1 lost two chloride ions above 340 °C and in the
second step, compound 1 was lost above 360 °C. On the other hand, in the first
step, C2 lost compound 1 in temperature region 220414 °C, then the two acetyl-
acetonate ions above 420 °C. This difference could be related to the different
number and kinds of bonds between compound 1 and Pd and Ni ions in com-
plexesC1l and C2.

TABLE Il. Results of TGA and DTA of C1 and C2

o . Weight loss, % Reaction

Complex (molecular mass) TG range, °C Lost Residue Found Cacd pathway
C1=PdLCl, (463.3) 340—-358 2CI PdL 16 15.34 Endothermic
360—398 L PdO 60 62.01 Exothermic
398—-500 PdO PdO 26 26.33 Endothermic
C2=NiL (acac), (543) 220—414 L Ni(acac), 51 52.86 Exothermic
415498 2acac NiO 33 36.33  Exothermic
500—-900 NiO NiO 16 13.75 Exothermic

From the obtained results, the empirical formulas [Pd1Cl,] and [Nil(acac)s]
could be suggested for complexes C1 and C2, respectively.

THEORETICAL SECTION

Computational details

Ab initio molecular orbital calculation. All calculations were performed
using Gaussian 98.27 The energies and geometries of compound 1 and complex
C1 were calculated and optimized with the Lee, Yang and Parr (LYP)28 corre-
lation functional, denoted B3LYP,2° of which the most successful one is based
on the hybrid functional method.30 The spin-unrestricted version of B3LYP (U
B3LYP) was used with an open-shell singlet electronic configuration of species.
The 6-311G™* basis set was employed in the geometry optimization and energy
calculations. Full optimizations of al the compounds were addressed without any
symmetry constraint. Vibration frequency calculations confirmed the stationary
geometries.

Solvation calculations were performed on DMSO (¢ = 46.7) with the opti-
mized geometries, using the polarized continuum (overlapping spheres) model
(PCM) of Tomasi and co-workers.31

Optimization of compound 1

The structure of compound 1 was fully optimized by the B3LYP method
using the 6-311G** basis set with no initial symmetry restrictions and assuming
C; point group.
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The optimized geometry of compound 1 in the gas phase was re-optimized
considering the solvent effect (¢ = 46.7) using polarized continuum (overlapping
spheres) model (PCM). The optimized structure of compound 1 in DMSO sol-
vent is shown in Fig. 2. Calculations of the vibrational frequencies have con-
firmed stationary points with no negative eigen value observed in the force cons-
tant matrix.

Fig. 2. The optimized structure of compound 1.

A selection of calculated bond distances, bond angles and dihedral angles of
compound 1 are compared with the X-ray datain Tablelll.

TABLE I11. Selected bond distances, A, and bond and dihedral angles, °, of compound 1 from
X-ray analysisand DFT calculations

Bond X-ray Calcd. Bond X-ray Calcd.
S1-C2 1.7401(14) 1.757 N1-C1 1.2973(16) 1.297
S2-C14 1.7419(15) N6-C13 1.2999(18)

S1Ci1 1.7440(13) 1.753 N1-N2 1.3821(15) 1.379
S2-C13 1.7465(13) N6-N7 1.3857(14)
01-C4 1.2093(18) 1.212 N5-C1 1.3775(16) 1.377
03-C16 1.2215(17) N10-C13 1.3673(17)
02-C6 1.2186(17) 1221 N5-C6 1.3798(17) 1.380
04-C18 1.2184(18) N10-C18 1.3835(18

Bond angle, °
C2-S1C1 87.20(6) 86.32 C1-N5-C6 122.06(11) 12452
C14-S2-C13 86.95(6) C13-N10-C18 122.00(12)
C2-N2-N1 117.37(10) 117.35 N1-C1-S1 118.16(10) 117.20
C14-N7-N6 116.87(11) N6-C13-S2 118.41(10)
C2-N3-N4 116.55(11) 116.61 N3-C2-N2 12555(12) 125.80
C14-N8-N9 116.48(12) N8-C14-N7 124.98(13)
Dihedral angle, °
S1-C1-N5-C6 6.9(2) 0 C1-N5-C6-C7 -179.71(14) 0
N1-C1-N5-C6 -175.03(15)% 180.0 | N5-C6-C7-C8 1.7(2)% 180.0
N1-C1-S1-C2 0.07(13) 0 — — —

#The direction of the plane was different
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Calculation of chemical shifts of compound 1

NMR computations of the absolute shielding were performed using the GIAO
method32 with the DFT optimized structure in the presence of solvent. The 1H-
and 13C-NMR chemical shifts were calculated using the corresponding absolute
shieldings calculated for MesSi at the same level of theory. The obtained cal-
culated values together with the experimental values are given in Table IV. The
impressive agreement between the experimental and theoretical chemica shifts
confirmed the reliability of DFT calculations for these series of molecules and
predicted theoretical results.

TABLE IV. Comparison of some experimental and theoretical H-NMR and 13C-NMR che-
mical shifts, ppm, of 1

1H Calcd. EXp. 3¢ Calcd. Exp.

CH; 2.54 2.42 CHj; 19.31 17.29
C2H and C4H 7.73 7.58 C2and C4 129.24 128.51
C3H 7.93 7.70 Cland C5 129.52 128.77
C1H and C5H 8.26 8.14 C3 131.25 130.41
NH 13.97 13.76 C6 134.75 133.70

C10 149.24 147.92

Cl1 154.12 152.97

C7 154.91 153.57

C8 158.24 157.42

C9 168.24 166.89

Optimization of the geometries of the Pd(I1) complex with 1 in different spin states

The geometry of the [Pd(I1)1Clo] complex was estimated for two different
coordination modes; complex A with S and O atoms coordinated to the Pd ion
and complex B with N and O atoms coordinated to the Pd ion, Fig. 3. Both com-
plexes were optimized in the singlet and triplet spin states with no symmetry con-
straint imposed and re-optimized in DM SO solvent by the PCM method. The cal-
culated results showed that the low spin states (S= 1) were more stable than high
spin states (S = 3) in complex A, 5.78 kcal mol—1 and complex B, 6.5 kcal mol—1,
Comparison of the energy values between the low spin states of the two com-
plexes indicated A (with a six-membered heterocycle) is about 15.5 kcal mol—1
more stable than B (with a five-membered heterocycle).

The calculated geometrical parameters are presented in Fig. 3 considering its
optimized structure at the B3LY P/6-311G** level and the solvent effect.

Given these points, the agreement between the theoretical and experimental
results confirmed the suggested structure of complex C1 and its coordination.

CONCLUSIONS

Compounds 1 and 2 were synthesized through nucleophilic addition reac-
tions and analyzed by IR, NMR and mass spectrometry. Compound 1 was also
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1220 ADHAM I et al.

characterized by quantum mechanical calculations. In addition, X-ray crystallo-
graphy was used to determine the structures of compounds. This analysis indi-
cated the cinversion of compound 2 to compound 1 in solution.

Fig. 3. The optimized structure of the complex C1 [Pd1Cl2] at the B3LY P/6-311G** level in
DM SO for the two different possible geometries; complex A, O and S atoms
connected to Pd, complex B, O and N atoms connected to Pd.

In complex C1, the Pd(I1) ion was surrounded by compound 1 as a hew non-
ionic ligand and two chloride ions. During the synthesis of complex C2 of com-
pound 2 and Ni(ll) acetylacetonate, conversion of compound 2 to compound 1
occurred, consequently complex C2 consists also of compound 1.

Considering the obtained experimental and theoretical data, the following
structures are suggested as the most adequate for these complexes:

Complex C1: two chloride ions and compound 1 as the bidentate ligand are
coordinated to Pd(I1) ion forming a square planar complex.
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THIADIAZOLOBENZAMIDE AND ITS COMPLEXES 1221

Complex C2: a) two acetylacetonate ions and compound 1 as a monodentate
ligand are coordinated to Ni(ll) ions producing a square pyramidal complex, b)
two acetyl acetonate ions and compound 1 as bidentate ligand are connected to
Ni(I1) ions constructing a distorted octahedral complex.

SUPPLEMENTRY MATERIAL

CCDC 758812 contains the supplementary crystallographic data. Data can be obtained
free of charge via http://www.ccdc.cam.ac.uk/conts/retrieving.html or from the Cambridge
Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (+44) 1223-
336-033). Conductivity diagram of complexes and Crystal packing with hydrogen bonding of
compound 1 are available electronically from http://www.shd.org.rs/JSCS/, or from the cor-
responding author on request.

H3BOJ

CHUHTE3A TUJAOUA30JIO-BEH3AMHIA Y PEAKLIMIJY HUKITU3ALIUJE
TUOKCOTHUOYPEE U BbETOBUX Ni(II) K Pd(11) KOMIJIEKCA

FOROGH ADHAMI', NASIM NABILZADEH!, FRANZISKA EMMERLING?, MINA GHIASI® u MAJID M. HERAVI®

!Department of Chemistry, Shahr-rey, IAU, 18155-144, Tehran, Iran, ’BAM Federal Institute for Materials
Research and Testing, Berlin, Germany u *Department of Chemistry, Alzahra University, Vanak, Tehran, Iran

Y oBom pany, jemumeme N-(3-mertun-4-okco-4H-[1,3,4]tujaguaszonol(2,3-c][1,2,4]tpu-
a3uH-7-wi)beH3amuz Ho0HjeHo je Ha IBA pa3uuuTa HauuHa: 1) y peakuuju usmely 4-aMuHO-
-6-metnn-3-(metunTtuo)-1,2,4-tpuasun-5(4H)-oHa ¥ OeH30WI-U30THOLIMjaHATa Y3 €IUMUHA-
UHMjy METaHTHONA U 2) y peakuuju usmehy 4-aMuHo-3,4-IUXUApO-6-MeTHI-3-THOKCO-1,2,4-
-TpU3UH-5(2H)-0Ha ¥ DeH30WI-U30THOLMjaHAaTa y3 €IMMHMHAUH]y BOSOHUKCYIdHULA. Y OBUM
peakuujama fonasu no rpahema HOBe Bese M3Mehy aToMa CymMmopa M asoTa, IpH YeMy Ce
¢opmupa netouwsaHu npcreH. JodujeHn okcoTHjanra3ono-0eH3aMul je okapaKkTeprucaH MpH-
mesom IR, H- u 13C-NMR cnekrpockonuje, ka0 ¥ MaceHe crmekTpomerpuje. Ilopen Tora,
CTPYKTypa HOBOT jeHeHa je MOTBpheHa NPUMEHOM PEHATEHCKE CTPYKTypHE aHanuse. Koop-
IWHALWjOM OKCOTHjanuasomno-densamuna 3a Pd(11) u Ni(Il) jone HacTajy IBa HOBa KOMIUIEKCa,
KOjH Cy KapaKkTepucaHu nIpuMeHoM IR, 'H- u PC-NMR CNEKTPOCKOMH]j€, Ka0 ¥ MoMohy KOH-
oykToMmeTpuje u Tepmante rpasumerpuje (TGA). ITopen tora, crpykrypa Pd(II) kommiekca je
mpenBrieHa MPUMEHOM TeOPHjCKUX KBaHTHOMeXaHUYkux (QM) uspauynasamwa GIAO.

(TTpumisero 11. centremdpa 2011, pesunupano 28. dbedpyapa 2012)
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Fig. S1. Conductivity diagram of the complexes.
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Fig. S2. Crystal packing with hydrogen bonding of compound 1.
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Synthesis and photovoltaic properties of
octacar boxy-metallophthalocyanine dyes
applied in dye-sensitized solar cells

LING JN, WEI CHEN and DAJUN CHEN*

Sate Key Laboratory for Modification of Chemical Fibers and Polymer Materials, College of
Materials Science and Engineering, Donghua University, Shanghai 201620, China

(Received 10 July 2011, revised 19 March 2012)

Abstract: A series of octacarboxy-metallophthalocyanine dyes with different
central meta ions, i.e.,, MgOCPc, MnOCPc, FeOCPc and ZnOCPc, were de-
signed and synthesized by microwave irradiation. The effects of the intro-
duction of different metal ions with variant 3d orbitals (3d°, 3d®, 3d8, and 309,
respectively) in the centre of the phthalocyanine rings on the thermal, photo-
physical, and electrochemical properties of octacarboxy-metallophthal ocya
nines were characterized and evaluated in detail. The results showed that
ZnOCPc and MgOCPc, with closed-shell metal ions, and FeEOCPc, with an
open-shell metal ion, had excellent thermal properties. However, MnOCPc,
with a half-full-shell metal ion, exhibited the lowest decomposition tempe-
rature and largest Q-band red shifts. The energy gaps of MgOCPc, MnOCPc,
FeOCPc and ZnOCPc were theoretically calculated to be 0.11, 0.10, 0.20 and
0.22V, respectively. Applied in TiO, nanocrystalline dye-sensitized solar cells
(DSSC), the photovoltaic properties of the four dyes were obtained under
AM1.5 irradiation (100 mW cm2).

Keywords. octacarboxy-metallophthal ocyanine dyes; 3d orbital; photophysical
properties; electrochemical properties; energy gaps;, DSSC.

INTRODUCTION

Owing to their extensively delocalized 18-n electron system consisting of
four isoindole subunits linked together through nitrogen atoms,12 phthal ocyani-
nes (Pcs) possess interesting properties, such as high therma and chemical
stability, efficient light absorption from the red to the near infrared region(NIR)
of the optical spectrum, and both semi- and photoconducting characteristic.3 Pcs
and their metallo-derivatives have received considerable attention in recent years
and have been intensively applied as optical recording media# liquid crystals,®

* Corresponding author. E-mail: cdj@dhu.edu.cn
doi: 10.2298/JSC110710026J
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photodynamic therapy for cancer,b nonlinear optical materials (NLO),” electro-
catalytic detection,8 photovoltaic cells®11 and many other fields.

Pcs are of interest as NIR photosensitizers for employment in dye-sensitized
solar cells (DSSC) due to their above-mentioned excellent properties. DSSC are
based on photo-induced electron injection from excited molecules into the con-
duction band of a nanocrystalline metal oxide film.1 Thus, the current is gene-
rated when photons absorbed by dye molecules that are placed over a layer of a
wide band-gap semiconducting material such as a mesoporous metal oxide, e.g.,
Ti0,.1.12 However, for along time, the applications of Pc dyesin DSSC was res-
tricted due to their poor solubility in organic solvents and other factors.13 To im-
prove their water solubility, Pcs were functionalized with carboxy-,14-17, sulfo-9
and ester groups.18 Gratzel and Nazeeruddin et al.® reported on the use of diffe-
rent substituted zinc(I1) and aluminum(lil) phthalocyanines using the tetracarbo-
xylate functionality as efficient charge transfer sensitizers. They and Hagfeldt et
al.14 designed a new type of zinc phthalocyanines with tyrosine substituents
(ZnPcTyr) and glycine substituents (ZnPcGly) to make the dyes ethanol-soluble
and enhance significantly the solar cell performance. Bostonl® and co-workers
first reported the synthesis of copper phthalocyanine octacarboxylic acid. Mate-
madombo and Nyokong?® used cobalt octacarboxy phthalocyanine (CoOCPc)
adsorbed onto glassy carbon electrodes for the electrocatalytic detection of nit-
rite, L-cysteine and melatonin. Masilela and Nyokong?! synthesized water-so-
luble octacarboxylated Ga phthalocyanine and discussed its photophysical pro-
perties. However, there are hardly any reports describing the application of octa-
carboxy-metall ophthal ocyanines for DSSC.

Conventional heating methods, involving the use of an oil bath or muffle fur-
nace that heat the reactor wall by convection, result in slow and time-consuming
syntheses of metallophthal ocyanines. However, using a microwave heating sys-
tem, which is able to heat target compounds and produce more uniform thermal
energy making molecules dramatically collide, heat is generated from inside the
target compounds in contrast with the conventional heating methods where heat
is transferred from outside to inside.22.23 Thus, the synthesis time is remarkably
reduced and the yield of reaction product greatly increased when a microwave
heating system is employed.

In this work, four octacarboxy-metallophthalocyanine dyes (MOCPc) con-
taining different central metals (Mg, Mn, Fe and Zn) were designed and synthe-
sized by microwave irradiation. Herein, the effect of the introduction of different
metal ions with variant 3d orbitals (3d9, 3d®, 3d® and 3d10, respectively) in the
centre of the phthalocyanine rings on the thermal, photophysical and electroche-
mical properties of octacarboxy-metallophtal ocyanines were investigated. More-
over, the four dyes were applied in nanocrystalline TiO>—dye-sensitized solar
cells and their photovoltamic performances were measured.
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EXPERIMENTAL
Materials

Pyromellitic dianhydride, urea, hexaammonium heptamolybdate tetrahydrate, zinc chlo-
ride, iron(l1) chloride tetrahydrate, manganese(l1) chloride tetrahydrate, magnesium chloride
hexahydrate, potassium hydroxide, tetrabutylammonium perchlorate (TBAP) and hydrochlo-
ric acid (37 %) of analytical grade were purchased from Sinopharm Chemica Reagent Co.,
Ltd.. The acetone and dimethylsulfoxide (DM SO) used in this work were of reagent grade and
were used without further purification.

Synthesis of the octacar boxy-metallophthal ocyanine dyes

The MOCPc were synthesized by microwave irradiation from pyromellitic dianhydride,
metal halide and urea, as shown in Scheme 1.

HNOC CONH,
o o N—C =N
n 1)
.(.) . | Microwave H;NOC c \\;T /C CONH,
G
or ~0 + MX + ¢ - = Ng—u —4
~ o / N irradiation HNO C/ | N\ CONE
© L I o § ;
N— =N
HyNOC CONH,

HOOC COOH
N—C C=N KOH
" \\T/ 1
HOOC C A C COOH
-+ XCX
HOOC C/ I \C COOH

HOCC COOH
Scheme 1. Molecular structures and synthesis of the octacarboxy-metallophthal ocyanine dyes.

Synthesis of octacarboxy-metallophthal ocyanine of zinc: pyromellitic dianhydride (5.05
g, 23.1 mmol), urea (26.0 g, 0.430 mal), ZnCl, (6.28 g, 46.2 mmol) and hexaammonium hep-
tamolybdate tetrahydrate (0.2 g) were ground together in a 500 ml beaker and irradiated in a
microwave oven at 320 W for 10 min. The black solid was then cooled and washed with
water, acetone, and dried in air. Next, the crushed solid was stirred in 6 M HCI solution (200
ml) for 30 min. This procedure was repeated three times and the supernatant liquid was de-
canted each time. Finally, the solid was hydrolyzed in 10 % NaOH water solution (250 ml),
and the mixture was heated for 8-10 h at 85 °C with stirring. The reaction mixture was then
diluted with distilled water (100 ml), filtered through a No. 5 sintered glass funnel, and the
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filtrate was slowly acidified to pH > 3 with concentrated HCI (12 M). At this point, the pro-
duct completely precipitated as a blue, flocculent solid and was washed with the distilled
water and acetone until the mixture solution was a clear color. This was allowed to settle, and
most of the supernatant liquid was decanted. The blue product that precipitated was separated
from the liquor using a centrifuge and then dried in a vacuum drying oven at 30 °C. The solid
reaction product was quite soluble in water, athough it dissolved slowly, and somewhat
soluble in acetone. It was, however, insoluble in acidic agueous solutions. The same proce-
dure was adopted in the preparation of the respective magnesium, manganese, and iron octa-
carboxy phthal ocyanines, M(OCPc) (M = Mn or Fe). Their IR spectraand NMR spectra were
similar to those of ZnOCPc.

Characterizations

IR spectra (KBr pellets) were recorded on a Nicolet 8700 FTIR spectrometer. IH-NMR
spectra were obtained using a Bruker AV 400 MHz NMR spectrometer. Thermal properties
were tested on an Iris 209 F1 thermo gravimetric analyzer at a heating rate of 10 °C min?
under nitrogen. The UV—Vis spectra were investigated on a Lambda A35 UV—-Vis/NIR spec-
trophotometer. Fluorescence excitation and emission spectra were recorded on a FP-6600
spectrofluorometer. The samples were contained in 1 cm path-length quartz cells. The electro-
chemical properties were measured with a CIMPS-1 electrochemical workstation. In addition,
cyclic voltammetry measurements (CV) were realized in a three-electrode measuring cell with
a glassy carbon working electrode, a Pt wire counter electrode and an Hg/Hg,Cl, reference
electrode. The supporting electrolyte was 0.1 M TBAP in DMSO.

ZnOCPc. Yield: 35 %; Anal. Calcd. for C4oH16Ng0O16Zn (16H20): C, 40.51; H, 4.05;
N, 9.45 %. Found: C, 39.11; H, 3.83; N, 8.53 %; IR (KBr, cm): 3388 (O—H stretching of
COOH group), 3144 (CH stretching of aromatic ring ), 1701 (C=0O stretching of COOH
group), 1302 (C-O stretching of COOH group ), 1624 (C=N or C=C stretching of phtha-
locyanine ring ), 1353, 1094 (C-C or C—N stretching of phthalocyanine ring), 739 (C—H
stretching of aromatic ring); IH-NMR (400 MHz, DMSO-dg, ¢ / ppm): 8.78 (8H, s, terminal
phenyl), 10.07 (8H, s, COOH); 13C-NMR (100 MHz, DMSO-dg, d / ppm): 138.30 (Cquap).
136.43 (Cquat), 171.44 (COO), 171.13 (COO), 170.08 (COO), 169.46 (COO), 155.94 (CN),
142.99 (CN), 141.25 (CN), 128.80 (CH), 128.03 (CH).

FeOCPc. Yield: 40 %; Anal. Calcd. for C4oH16Ng0O16Fe (16H20): C, 40.82; H, 4.08;
N, 9.52 %. Found: C, 39.32; H, 3.93; N, 8.69 %; IR (KBr, cm1): 3398 (O—H stretching of
COOH group), 3168 (C—H stretching of aromatic ring ), 1710 (C=O stretching of COOH
group), 1312 (C-O stretching of COOH group), 1620 (C=N or C=C stretching of phthalo-
cyaninering ), 1359, 1094 (C—C or C—N stretching of phthalocyanine ring), 748 (C—H stretch-
ing of aromatic ring).

MnOCPc. Yield: 25 %; Anal. Calcd. for C4oH16NgO16Mn (16H20): C, 40.85; H, 4.09;
N, 9.53 %. Found: C, 39.37; H, 3.92; N, 8.63 %; IR (KBr, cm™): 3406 (O-H stretching of
COOH group), 3163 (C—H stretching of aromatic ring ), 1702 (C=0O stretching of COOH
group), 1304 (C—-O stretching of COOH group ), 1623 (C=N or C=C stretching of phthalo-
cyaninering ), 1362, 1088 (C—C or C—N stretching of phthalocyanine ring), 719 (C—H stretch-
ing of aromatic ring).

MgOCPc. Yield: 15%; Anal. Calcd. for C4gH16NgO16Mg (16H20): C, 41.96; H, 4.20;
N, 9.79 %. Found: C, 40.31; H, 3.98; N, 8.78 %; IR (KBr, cm1): 3415 (O—H stretching of
COOH group), 3169 (C—H stretching of aromatic ring ), 1706 (C=O stretching of COOH
group), 1304 (C-O stretching of COOH group ), 1621 (C=N or C=C stretching of phthalo-
cyaninering ), 1358, 1083 (C—C or C—N stretching of phthalocyanine ring), 735 (C—H stretch-
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ing of aromatic ring); IH-NMR (400 MHz, DMSO-dg, ¢ / ppm): 7.50 (8H, s, termina phe-
nyl), 9.76 (8H, s, COOH); 13C-NMR (100 MHz, DMSO-dg, J / ppm): 138.04 (Cquat), 170.97
(CO0), 170.04 (COO0), 169.68 (COO0), 152.68 (CN), 127.70 (CH).
Fabrication of dye-sensitized solar cells

The DSSC consisted of a dye-adsorbed TiO, electrode, a counter electrode, and an orga-
nic electrolyte. The dectrolyte solution was a mixture of DMPII/Lil/I,/TBP/GUSCN. The TiO,
electrodes with a 0.23 cm? working area were purchased from Dalian HeptaChroma Solar-
Tech Co. They were heated at 450 °C for 30 min and then alowed to cool to 80-90 °C before
immersion in the dye solutions. The dye solutions were prepared in DM SO at a concentration
of 1.8x10° M. The TiO, electrodes were immersed into the dye solutions for 6 h at room
temperature. Finaly, the dye-adsorbed TiO, electrodes were rinsed several times with DMSO
and ethanol to remove non-adsorbed dye and then dried quickly under a N, flow. As a counter
electrode, a thin Pt layer was deposited on FTO conducting glass. The photovoltaic perfor-
mance of the DSSC device was measured using a Keithley 2400 digital source meter under
100 mW cm2 simulated air mass (AM) 1.5 solar light illumination.

Thefill factor (FF) is defined by the following equation:24

FF = jVin/ Jsc Voc (1)

where j,, and V,, are the photocurrent density and voltage for maximum power output,
respectively, and jo. and V. are the short circuit photocurrent density and open circuit voltage,
respectively.

The solar energy-to-€electricity conversion efficiency (i) of aDSSC is calculated from j,
V,e, FF and the intensity of the incident light (P;,) according to the following equation:2

n= jscvocFF/Hn 2
RESULTS AND DISCUSSION

Thermal properties

The incorporation of a metal ion into the central cavity affects thermal sta-
bility of phthalocyanines, which could be due to how different metals interact
with phthalocyanine rings. The thermal properties of the four dyes are shown in
Fig. 1. The valence electron distribution and ionic radius of metal ion and the
data of the decomposition temperature of the four dyes are collected in Table I.
The decomposition temperature of MnOCPc with a haf-full-shell metal ion is
lower than that of the other dyes. As Table 1 shows, the ionic radius of Mn2*
with a 3d® orbital is the largest, which may result in the central metal interacting
weakly with the phthal ocyanine ring giving rise to the lowest decomposition tem-
perature.26-28 The decomposition temperature of FeOCPc with an open-shell me-
tal ion is the highest due to the strong interaction between the metal and the Pc
ligand. On the other hand, ZnOCPc and MgOCPc with closed-shell metal ions
may form outer-orbital complexes, while FeOCPc is an inner-orbital complex,
which leads to the thermal stability of ZnOCPc and MgOCPc being dlightly
lower than that of FeOCPc.
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Fig. 1. Thermal properties of the four dyes.

TABLE |. Vaance electron distribution of the metal ion and therma decomposition tempe-
rature of the four dyes

Dve Metal ion lonic radius Valence electron Decomposition
y pm distribution temperature, K
MgOCPc Mg2* 66 1s22522p6 748
MnOCPc Mn2* Q0 1s22s72pp63d° 529
FeOCPc Fe?* 85 15225221636 777
ZnOCPc zn?* 83 1522522p530/10 765

Photophysical properties

The UV-Vis spectra of the octacarboxy-metallophthalocyanine dyes in
DMSO solution are displayed in Fig. 2, and the Q band maximum absorption
wavelength and the molar extinction coefficient of the four dyes are summarized
inTablell.

The absorption bands of the four as-synthesized dyes are similar and exhibit
the features typical of a phthalocyanine ring, with a Soret band (B-band) in the
range 300400 nm. The Q band in the NIR region 600-800 nm is assigned to a
ligand-centered n—n* transition from the highest occupied molecular orbital
(HOMO) to the lowest unoccupied molecular orbital (LUMO) in the main con-
jugation system of the phthalocyanine macro-ring. The position of the Q band
and the shape of the spectral curve are determined by the nature of the metal,
substituents on the benzene rings, solvent, concentration, and other factors.29 It is
evident that the Q bands of the four dyes have different red shifts following the
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order MNnOCPc > MgOCPc > ZnOCPc > FeOCPc. In DM SO, the absorption
spectrum of MnNOCPc has a Q band peak at 725 nm, while the Q band of MNnOCPc
is strongly red-shifted 38 nm when compared to FEOCPc and 22 nm when com-
pared to that of MgOCPc. The observed red shifts could be attributed to the li-
near combination of the atomic orbitals (LCAO) coefficient in MnOCPc of the
HOMO being greater than are those of ZnOCPc and FeOCPc, resulting in the
HOMO level of MNOCPc being destabilized more than are those of ZnOCPc and
FeOCPc. As aresult, the energy gap between the HOMO and LOMO becomes
smaller leading to the generated red shifts.

— MgOCPc
03 - MnOCPc

\ --- ZnOCPc

Absorbance

0.0

T T T T T T T T 1
400 500 600 700 800
Wavelength, nm

Fig. 2. UV—Vis absorption spectra of the four dyesin DM SO solution
at concentrations of about 7.2x106 M.

TABLE I1. The absorption and the molar extinction coefficient data for the four dyes

Dye Q band, Ay / NM emad! ML cml
MgOCPc 703 6856
MnOCPc 725 11022
FeOCPc 687 17576
ZnOCPc 689 40697

% max 1S the molar extinction coefficient at Amgy Of absorption

The four dyes (MgOCPc, MnOCPc, FeOCPc and ZnOCPc) showed similar
fluorescence behavior in DM SO. The fluorescence emission and excitation spec-
tra for the four dyes measured in DM SO are shown in Fig. 3 and the maximum
emission and excitation data are summarized in Table I11. In DMSO, the emis-
sion peaks were observed at 709 (MgOCPc), 725 (MnOCPc), 695 (FeOCPc) and
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698 nm (ZnOCPc). The excitation spectra of the four dyes were mirror images of
the fluorescent spectrain DM SO except for the spectra of MNnOCPc. This can be
explained by MnOCPc as an intermediate-spin complex26 has an unable exci-
tation state. The observed Stokes shift were typical of the four dyes in DMSO
and were similar, i.e., 6 (MgOCPc), 5 (MnOCPc), 6 (FeOCPc) and 9 nm (ZnOCPc).

A
— — T T T v T T T T T T 1
550 600 650 700 750 800 850
Wavelength, nm
B
I\
il . .
L ---- Excitation
:' —— Emission
/
!
I
II
/’
I3
s
/
- 4 g ’
_-7 - N
r T T T T T T T e
550 600 650 700 750 800 850

Wavelength, nm
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C
A
h ---- Excitation
i —— Emission
P
I v 1 T 1 M 1 v 1 v 1 T 1
550 600 650 700 750 800 850
Wavelength, nm
D
N
DA ---- Excitation
/ —— Emission
7 AN -
/
. d
I === —'- — T T T T T T T T T M 1
550 600 650 700 750 800 850

Wavelength, nm

Fig. 3. Emission and excitation spectra of the four dyesin DM SO solution: A) MgOCP;
B) MnOCPc; C) FeOCPc; D) ZnOCPc. The solution concentrations of samples
were about 7.2x10°6 M.

TABLE I11. Fluorescence emission and excitation spectral parameters of the four dyes

Dye Emission, Ae, / N EXxcitation, g / nm Stokes shift, Agiokes
MgOCPc 709 703 6
MnOCPc 725 720 5
FeOCPc 695 689 6
ZnOCPc 698 689 9

Available online at www.shd.org.rs/JSCS/

2012 Copyright (CC) SCS QoS

PG MO



1232 JIN, CHEN and CHEN

Electrochemical properties

To judge the possibilities of electron transfer from the excited molecules of
the dyes to the conduction band of TiO» and the regeneration of the dyes, their
excited-state redox potentials, which play an important role in the electron-in-
jection process, were measured via CV,30 as shown in Fig. 4. The value can be
derived from the ground-state oxidation potential and the zero-zero excitation
energy (E(o-0)), according to the following equation:

Estis) = Estis) — E(0-0) 3
0.10 ~~IIiz ::::: - :-:_—___‘_‘___ - : :::‘_‘_‘_‘_-_2—_-_:—_—_—_—_—_ o
0.05 ..... ‘_..‘.'.'.'.'.'.'.'.‘.':::::::::::;;;-_-_:-_-_-_;:._._.:,,_A_.
< \\_ ------------------------- - \\ _______
e 0.00 | Sl DT
i<
o
S .005
©]
010 | —— MgOCPc
------- MnOCPc
-------- FeOCPc
018 - ZnOCPc
0.20 & T T T T T T T T T T T T T
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

Potential, V
Fig. 4. Electrochemical properties of the four dyes from cyclic voltammetry.

As shown in Table IV, the E0-0) energies of 1.76, 1.71, 1.79 and 1.78 eV
were extracted for MgOCPc, MnOCPc, FeOCPc and ZnOCPc, respectively, from
the intersection between the absorption and emission spectra. The energy levels
of the four dyes in comparison to the TiO, conduction band and the redox couple
I7/I3~ areillustrated in Fig. 5. It is well known that the efficiency of a dye-sen-
sitized solar cell depends on the balance between the electron injection into the
conduction band and the back transfer of injected electrons from the conduction
band of TiO> to the dye cation radical. The HOMO levels of the four dyes, rang-
ing from 1.15to 1.06 V vs. NHE, were more positive than that of the 1-/13~ redox
couple (= 0.4 V vs. NHE), ensuring that sufficient driving force exits for the effi-
cient regeneration of the dyes through the recapture of the injected electrons from
I- by the dyes cation radical .31 Furthermore, provided that an energy gap of 0.2
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eV is necessary for efficient electron injection, these thermodynamic driving forces
are sufficient for efficient charge injection. Thus, the electron injection process
from the excited dye molecule to the TiO, conduction band and the sub-sequent
dye regeneration are energetically permitted.30 From Table 1V, it is clear that the
energy gaps of MgOCPc, MnOCPc, FeOCPc and ZnOCPc are 0.11, 0.10, 0.20
and 0.22 V, respectively. Therefore, for MgOCPc and MnOCPc the driving force
is not sufficient for charge injection from the dyes to the TiO» conduction band.

TABLE V. Electrochemical data for the four dyes

Dye E(O_O)a/ eV E(S.,_/S)b /'V vs. NHE E(S.,_/Sk)c /'V vs. NHE Egapd IV
MgOCPc 1.76 115 -0.61 011
MnOCPc 171 111 -0.60 0.10
FeOCPc 1.79 1.09 -0.70 0.20
ZnOCPc 1.78 1.06 -0.72 0.22

&The Eg_g value was calculated from E(0-0) = 1240/2, and /4 was obtained from the intersection between the
absorption and emission spectra; bthe ground-state energy oxidation potentials (E(s+/S)) of the four dyes, des-
cribing the highest occupied molecular orbital (HOMO), were measured in DMSO with 0.1 M TBAP as the
electrolyte (scanning rate, 30 mV s'l) using glassy carbon as the working electrode, a Pt wire as the counter
electrode and an Hg/Hg,Cl, electrode as the reference electrode; Cthe excited state energy (E(s*/s+)), reflecting
the lowest unoccupied molecular orbital (LUMO); dEgap is the energy gap between the E(s,/s+) of the dyes and
the conduction band (CB) level of TiO, (-0.5V vs. normal hydrogen electrode (NHE))

$*S* LUMO
MgOCP¢ MhOCP¢ FeOCP¢ ZnOCP¢
2
-0.61V -0.60V  -0.70V  -0.72V

L 41— Tio,

g 0— -0.5V L/T
2 176V 17V 179V 178V  —
- | 0.4V

115V 1.11V 1.09vV  1.06V

§*/8 HOMO
Fig. 5. Energy levels diagram from the electrochemical data.

Photovoltaic performance of DSSC

To manufacture DSSC, the TiO» electrodes were immersed into a DMSO
solution of the four dyes. The absorption spectra of the four dyes adsorbed on the
TiO, electrodes are shown in Fig. 6, and the trend of absorption intensity follows
the order: ZnOCPc > FeOCPc > MnOCPc > MgOCPc, showing no difference in
comparison to the spectrain Fig. 6. However, the spectra were broadened in con-
trast to the spectra in DM SO solution, which may be ascribed to aggregation of
the dyes on the TiO» surface.
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—— MgOCPc
—*— MnOCPc

—— FeOCPc f %‘%&
—+—2ZnOCP¢ s,

500 600 700 800
Wavelength, nm
Fig. 6. Absorption spectra of the four dyes adsorbed on TiO, electrodes.

The four dye-sensitized TiO, electrodes were employed as working elec-
trodes in the DSSC and the effects of the four dyes with different metal ions pos-
sessing variant 3d orbital on the photovoltaic performance of the four DSSC de-
vices could be estimated with the aid of photocurrent—voltage characteristics. The
|-V curves of the DSSCs based on the four dyes are shown in Fig. 7. The detailed
parameters are summarized in Table V.

When comparing the photovoltaic performance of the four DSSC devices, it
is seen that » assumes the following order: ZnOCPc > FeOCPc > MgOCPc >
MnOCPc. The DSSC based on ZnOCPc exhibits the best properties with a short
circuit photocurrent density of 0.409 mA cm2, an open circuit voltage of 0.429 V,
and afill factor of 0.74, corresponding to an overall light to electricity conversion
efficiency of 0.13 % under AM 1.5 irradiation (100 mW cm2). This can be ex-
plained by the more negative LUMO level observed for ZnOCPc with the closed-
shell metal ion (3d19) among the four dyes, which gives alarger driving force for
electron injection from this metallophthal ocyanine. This trend matches the photo-
voltaic efficiency trend, which indicates that the factor is crucial to the photovol-
taic performance of the DSSC. In addition, ZnOCPc gives stronger absorption
than that of the other dyes. However, the MNnOCPc-based DSSC device exhibited
alowest efficiency, which is consistent with the lowest j. value of 0.205 mA cm—2
and FF value of 0.60 for this device. The reason is probably due to the poor elec-
tron injection and low absorption.
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Current density, mA cm?

—+—ZnOCPc¢
014 ——FeOCPc
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Fig. 7. Current—voltage characteristics for DSSC from the four dyes
under illumination of simulated solar light (AM1.5, 100 mW cm).

TABLE V. Photovoltaic performance of DSSC based on the four dyes

Dye j</ MA cm™ Voo ! V FF nl %

MgOCPc 0.200 0.397 0.76 0.06

MnOCPc 0.205 0.406 0.60 0.05

FeOCPc 0.348 0.426 0.74 0.11

ZnOCPc 0.409 0.429 0.74 0.13
CONCLUSIONS

In summary, four octacarboxy-metallophthal ocyanines (MgOCPc, MnOCPc,
FeOCPc and ZnOCPc) were prepared by microwave irradiation, and the resultant
dyes possessed excellent solubility in DM SO solution. The decomposition tem-
perature of the four dyes ranged from 256 to 504 °C. The maximum absorption
peaks of MNOCPc, FeOCPc and ZnOCPc were al between 687 nm and 725 nm
and their red shift wavelength increased with destabilized HOMO of the metal—
ligand. Especially, ZnOCPc had a high molar extinction coefficient. Subsequently,
the four dyes were anchored to TiO» electrodes and their photovoltaic properties
applied in DSSC were investigated. It was found that the DSSC device based on
ZnOCPc exhibited the best photovoltaic properties with an open circuit voltage
of 0.429 V, a short circuit photocurrent density of 0.409 mA cm—2 and afill fac-
tor of 0.74 under AM 1.5 irradiation (100 mW cm—2) when compared to the other
three dyes. The considerably excellent conversion efficiency obtained with the
ZnOCPc-based TiOo nanocrydaline dye-sensitized solar cells reveded that
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ZnOCPc with a closed-shell metal ion (3d19) among the four dyes had an excel-
lent excited state giving the largest driving force for electron injection into the
TiO2 conduction band.

H3BO[J

CHUHTE3A U ®OTOHAIIOHCKE KAPAKTEPUCTHUKE
OKTAKAPBOKCHU-METAJI®TAJIOLIUJAHUHCKUX BOJA 3A [TIPUMEHY ¥
COJIAPHUM REJTUJAMA CEH3UBUJIMCAHUM BOJOM

LING JIN, WEI CHEN u DAJUN CHEN

State Key Laboratory for Modification of Chemical Fibers and Polymer Materials, College of Materials Science
and Engineering, Donghua University, Shanghai 201620, China

Hwus oxraxkapbokcu-meTan@TaronrjaHUHHCKUX D0ja ca pasM4YUTM LIEHTPaJlHUM jOHMMa
metana, MgOCPc, MnOCPc, FeOCPc u ZnOCPc, je nru3ajHupaH U CHHTETHCAH y3 oMoh Mu-
KpOTajlaCcHOT 3pavema. JeTa/bHO je UCIUTAaH yTULAj YBohema MeTaTHUX joHA Ca Pa3THuYUTOM
nonyseromhy 3d opdurana (3d°, 3d°, 3d® u 3d10) y nenTap dramonujaHHHCKOr PCTEHA Ha
TepMuuke, ¢GoTo-pu3nUKe U eleKTpoxeMHjcke ocobuHe oKTakapdokcHu-meTtandTanouyja-
HUHa. PesynTatu cy noxasanu ga ZnOCPc u MgOCPc xoju ©Majy MeTa/IHH jOH ca 3aTBOPEHOM
yckom ¥ FeOCPc xop kojer MeTaaHH jOH UMa OTBOPEHY JbyCKY IOCENYjY OOJUUHE TEPMHUUKE
ocobune. Mehyrum, MnOCPc ca MeTalTHHM jOHOM KOjU MMa JETHMMHUYHO NOMYIEHY JbYCKY
HMMa HajHIKY TeMIlepaTypy pas3/iarama U Hajsehu pBeHH nomepaj Q Tpake. TeopHjckH je us-
pauyHaTo na eHepreTcku npouenu 3a MgOCPc, MnOCPc, FeOCPc u ZnOCPc usHoce 0,11,
0,10, 0,20 u 0,22V, pecnexTuBHO. POTOHANOHCKE KapaKTepUCTUKE TOMEHyTe YeTHpH Ooje,
npumeneHe y TiO, HaHOKpHUCTaIHO] ¥ D0joM ceH3ubunMcaHoj conapHoj henuju, ogpehene cy
AM1.5 3pauemem cuare 100 mW cm™2.

(ITpumsbeHo 10. jyna 2011, peBunupaso 19. mapra 2012)
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Epitaxial growth by monolayer-restricted
galvanic displacement®

RASTKO VASILIC*

Faculty of Environmental Governance and Cor porate Responsibility, Educons University,
Vojvode Putnika 87, 21208 Sremska Kamenica, Serbia

(Received 3 February 2012)

Abstract: The development of a new method for epitaxial growth of metals in
solution by galvanic displacement of layers pre-deposited by underpotential
deposition (UPD) was discussed and experimentally illustrated throughout the
lecture. Cyclic voltammetry (CV) and scanning tunneling microscopy (STM)
were employed to perform and monitor a “quasi-perfect”, two-dimensional
growth of Ag on Au(111), Cu on Ag(111), and Cu on Au(111) by repetitive
galvanic displacement of underpotentially deposited monolayers. A compa
rative study emphasizes the displacement stoichiometry as an efficient tool for
thickness control during the deposition process and as a key parameter that
affects the deposit morphology. The excellent quality of the layers deposited by
monolayer-restricted galvanic displacement was manifested by steady UPD
voltammetry and ascertained by the flat and uniform surface morphology that
was maintained during the entire growth process.

Keywords: underpotential deposition; crystal growth; surface morphology; STM.

Epitaxial growth by monolayer-restricted galvanic displacement is realized
utilizing a concept for submonolayer to monolayer surface modification assisted
by the irreversible galvanic displacement of an underpotentially deposited (UPD)
less-noble metal by a more-noble metal.l This protocol functions in homo- and
hetero-epitaxial systems where the displaced UPD metals are displaced not only
on the substrate, but also on the growing metal of interest; hence, the “building
block” reaction could be repeated as many times as desired. Similar pathways
have been technically employed in electrochemical atomic layer epitaxy (EC
ALE) for the growth of epitaxial compound semiconductor layers with a wide
spectrum of applications in the electronics industry.2 The electroless nature of the

* E-Mail: rastko.vasilic@educons.edu.rs

® Invited Lecture at the Electrochemical Section of the Serbian Chemica Society held on 13
December, 2011, Belgrade.
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1239

Available online at www.shd.org.rs/JSCS/

2012 Copyright (CC) SCS

@0

56

PG MO




1240 VASILIC

displacement reaction allows for decoupling of mutually dependent growth
controlling factors in a typical electrodeposition scenario, thus improving the
overall deposition contral.

The development of a new method for hetero-epitaxial growth by monolayer
restricted galvanic displacement was presented in the lecture. Although the epi-
taxial growth of Ag on Au(111) was the system under detailed consideration,
complementary results for Cu epitaxial growth on Ag(111) and on Au(111) sug-
gest that this method can be applied to a number of other systems. The main
limitation of the proposed method is manifested by the requirement that the se-
lected underpotentially deposited metals have to feature UPD on both the sub-
strate and the growing metal. The newly developed method for epitaxial growth
of thin films enables the substrate with a metal underpotentially deposited on it to
be transferred into a solution that contains ions of a more noble metal than the
UPD metal. A naturally ensuing galvanic displacement results in stoichiometric
exchange between the UPD atomic layer and the metal ions of interest. This
building block reaction can be repeated as many times as desired. The unique
property that warrants success of the proposed strategy is associated with the fact
that UPD is a reversible process and galvanic displacement is not. Therefore, a
metal that displaces the UPD layer remains on the surface awaiting another layer
“to come” in the next cycle. The continuous accumulation of new epitaxial layers
eventually results in athin epitaxial film with perfectly controlled thickness. The
driving force for the displacement step is the formation of the corrosion potential
between the UPD metal and the substrate.

Kinetic factors that govern the feasibility of the described procedure and
provide hand-on knowledge for precise control of the growth are associated with
the stability of an underpotentially deposited metal layer at the open circuit
potential (OCP). A comprehensive kinetic study performed during this work
identified oxygen reduction reaction (ORR), hydrogen evolution reaction (HER)
and nitrate electroreduction as typical oxidizing agents that compete with the
displacing metal ions in any working environment.3 The completed kinetic study
served as a base for the development of an analytical model. Assuming Langmuir
and/or Frumkin type UPD behavior, the derived equation enables a quantitative
prediction of the stability of the UPD layer at the OCP and precise kinetics
control of the galvanic displacement based on readily measurable experimental
parameters. A fitting of the experimental results for the systems Pb/Cu(111) and
Pb/Ag(111) with the model equation showed an excellent prediction of the sta-
bility of the UPD layer at the OCP and renders the model applicable for a variety
of kinetic studies.4

The most important result of this research is manifested by work focused on
initial trials, procedure optimization, a stoichiometric study and the successful
implementation of the galvanic displacement as a tool for epitaxial thin film
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growth.>6 Furthermore, both qualitative and quantitative examination of depo-
sited thin films ascertained the applicability of the proposed strategy in meta
epitaxy. A systematic study of thin film morphology as a function of the oxide-
tion state of the UPD metal suggested growth of Ag by displacement of a TI UPD
layer (1:1 displacement) as preferred, considering the surface roughness and
uniformity. Subsequent stripping experiments validated the proposed working
formula for galvanic displacement that takes into account not only the stoichio-
metric arguments, but also the crystallographic parameters of the participating
elements. High-resolution X-ray photoelectron spectroscopy (XPS) experiments
suggested not even atrace of Tl and Pb was present in the respectively grown Ag
layers, thus confirming the purity of the deposit. At the same time, the surface
confined intermixing between Ag and Bi, undoubtedly demonstrated by CV and
XPS, could be envisioned as a fundament of the new strategy for the deposition
of multi-functional ordered surface alloys (Ag-Bi, Au-Bi and Pt—Bi) with imme-
diate application in fuel cell catalysis.” The results obtained for the Cu/Ag(111)
and Cu/Au(111) systems prove epitaxia growth by monolayer restricted galvanic
displacement as a viable method for obtaining epitaxial thin films of excellent
quality.8 The long term fundamental goals of presented research are related to the
implementation of monolayer restricted galvanic displacement to other systems,
such as Au/Pt(111), Ag/Pt(111), Pd/Pt(111), and further expansion towards the
growth of “perfectly layered” metal composites.

n3BO[J

ENMUTAKCHUJATTHU PACT KPUCTAJIA ITIPUMEHOM METOJIE I'AJIBAHCKE U3SMEHE
OTPAHUWYEHE HA MOHOCJIOJ

PACTKO BACW/IIMR

Daxyninei 3awinuine ¥ugotine cpequne, Ynusep3utiei Egyxonc,
Bojeoge Ilymnuxa 87, 21208 Cpemcxa Kamenuua

Y oBOM IpefaBamy Cy NpHKa3aHe OCHOBHE HJieje U pesy/lTaTd NPUMEHEe HOBE METofe
eNUTaKCHjaTHOT pacTa KpHUCTajla rajlBaHCKOM M3MEHOM OTpaHMYEHOM Ha MOHOC/IO]. MeTtopa
je 3acHOBaHa Ha CIIOHTAHOM, UPEBEP3UOMIHOM, PENOKC MPOLECY IPU KOME CE€ MOANOTEHIIH-
jalTHO [IeroHOBAHU CJI0j 3aMemyje CJiojeM (eeKTPOXEeMHUjCKH) TNIEMeHUTHjUX MEeTaIHUX joHa
W3 PacTBOpa, KOjU ce penyKyjy Ha KpUCTaIHOj moBpnHU. Y onpeheHom dpojy cuctema, mo-
HaB/bale OBOT KOpaKa pe3yiaThpa OpMHUpameM TaHKUX (UIMOBA KOjU NpaTe MOPQOJIOTHjy
cybcrpara. IlpencraBmeHn cy pe3yntaTw AodOujeHu 3a cuctem Ag/Au(111), Cu/Ag(111) u
Cu/Au(111). INocebna naxma je noceeheHa UCIIUTHBaKY YTHUILIaja CTEXHOMETPHjE TalBaHCKE
nsmeHe y cucremy Ag/Au(111), xaga je MOAMOTEHLMja IHO NEMOHOBAHU CJ10j OpPMHpaH Of
aroma TI, Pb u Bi, penom. Kapakrepusanuja oBako n00HjeHUX TaHKUX (PUIMOBA TOKa3syje na
Ce MEeTOJIOM Ta/IBaHCKe M3MEeHe OrpaHHMYeHe Ha MOHOC/IOj CTHYe MaKCHUMalHa KOHTpOJa YHH-
(pOpMHOCTH pacTa y3 MUMHUMYM CIO/balllbe KOHTPosie. TaHKK enuTakcHjalnHu (UIMOBH 10OU-
jEeHU Ha 0Baj HAYMH Cy CyNEPUOPHH Y OOHOCY Ha TaHKe (puIMoBe fodujeHe yoOU4YajeHUM TeX-
HUKaMa eJIEKTPOJENO3ULIYje.
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Vapour pressuresand vapour—liquid equilibria of binary
systems of n-propyl acetate and isobutyl acetate with
ethanol or 2-propanol at 0.15 MPa

PEDRO SUSIAL*, JOSE J. RODRIGUEZ-HENRIQUEZ, JOSE C. APOLINARIO,
VICTOR D. CASTILLO and ESTEBAN J. ESTUPINAN

Escuela de Ingenierias Industriales y Civiles, Universidad de
Las Palmas de Gran Canaria, Canary Ilands, Spain

(Received 13 December 2011, revised 18 March 2012)

Abstract: The vapour pressures of n-propy! acetate, iso-butyl acetate and 2-pro-
panol from 0.004 to 1.6 MPa absolute pressure and vapour—liquid equilibria
(VLE) data for the binary systems n-propyl acetatetethanol, n-propyl ace-
tate+2-propanol, iso-butyl acetate+ethanol and iso-butyl acetate+2-propanol at
0.15 MPa were determined. The experimental VLE data were verified with the
van Ness Test and the Fredenslund Criterion. The n-propyl acetate+ethanol and
+2-propanol binary systems have an azeotropic point at 0.15 MPa. Different
versions of the universal quasichemical functional group activity coefficients
and analytical solutions of groups contribution models were applied.

Keywords. vapour—iquid equilibria isobaric data; phase equilibrium; binary
system; esters; acohols.

INTRODUCTION

Esters, including n-propyl acetate and iso-butyl acetate, are used in fermen-
tation processes for the synthesis of antibiotics, as solvents for paints, lacquers
and varnishes, and in various applications in the graphic arts industry. These sub-
stances generate azeotropic mixtures with some alcohols. However, the compo-
nents of the azeotropic mixtures can be separated by modifying the pressure in
the process, in order to obtain pure substances. For this reason, it may be of
interest to know the operating conditions under which the azeotropic point dis-
appears. Thus, laboratory data becomes necessary, meaning that ebulliometers
and components of experimental facilities must be analyzed.

The construction of a metallic ebulliometer for the determination of the va-
pour—iquid equilibrium (VLE) data at moderate pressures was previously re-

* Corresponding author. E-mail: psusial @dip.ulpgc.es
doi: 10.2298/J5C111213025S
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1244 SUSIAL etal.

ported.12 Considering this, together with the necessity for reliable data, different
modifications were accomplished in the experimental installation,2 which are
verified in this study.

The VLE of the binary system n-propyl acetate+ethanol (PAE) was studied
at 101.3 and 160.0 kPa,3 and the system n-propyl acetate+2-propanol (PA2P) at
101.32 kPa4 The azeotropic point was described for these two systems.3->
Therefore, both systems could be used as references in the analysis of the modi-
fications introduced in the experimental equipment. For this purpose, VLE data
of the binary system PAE and PA2P at 0.15 MPa were determined. The experi-
mental data for the isobutyl acetate+ethanol (IBAE) and isobutyl acetate+2-pro-
panol (IBA2P) systems, which have not been described in literature, are also pre-
sented in this paper at 0.15 MPa.

On the other hand, the thermodynamic validation of VLE data depends on
the vapour pressures of the pure substances. Accordingly, the vapour pressures of
n-propyl acetate, isobutyl acetate and 2-propanol, which are required for the ap-
plication of the point-to-point test, were determined in this study over a wide
temperature range. The data used for ethanol was published in previously.2 The
VLE data obtained at 0.15 MPa for the binary systems PAE, PA2P, IBAE and
IBA2P met the consistency criteria established in literature.” After the thermody-
namic consistency was proven, the experimental data were predicted with the
universal quasichemical functional group activity coefficients (UNIFAC)8-10 and
analytical solutions of groups and analytical solutions of groups (ASOG)11 group
contribution models for the activity coefficients.

EXPERIMENTAL
Chemicals and apparatus

The physical properties, normal boiling point, density at 298.15 K, and refractive index
at 298.15 K, determined for n-propyl acetate (Alfa Aesar GmbH & Co. with a purity of 99 %),
iso-butyl acetate (Panreac Quimica S.A. with a purity of 99 %) and 2-propanol (99.8 % purity
from Panreac Quimica S.A.), and a comparison with values from literature are given in Table 1.
The physical properties of ethanol (Panreac Quimica S.A. of 99.8 % purity) are not different
from those previously published.2 These chemicals were used without further purification.
The normal boiling point at 0.1 MPa was determined with a stainless steel ebulliometer.1:2 A
Kyoto Electronics DA-300 vibrating tube density meter with an uncertainty of +0.1 kg-m-3
and a Zusi 315RS Abbe refractometer with an uncertainty of +0.0002 units were used for
density and refractive index determinations, respectively.

Equipment and procedure

The experimenta work in this paper was performed with a dynamic ebulliometer equip-
ped with a Cottrell pump and where the recirculation of both phases is verified, as was pre-
viously described.! Dostmann Electronic GmbH Pt100 probes, to which anut and welded ring
were included, were placed in the experimental equipment.! The electrical system was later
assembled inside a sheath, allowing the probe to be screwed to the stainless-steel ebullio-
meter. The digital Dostmann Electronic GmbH p655 probes used allowed temperature measu-
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VAPOUR-LIQUID EQUILIBRIA OF PROPYL ACETATE AND ISOBUTYL ACETATE 1245

rements with a £0.02 K uncertainty. The welding of the ring to the sheath and the calibration
of the system was realised by Dostmann Electronic GmbH. National Physical Laboratory
(NPL) and National Institute of Standards and Technology (NIST) standards were applied
during calibration of the device. After the probes had been installed, their correct operation
was verified by measurement of the boiling point of distilled water.

TABLE |. Physical properties of pure substances and the Antoine constants; tw — this work

T/ K plkgm3  np A B C ATIK  o(p® / MPa
2-Propanol

355.53(W) 7813w 13751 6.4727W 1162.30W 95.25W  303-452 0.001

355.30% 781.33* 1.3752* 6.87294* 1365.38* 70.04* 330-370 -

355.4112 781.2612 1.375212 6.8661812 1360.132 75.5612 - -
n-Propyl acetate

374.61W 882.4W  1.3825W 6.2797W 1371.09W 5527w  302-503 0.002

374.68612  883.0312 1.382812 6.14362* 1284.08* 64.364% -

374.55° 882.40° 1.3816° 6.5097512 1523.1312 36.38"2 320-430 -
Isobutyl acetate

389.44W 866.2W  1.3882W 6.4101W 1487.45W 51.07W 300-516 0.001

389.8012 867.712 138802 6.3546% 1462.4* 53.45% -

389.8513 866.0614 1.3876'3 6.4088'2 1500.592 49.08812 307-392 —

In order to determine work pressure, a digital display pressure transmitter type 8311
from Burket Fluid control systems (0.04.0 MPa range, £0.002 MPa uncertainty) was in-
cluded in the experimental installation.2 A controller valve (Binks MFG Co.) was included in
the experimental setup in order to control dry nitrogen flow into the equipment during con-
tinuous operation and for the determination of the experimental VLE data. However, for the
determination of vapour pressure, a controller valve with a 0.6-2.4 MPa range from Truflo
International and a discharge pressure regulator with a 0.035-2.8 MPa range from Fairchild
Ind. Prod. Co., were employed. The experimental installation? was also equipped with a Bour-
don manometer with a—0.1-0.15 MParange and £0.001 MPa uncertainty.

The mixtures studied in this work were kept under boiling conditions for 90 min to en-
sure a stationary state. After recirculation of both phases, the liquid and vapour condensate
samples were extracted from the ebulliometer into external sealed recipients. Once the sample
was extracted, the equipment was recharged with a small amount of one of the compounds, in
order to modify the composition of the mixture inside the ebulliometer in a continuous ope-
ration. The composition of the liquid and vapour phases in the collected samples was deter-
mined by density measurement at 298.15 K. A calibration curve composition vs. density had
previously been obtained. The greatest uncertainty found for these systems by this compo-
sition analysis method was better than 0.002 unitsin the mole fraction of vapour phase.

RESULTS AND DISCUSSION

The vapour pressures of n-propyl acetate, iso-butyl acetate and 2-propanol in
this work were obtained previously with the stainless-steel ebulliometer, and the
new equipment included in the installation previously detailed.2 The vapour pres-
sures and temperature data (Table S-1, Supplementary material) were correlated
to the Antoine Equation:
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B
lo 0 /kPa)=A-——— 1
di0( P ) TTK_C D
and the Nelder and Mead®® procedure was used. The constants obtained are given
in Table | together with literature data.
The vapour pressures were verified by calculating the enthalpy of vaporiza-

tion using the Clapeyron Equation:16

dpo AH vap
=—5 T )
ar T -v)
and introducing the Antoine Equation into Eq. (2) asfollows:
_ (v -vh)p®BT
vap T - C)2

The constants of Eq. (1) given in Table | and the vapour pressures from
Table S| were applied in Eq. (3). Data of the critical properties’ were employed
in the determination of the vapour and liquid molar volumes of the pure com-
pounds using the Hayden and O’ Connell1® method and the Yen and Woods
Equation,19 respectively. When considering as a reference all the datain Table I
for each of the substances and the Antoine constants from the literature,12 the
results show that the average errors in the enthalpy of vaporization were less than
2.6, 1.4 and 0.4 %, for 2-propanol, n-propyl acetate and isobutyl acetate, repeti-
tively. On the other hand, the application of Eg. (3) together with the normal
boiling points and the Antoine constants of this work returns deviations of less
than 1.3, 1.6 and 1.4 % for 2-propanol, n-propyl acetate and isobutyl acetate,
respectively, when considering as a reference the enthalpy of vaporization from
literature.1” The acentric factor was obtained using the properties in the litera-
ture’ and from the correlation of the experimental data from Table S-1, as reduced
properties in the Antoine Equation. The acentric factors showed values of 0.665;
0.411 and 0.441 with deviations of less than 5.6, 4.1 and 2.9 % for 2-propanol,
n-propyl acetate and isobutyl acetate, respectively; literature datal’ were taken
for comparison.

The VLE data T-x1—y; of PAE, PA2P, IBAE and IBA2P at 0.15 MPa are
shown in Tables S-I1 and S-111 (Supplementary material). The experimental data
were verified to evaluate the thermodynamic consistency using the method des-
cribed by Fredensund et al.” To develop the test, a three-term Legendre poly-
nomial was used to correlate the excess Gibbs free energy. According to this
criterion, the experimental data are consistent if the mean absolute deviation
between calculated and measured mole fractions of component 1 in the vapour
phaseis less than 0.01. In the present study, the values obtained were 3y = 0.0089

AH 3)
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for the PAE system, dy = 0.0092 for the PA2P system, 3y = 0.0032 for the IBAE
system and 8y = 0.0079 for the IBA2P system.

Data treatment

The activity coefficients of the liquid phase for each system were determined
using the following equation:

3 PB; +(QO_ p)ViL

RT RT @

VLN - (R
Vi Xipio p RT( jleiJ in|y]Bi]

The viria state equation truncated at the second term was employed and the
second virial coefficients were obtained by means of the Hayden and O’ Con-
nell18 method. The liquid molar volumes of the pure compounds were estimated
using the Y en and Woods equation.19

The activity coefficients of the liquid phase (Tables S-1I and S-1I), calcu-
lated from the VLE data applying the previous procedure showed a positive de-
viation from ideal behaviour, probably due to molecular association. The nega
tive deviation observed is possibly a consequence of the experimental uncertainty
in the temperature and pressure measurements.

After the thermodynamic consistency of the experimental data had been ve-
rified, the calculated activity coefficients were correlated using the excess Gibbs
free energy with the relation GE/RT vs. x; in the following thermodynamic mo-
dels: Wilson, non-random two-liquid (NRTL) and universal quasichemical (UNI-
QUAC). To obtain the interaction parameters for the activity—coefficient models,
the simplex method1® was applied, using the minimization of the objective func-
tion (OF) as follows:20

OF =%(yf’(p—yfa'°)i2 +%(ygxp—yﬁa"°)i2 (5)

Good correlations were obtained with the thermodynamic models (Table I1),
and acceptabl e deviations were observed in the prediction of temperature and va
pour phase mole fractions.

Correlation of data and prediction

Asin previous studies,12 the experimental data from every system were cor-
related to afitting function (FF) with a polynomial structure:

k
(%) [ 1 3)] ™ =2 o A {Xl[xl +Rr(1- Xl)]_l} ©

-1 -1 k
|:T - Xlprl - (1— Xl)pr2:| [Xl(l— Xl)] = ZLn:O Ak {Xl[xl + RT (1— Xl)] } (7)

Available online at www.shd.org.rs/JSCS/

2012 Copyright (CC) SCS

@080

EW MG MO




1248 SUSIAL et l.

k
[T = WiTopt = @ ) Tope | [ )] = o A o+ R ] @
The data correlations were performed using the simplex method.1> The re-
sults from the treatment of experimental data are given in Table Ill. The same
process was applied to literature datad4 (Figs. 1-3). It can be observed that the
experimental results at 0.15 MPa present good agreements with literature data at
0.1013 and 0.160 MPa for the PAE and PA2P systems studied in this work. For
these reason, it seems obvious that the new apparatus for temperature and pres-
sure control are appropriate.

TABLE Il. Correlation parameters for GE/RT with average and standard deviations and pre-
dictions of the azeotropic points:

n "(Fop— Foa ) n |Fow — F
5(|:)=12||:®<p_|:ca]| : o(F) = M . &(F) :@ZM
ng n- n g F@<p
Model Parameters, Jmol-1 Ay) &N/K  oGERT)
n-Propyl acetate (1) + ethanol (2) at 0.15 MPa
Wilson Alp =4339.4 Alpy =-1193.7 0005 0.77 0.02
NRTL (o = 0.47) 012 =954.0 O»1 = 2250.5 0.005 0.90 0.03
UNIQUAC (Z=10) Auy, = 1959.4 AUy, = —411.2 0005 081 0.03
n-Propy! acetate (1) + 2-propanol (2) at 0.15 MPa
Wilson A1 =3754.0 Alp =-1368.0 0009 024 0.02
NRTL (a = 0.47) 01 = -553.6 O = 3129.3 0011 0.30 0.02
UNIQUAC (Z=10) Au»=397.2 Auyy =344.5 0009 0.23 0.02
Isobutyl acetate (1) + ethanol (2) at 0.15 MPa
Wilson Al =5113.0 Al =-1508.3 0.003 0.18 0.01
NRTL (a = 0.47) 12 = 1060.2 01 =25369 0003 022 0.01
UNIQUAC (Z=10) Auyp = 2365.7 Aup; =-5485 0003 0.25 0.01
Isobutyl acetate (1) + 2-propanol (2) at 0.15 MPa
Wilson Al =4183.1 Ay =-1866.8 0.005 054 0.02
NRTL (a = 0.47) g1p =—269.5 01 =25981 0.004 051 0.02
UNIQUAC (Z = 10) Auyp, =778.2 Auyy=-129 0.004 049 0.02
Azeotropic data
n-Propyl acetate (1) + ethanol (2) at 0.15 MPa
Model Thiswork Wilson NRTL UNIQUAC
X1az exp 0.051 0.046 0.049 0.046
Tazexp! K 361.93 361.61 361.60 361.64
n-Propy! acetate (1) + 2-propanol (2) at 0.15 MPa
Model Thiswork Wilson NRTL UNIQUAC
X1az exo 0.011 0.024 0.028 0.023
Toep! K 365.77 365.70 365.69 365.71
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The symmetrical behaviour of the T vs. X1 curves in for systems, as well as
the influence of pressure, are shown in Figs. 1 and 2. However, the effect of pres-
sure on the vapour phase of the substances seems to create a certain asymmetry
in the T vs. y; curves, which is highlighted at higher system pressures and ester
composition. The different development between the IBAE and IBA2P systems
as a consequence of the differences in the boiling points of these alcohals is
shownin Fig. 3.

TABLE Ill. Coefficients and standard deviations obtained in the correlation of the VLE data
using the FF equations

FF Equation Rr Ay Ay A, Az Condition
n-Propy! acetate (1) + ethanol (2) at 0.15 MPa
(6) 222 0.12 —4.26 5.89 —6.26  a(y1—Xq) < 0.003
(7 211 —29.85 242 -88.99 o(T)=0.17K
(8) 0.60 -38.33 45.79 -0.40 a(T)=0.11K
n-Propyl acetate (1) + 2-propanol (2) at 0.15 MPa
(6) 1.99 -0.13 -1.57 0.69 -1.62  o(y;—%;) < 0.003
(7 3.52 -23.12 -50.04 18.06 4911 o(T)=0.13K
(8) 1.24 —24.00 —-14.98 11241 9011 4(T)=0.12K
Isobuty| acetate (1) + ethanol (2) at 0.15 MPa
(6) 294 -0.21 -4.58 5.24 747  o(y1—%) < 0.003
(7 9.60 -38.66  —249.20 0.65 a(T)=0.11K
(8) 0.85 —56.50 17859  -136.64 a(T)=0.22K
Isobutyl acetate (1) + 2-propanol (2) at 0.15 MPa
(6) 9.29 -0.42 -7.15 5.58 -0.01 o(y;—x;) < 0.003
(7 11.06 -3153 23747  262.30 a(T)=0.18K
(8) 0.07 6.05 —144.42 148.93 o(T)=0.17K

The VLE data for the binary systems PAE, PA2P, IBAE and IBA2P at 0.15
MPa were predicted using the following group contribution methods to calculate
the liquid-phase activity coefficients: the ASOG!1 method; the origina UNIFAC’
method, with the structural and group-interaction parameters recommended by
Hansen et al.,% the UNIFAC-Lyngby8 method; and the UNIFAC-Dortmund10
method. The mean errors and average deviations between the experimental VLE
data and those predicted by the different group contribution models are listed in
TablelV.

It should be noted that, globally, the ASOG!! method and UNIFAC-19878
version provide the best results in the prediction of the activity coefficients, tem-
perature and vapour phase mole fraction. However, the best method for the pre-
diction of the vapour phase mole fraction at 0.15 MPawas UNIFAC-1991° in the
IBAE system. The experimental data for PAE and for PA2P both at 0.15 MPa,
together with the data fitting curves predicted with the different group contribu-
tion models are shown in Fig. 4. For the PAE and the PA2P systems at 0.15 MPa,
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390
385
380
375 ¢

B 370 ¢

SoRl Fig. 1. Plot of experimental VLE data

and curves for n-propyl acetate (1) +
350 ¢ ‘ . ‘ . ethanol (2) at 0.15 MPa (@). Fitting

0 0.2 0.4 0.6 0.8 1 curves and literature data® for 0.1013
~ (%) and 0.1600 MPa(A).

390

385

380

375 |

K

370 |

365 |

360 |

3557 Fig. 2. Isobaric VLE representation of
: w : w n-propyl acetate (1) + 2-propanol (2) at
0 0.2 04 0.6 0.8 1 0.15 MPa (@) with literature data® at

A1a 1 0.10132 MPa (%) and fitting curves.
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405

400 F

300 |

=

& e
375
365

Fig. 3. Plot of experimental VLE data

360 : ‘ : ‘ for isobutyl acetate (1) + ethanol (2)

o 0.2 0.4 0.6 0.8 1 (@) and isobutyl acetate (1) + 2-pro-

Xpa b panol (2) (A), at 0.15 MPa.

the UNIFAC-1991° and UNIFAC-19878 methods gave lower mean deviations
for the ester vapour phase mole fraction, as shown in Fig. 4; however, the
ASOG!1 model globally represents the behaviour of these systems acceptably
(see the inset in Fig. 4). The UNIFAC-1991° version was the best model to pre-
dict the IBAE system and the IBA2P system was well represented by the
UNIFAC-19878 model, as shown in Fig. 5. However, the ASOG!! model gave a
good prediction for the IBA2P system at 0.15 MPa, as can be seen in the inset of
Fig. 5.

TABLE IV. Mean errors and average deviations in the prediction of the VLE data using the
ASOG and UNIFAC models

UNIFAC-19878 UNIFAC 1991° UNIFAC 19931 ASOGH

Parameter OH/COOC OH/COOC OH/COOC  OH/COO
n-Propy! acetate (1) + ethanol (2) at 0.15 MPa

5(yD) 0.012 0.006 0.018 0.013

£ 4.89 4.80 7.42 4.89

5T /K 0.47 1.26 0.73 0.50

Azeotropic data

X122 o = 0.051 0.030 0.059 0.018 0.034

T exp ! K = 361.93 361.68 361.51 361.70 361.68
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TABLE IV. Continued

Azeotropic data
n-Propyl acetate (1) + 2-propanol (2) at 0.15 MPa
a(y1) 0.007 0.013 0.013 0.009
é(yy) 461 851 10.18 5.78
oM /K 0.44 0.47 1.23 0.19
Azeotropic data
X1az exp = 0.011 0.012 0.049 0.002 0.031
Tozexp! K =365.77 365.77 365.61 365.87 365.67
Isobutyl acetate (1) + ethanol (2) at 0.15 MPa
a(y1) 0.014 0.004 0.022 0.017
e(y) 5.85 1.89 10.48 7.87
oM /K 124 0.41 221 159
Isobutyl acetate (1) + 2-propanol (2) at 0.15 MPa
a(yr) 0.003 0.017 0.014 0.005
&(y) 2.20 8.58 8.66 261
(M /K 0.45 1.26 1.78 0.30

Y1

025 L . UN[FAC,-19877
* Y
Ay '
UNIFAC-1991 > *a L
s i
03t . _
w
] 0.2 0.4 0.6 0.8 1

Xy
Fig. 4. Experimental points of (y,—Xq) Vs. X, for n-propy! acetate (1) + ethanol (2) at 0.15 MPa
(A) and n-propyl acetate (1) + 2-propanol (2) at 0.15 MPa (@®). Fitting curves of data
prediction for n-propyl acetate (1) + ethanol (2) with UNIFAC-1991° and for n-propy! acetate
(1) + 2-propanol (2) with UNIFAC-19878 or ASOGM for the inset.
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X

Fig. 5. Experimental points of (y;—X1) vs. X4 for iso-butyl acetate (1) + ethanol (2) at 0.15 MPa
(A) and isobutyl acetate (1) + 2-propanol (2) at 0.15 MPa (®). Fitting curves of data
prediction for isobutyl acetate (1) + ethanol (2) with UNIFAC-1991° and for
isobutyl acetate (1) + 2-propanol (2) with UNIFAC-19878 or ASOG!! for the inset.

Azeotropic data

The azeotropic points have been described in various works® for the PAE system.
Ortega et al.3 established that the composition and temperature of the azeotrope
at 0.1600 MPawere X157 = 0.041 and T4, = 363.14 K. On the other hand, for the
system PA2P at 0.10132 MPa, the only azeotropic point was reported by
Gonzédlez et al.4 as X35, = 0.037 and T, = 355.2 K. Accordingly, the singular
points in both systems, studied in this paper at 0.15 MPa (X15, = 0.051 and Tg; =
361.93 K for PAE system and X15; = 0.011 and Ty, = 365.77 K for PA2P
system), are plotted in Fig. 6, together with literature data, 3> in order to verify,
by means of the evolution of the azeotrope, the modifications introduced in the
experimental installation. The azeotropic data from the literature3-> together with
the azeotropic data from this work are presented in Fig. 6. For the PAE system
these are indicated by the composition of the ester in x;—T, coordinates; and for
the PA2P system in log1o(pr)—T, coordinates. The azeotropic points of this paper
are also indicated by pressure in x;—0g10 pr coordinates.
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1254 SUSIAL etal.

The azeotropic data from this work present a good agreement with those in
the literature.3-5 The systems PAE and PA 2P show a modification in the T-x;—y;
values with increasing pressure (Figs. 1 and 2); i.e., the azeotrope moves towards
lower ester mole fractions with increasing pressure. This produces a change in
the y1—x1 values, which decrease, thus leading to the disappearance of the azeo-
trope with increasing pressure. This behaviour can be observed from the data
presented in Fig. 6.

0.67

0.57

-18
x, 0I5 21 Log,(p,)
Fig. 6. Azeotropic datain reduced coordinates for the systems n-propyl acetate (1) + ethanol
(2) (A,A) and n-propyl acetate (1) + 2-propanol (2) (®,0) from literature®>
and thiswork at 0.15 MPa.

On the other hand, Table Il shows the predictions made by the thermody-
namic models for the azeotropic point for the systems studied in this work. It can
be seen that, generally, they all give good predictions. However, when consider-
ing the group contribution models (Table IV) the ASOG11 model is the one that
globally best represents the azeotropic data of this work, while the UNIFAC-
1991° model predicts well the singular point of the PAE system at 0.15 MPg;
although the UNIFAC-19878 model predicts well the azeotropic datain the PA2P
system at 0.15 MPa. In addition, the model UNIFAC-199310 does not give a
good prediction of the azeotropic point, as shown in Table V.
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CONCLUSIONS

The isobaric VLE data for the binary systems n-propyl acetate + ethanol,
n-propyl acetate + 2-propanol, isobutyl acetate + ethanol and isobutyl acetate +
2-propanol at 0.15 MPa have been measured using a stainless steel ebulliometer.
The thermodynamic consistencies of the experimental data were checked by the
van Ness Testé and agree with the Fredenslund validation criterion.”

Thermodynamically consistent VLE data and vapour pressures of 2-propa-
nol, n-propyl acetate and isobutyl acetate were obtained and compared to those in
the literature. The results showed that the new equipment introduced in the expe-
rimental installation enabled reliable data to be obtained.

The singular points of the systems n-propyl acetate + ethanol and n-propy!
acetate + 2-propanol at 0.15 MPa were determined. The azeotropic data were
correlated and discussed considering literature data and the effect of the system
pressure on the elimination of azeotropes.

Severa thermodynamic mathematical models, as well as group contribution
models, the ASOG, the original UNIFAC, the UNIFAC-Lyngby and the
UNIFAC-Dortmund, were applied, and the predictions were verified and dis-
cussed with respect to the experimental data obtained in this study.

SUPPLEMENTARY MATERIAL

Tables S-1-S-111 (experimental data) are available electronically from http://
/lwww.shd.org.r/JSCS/, or from the corresponding author on request.

NOMENCLATURE

Antoine Equation parameters (Egs. (1) and (3))

Parameter of Egs. (6)—(8)

Second virial coefficient of the pure component, m3-mol-1
Cross second virial coefficient, m3-mol-1

Enthal py of vaporization, J-mol-1

Average error, %

Property (F = y3; F = (y1—x1); F =y1; F =y F = T, F = GH/RT)
Excess free energy, J-mol-1

Number of equation parameters

Number of experimental data

Refractive index

Vapour pressure for pure substance, kPa

Total pressure, kPa

Universal gas constant, J-K-1.mol-1

Rr Parameter of Egs. (6)—(8)

> oW

]:\::::?;>~-J>

3 w
(@)

qu_)nﬂm

>
o0

T T

T Temperature, K

vilk, 6 Pure substances liquid and gas molar volumes, m3-mol-1
X Liquid-phase mole fraction

y V apour-phase mole fraction

Z7 Active fraction of vapour phase or liquid phase.
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Greek symbols

y Activity coefficient
0 Mean deviation

P Density, kg-m-3

o Standard deviation.
Subscripts

az Azeotrope

bp Normal boiling point
ca Calculated

exp Experimental

0] Chemical substances
Lit Literature

1 Ester.

H3BOJ

HATIOHH ITAPA Y PABHOTEXA ITAPA-TEUHOCT ITPOITMJTAHETATA U
HN30BYTUJIALETATA CA ETAHOJIOM WJIH 2-ITPOITAHOJIOM HA
I[TPUTHUCKY 0,15 MPa. BMHAPHH CUCTEMHU

PEDRO SUSIAL, JOSE J. RODRIGUEZ-HENRIQUEZ, JOSE C. APOLINARIO,
VICTOR D. CASTILLO u ESTEBAN J. ESTUPINAN

Escuela de Ingenierias Industriales y Civiles, Universidad de Las Palmas de Gran Canaria,
Canary Islands, Spain

Onpehenu cy HamoHM Napa Nponuianerara, U300yTuaLeTaTa v 2-MponaHosa, Ha arco-
aytHOM nputucky og 0,004 MPa mo 1,6 MPa, kao ¥ nojauu 3a paBHOTEXY Napa-TeYHOCT Ou-
HAapHHX CHCTEMa NMPONMIALETaT + €TaHOJ, MPONWIALeTaT + 2-NPOMaHoI, H300yTHIaLeTar +
eTaHoN W u3odyTwnanerar + 2-mpomaHon Ha nputucky on 0,15 MPa. ExcnepumeHTanHu
NOfiallM 33 PABHOTEXY Napa-TeYHOCT Cy NpoBepeHH npeko Tecta van Ness-a u Fredenslud-
OBOT KpUTEpUjyMa. buHapHU cucTemMM nponuialeraT+eTaHoI U NpoNuiIaleraT+2-nponaHos
MMajy TadyKy aseorpona Ha nputucky 0,15 MPa. [IpumemeHe Cy pasInuuTe BEP3Hje MOJEa
KoeduIIMjeHaTa akTUBHOCTH YHUBEP3aTHUX KBAa3HU-XEMHUjCKUX QYHIIMOHAIHUX TPyTa U aHalH-
THYKHX PelIewa 3a IpyIe a 01 e ONHCaIX JOTPHHOCH Ipyma.

(ITpumseno 13. neuemdpa 2011, pepuaupano 18. mapra 2012)
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SUPPLEMENTARY MATERIAL TO
Vapour pressuresand vapour—liquid equilibria of binary
systems of n-propyl acetate and isobutyl acetate with
ethanol or 2-propanol at 0.15 MPa

PEDRO SUSIAL*, JOSE J. RODRIGUEZ-HENRIQUEZ, JOSE C. APOLINARIO,
VICTOR D. CASTILLO and ESTEBAN J. ESTUPINAN

Escuela de Ingenierias Industriales y Civiles, Universidad de
Las Palmas de Gran Canaria, Canary Idlands, Spain

J. Serb. Chem. Soc. 77 (9) (2012) 12431257

TABLE S-I. Experimental vapour pressures
T/K p’/kPd T/K p’/kPd T/K p°/kPg T/K p°/ kP4 T/K p’/kPd T/K p’/kPa
2-Propanol

30356 8 (34530 66 |366.07 152 |(377.07 224 |41157 630 |439.61 1250
31144 12 (34581 68 |367.12 158 |377.87 230 |412.83 652 (44050 1275
31651 16 (34648 70 |367.90 162 |378.39 234 |414.36 677 |441.23 1297
31919 20 (348.01 74 |368.48 166 |378.89 238 |417.34 732 |442.03 1320
32418 24 |349.26 78 (36951 172 |379.95 246 (41821 750 |442.81 1342
326,53 28 (35040 82 (37052 178 |383.66 275 |419.23 767 |443.61 1367
328.03 30 (35173 86 |371.16 182 |(387.08 307 |421.88 822 |444.31 1390
32948 32 (35279 90 |372.14 188 |391.67 355 |423.21 850 |(445.31 1420
33250 36 |353.80 94 (37266 192 |(396.12 407 |424.69 882 |446.15 1447
33425 40 (35844 116 |373.24 196 |398.35 432 |427.68 947 |447.02 1475
336.38 44 |350.92 124 |374.35 204 |399.85 452 |428.98 977 |447.68 1497
338.14 48 [362.66 134 (37495 208 |401.41 475 |432.25 1055 |448.59 1527
339.77 52 |363.46 138 |37551 212 |405.52 532 |435.33 1132 |450.13 1577
34135 56 |364.65 142 |376.12 216 |406.85 555 |437.20 1182 |450.86 1602
34289 60 (36531 148 |376.65 220 |408.62 582 |438.84 1227 |451.83 1635
343.75 62 - - - - - - - - - -
n-Propyl acetate
30238 6 |357.81 58 |394.33 170 |423.22 357 |448.73 627 |487.55 1282
309.27 8 |359.20 62 |397.74 187 |424.18 365 |451.04 657 |488.95 1315
31538 10 (36240 68 |399.26 195 (42546 375 |455.14 712 |490.05 1337
32058 14 |364.27 72 |401.24 205 |426.57 385 |460.59 792 |491.35 1365
32560 18 (36548 74 |402.83 215 |427.66 395 |465.04 862 |492.75 1397
32841 20 |367.16 78 |406.50 235 |429.93 415 |467.92 907 |493.35 1412
33240 24 |368.08 82 |408.00 245 |431.15 427 |469.84 942 |494.65 1442

* Corresponding author. E-mail: psusial @dip.ulpgc.es
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TABLE S-I. Continued
T/K p°/kPd T/K p°/kPq T/K p’/kPd T/K p°/kPd T/K p’/kPd T/K p’/kPa
n-Propyl acetate

33568 26 [369.09 84 [409.60 255 (43220 437 [472.33 985 [495.35 1462
33933 30 (37028 86 |411.25 267 (43350 450 |475.65 1045 |496.85 1495
34221 34 |371.66 90 |41254 275 (43435 460 |476.95 1067 |498.15 1527
34381 36 (37330 94 |41353 282 (43548 470 |479.55 1117 |499.05 1547
346.06 38 (37338 96 [415.32 295 (43650 480 |481.45 1155 [500.05 1572
348.04 42 |379.45 110 |418.10 315 (437.21 490 |482.55 1180 [500.75 1592
350.03 44 (38217 120 |419.28 325 (43890 507 |483.95 1205 |[501.95 1622
35294 50 (385.15 130 [420.60 335 [440.50 525 |(486.75 1265 |502.85 1645
35450 52 |392.84 165 |422.07 347 (44426 572 | - - — -
Isobutyl acetate
30037 4 36248 44 (38254 83 [437.17 360 [479.05 860 [500.05 1250
30969 6 36422 47 (38357 86 [439.16 380 [480.25 880 |501.65 1285
31421 7 36573 49 (384.87 89 (444.08 420 |482.55 920 [502.85 1312
32401 10 |366.75 51 (38595 91 (446.83 450 |483.85 940 |503.95 1335
32895 13 36821 54 (387.33 95 (451.64 497 |485.25 965 |504.85 1355
33357 15 (369.67 57 |387.82 96 |454.17 527 |486.45 985 |505.65 1375
33871 19 |[370.70 58 (38848 98 (456.23 550 |487.55 1005 |[506.85 1402
34341 23 37246 61 |395.75 122 (458.84 580 |488.95 1030 [507.75 1422
34540 24 (37400 64 |401.04 142 (46215 620 |490.55 1060 [508.55 1442
34839 27 (37580 68 |406.50 167 (46355 637 |491.55 1080 [509.45 1462
35191 31 (37672 70 |414.56 205 (465.14 657 |493.75 1122 |510.25 1482
35414 34 (37820 74 |416.65 217 [466.87 680 |494.95 1145 |511.85 1520
356.77 37 |379.85 77 |420.55 242 (46953 717 |496.95 1185 |512.65 1540
35825 39 (38056 79 |423.76 260 [471.14 740 |497.95 1205 |513.45 1560
360.63 42 |381.80 82 [434.94 170 [472.34 760 |498.85 1225 |515.15 1602

TABLE. S-1. Experimental T-x;—y; data and calculated values for the activity coefficients of
the liquid phase for the n-propyl acetate systems

T/K X1 Y1 71 p | TIK X1 Y1 71 72
n-Propy! acetate (1) + ethanol (2) at 0.15 MPa

362.13 0.000 0.000 - 1.000 | 365.31 0464 0.276 1238 1.190
361.97 0.008 0009 2619 0989 | 36579 0489 0.290 1215 1.204
361.95 0018 0020 2588 0989 | 366.22 0525 0311 119 1.238
361.93 0028 0034 2830 098 |366.82 0532 0310 1154 1.233
361.93 0044 0050 2648 098 | 36760 0592 0339 1106 1.319
361.96 0.086 0081 2192 099% | 36847 0641 0367 1.075 1.393
362.01 0.098 0091 2157 099 | 369.38 0.669 0.393 1.071 1.405
362.07 0113 0103 2113 0998 | 370.05 0.700 0.417 1.063 1.456
362.56 0196 0156 1815 1018 | 370.39 0.716 0429 1.058 1.489
362.99 0247 0180 1638 1.040 | 37457 0828 0534 0.999 1.747
363.17 0256 0185 1614 1040 | 377.27 0876 0.612 0.996 1.848
363.44 0275 0196 1578 1.043 | 379.26 0907 0.666 0.986 1.991
364.32 0352 0231 1411 1082 |383.06 0951 0.791 0.997 2.098
364.58 0373 0238 1360 1.098 | 38753 0989 0939 1.001 2.379
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TABLE S-I. Continued

T/K X1 Y1 71 2 | TIK X1 Y1 71 72
n-Propy! acetate (1) + ethanol (2) at 0.15 MPa
365.01 0419 0256 1.284 1.140 | 389.26 1.000 1.000 1.000 —
n-Propyl acetate (1) + 2-propanol (2) at 0.15 MPa

365.88 0.000 0.000 - 1.000 | 366.65 0.232 0180 1539 1.034
365.79 0.002 0.003 3.058 0998 |366.77 0256 0188 1452 1.052
365.79 0.005 0.007 2854 0997 |366.81 0.268 0202 1488 1.050
365.78 0.006 0.007 2379 0998 |366.94 0297 0211 1397 1.075
365.77 0.008 0.010 2550 0998 |367.02 0303 0221 1430 1.068
365.77 0.014 0.012 1749 1002 |367.16 0330 0235 1390 1.085
365.77 0.021 0.018 1.749 1003 |367.19 0345 0245 138 1.095
365.80 0.036 0.031 1.755 1.004 |367.44 0365 0259 1373 1.098
365.83 0.043 0.037 1.752 1.004 |367.92 0408 0284 1326 1119
365.85 0.063 0.051 1.647 1.010 |368.91 0492 0332 1246 1174
365.85 0.066 0.056 1.727 1.008 |369.34 0521 0351 1227 1191
365.89 0.070 0.057 1.655 1.009 | 371.78 0648 0445 1158 1.272
365.95 0.089 0.071 1.618 1013 |37592 0781 0566 1075 1.388
365.99 0.114 0.088 1564 1.021 |379.26 0877 068 1049 1599
366.04 0.140 0.108 1561 1.027 |386.11 0969 0902 1022 1.589
366.11 0.168 0.131 1574 1031 |387.46 098 0950 1019 1.607
366.31 0.193 0146 1517 1.037 |387.98 0991 0972 1021 1476
366.58 0.223 0168 1.498 1.040 |389.26 1.000 1.000 1.000 -

TABLE. S11. Experimental T—x;—y, data and calculated values for the activity coefficients of
the liquid phase for the isobutyl acetate systems

T/K X1 Y1 71 72 T/K X1 Y1 71 72
Isobuty| acetate (1) + ethanol (2) at 0.15 MPa
362.13 0.000 0.000 1.000 366.49 0.467 0.19% 1275 1.276

362.17 0020 0.017 3.010 098 36715 0494 0209 125 1.292
36222 0036 0027 2651 0990 36780 0527 0219 1206 1.335
36230 0054 0.043 2806 0990 36845 0563 0233 1175 1.388
36236 0077 0.055 2511 1000 368.65 0571 0243 1200 1.386
36240 0091 0.065 2507 1003 369.13 0586 0248 1174 1404
36250 0116 0.077 2321 1015 369.70 0.608 0257 1150 1.437
36261 0133 0.08 2252 1020 37025 0631 0269 1138 1474
36291 0168 0.098 2.010 1038 37170 0677 0289 1086 1.560
363.05 0190 0107 1930 1051 37340 0.720 0322 1075 1.622
36323 0215 0117 1853 1065 37430 0743 0338 1061 1.675
36340 0233 0125 1816 1074 37550 0.767 0361 1056 1.715
36366 0261 0130 1670 1098 37715 0801 0393 1043 1.808
36402 0297 0144 1605 1122 37870 0827 0422 1032 1885
364.15 0307 0149 1600 1126 38L.29 0.85 0466 1014 1.927
36460 0330 0156 1534 1137 38395 0891 0538 1035 2027
36497 0355 0167 1506 1151 389.15 0935 0646 1011 2224
36540 0378 0172 1435 1169 391.86 0952 0714 1012 2245
36550 0393 0175 1400 1189 40332 1000 1.000 1.000 -
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TABLE S-lIlI. Continued

T/K X1 Y1 71 72 T/K X1 Y1

71

V2

Isobutyl acetate (1) + ethanol (2) a 0.15 MPa

36580 0422 0186 1371 1.220 — — —

Isobutyl acetate (1) + 2-propanol (2) at 0.15 MPa

365.88 0.000 0.000 1.000 371.00 0435 0.204
36598 0.009 0.007 2393 0994 37150 0459 0.218
366.07 0017 0.010 1804 0996 37218 0490 0.233
366.14 0036 0.021 178 1.002 37290 0518 0.243
366.28 0.057 0.035 1870 1.004 37350 0541 0.255
36646 0071 0.045 1918 1.002 37583 0.631 0.308
366.75 0105 0.061 1741 1.012 376.80 0.661 0.327
367.06 0151 0.083 1629 1.031 378.04 0.693 0.354
36749 0192 0102 1552 1.044 37915 0.723 0.380
36758 0235 0119 1475 1079 38330 0.795 0.460
36829 0281 0141 1426 1.091 38737 0.853 0.558
368.72 0313 0154 1378 1107 38958 0.873 0.601
368,80 0323 0152 1315 1123 39284 0907 0.687
36920 0344 0163 1306 1128 39569 0935 0.771
36986 0371 0177 1286 1130 40332 1000 1.000
37036 0402 0189 1246 1.151 — — —

1.217
1212
1.186
1.143
1.126
1.080
1.061
1.053
1.046
1011
1.009
0.994
0.993
0.995
1.000

1.169
1.178
1.197
1.220
1.235
1.318
1.350
1.373
1.408
1.449
1.455
1421
1.380
1.328
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Abstract: This paper presents the results of statistical modeling of the bauxite
leaching process, as part of the Bayer technology for alumina production.
Based on the data collected during the period 2008—2009 (659 days) from the
industrial production in the Alumina Factory Bira¢, Zvornik (Bosnia and Her-
zegovina), the above-mentioned process was statistically modeled. The de-
pendant variable, which was the main target of the modeling procedure, was
the degree of Al,O; recovery from boehmite bauxite during the leaching pro-
cess. The statistical model was developed as an attempt to define the depen-
dence of the degree of Al,O3 recovery on the input variables of the leaching
process, i.e., the composition of the bauxite, the composition of the sodium
aluminate solution and the caustic module of the solution before and after the
leaching process. As dtatistical modeling tools, multiple linear regression
analysis (MLRA) and artificial neural networks (ANNSs) were used. The fitting
level obtained using MLRA, was R? = 0.463, while the ANN resulted in an R2
value of 0.723. In this way, the model defined using the ANN methodology
could be used for the efficient prediction of the degree of recovery of Al,O3 as
afunction of the process inputs, under the industrial conditions of the Alumina
Factory Birat, Zvornik. The proposed model also has a universal character and,
as such, is applicable in other factories employing the Bayer technology for
alumina production.

Keywords. leaching; bauxite; Bayer process; statistical modeling; neural net-
works.
INTRODUCTION

The Bayer process of alumina extraction is a basic commercial procedure
and more than 90 % of the world alumina production is obtained in this way.
Despite the fact that this process has been used for alumina production for along

* Corresponding author. E-mail: imihajlovic@tf.bor.ac.rs
# Serbian Chemical Society member.
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1260 PURIC et al.

period, there are till attempts to improve the process further.1 Bauxite is a com-
plex heterogeneous material used in the Bayer process of alumina production.
Aluminum is usually present in bauxite in the form of hydroxide minerals, such
as gibbsite (hydrargillite) (Al(OH)3), boehmite (AIO(OH)) or diaspore (HAIO).
Besides aluminum minerals, bauxite ore contains various combinations of silica
(SiOy), aluminasilicates, iron oxide (FexO3), titanium oxide (TiO») and other im-
purities, such as carbonates and sulfides, in trace amounts.2:3

The Bayer process includes the leaching of bauxites in a concentrated so-
dium hydroxide (caustic) solution at temperatures ranging from 373 K (100 °C)
to 523 K (250 °C), depending on the mineralogical form of the aluminum hyd-
roxide in the bauxite. The process includes reactions with soluble silica com-
pounds and titan dioxide under certain conditions.# Silicon is usually present in
bauxite in two potential forms: i) soluble, which is usualy in the form of kaoli-
nite (Al>03-2Si05-2H20) or the amorphous form of silicon dioxide (silica) and
ii) insoluble, in the form of quartz. In a caustic solution, the dissolved kaolinite
and amorphous silicon dioxide form a sodalite-type product, with the general for-
mula 3(NapyO-Al»03-2Si05-2H,0) 2NaX, where X could be: OH—, Cl—, CO32~or
S042-58 The rate of the aluminum hydroxide leaching process depends on its
mineral form in the bauxite. The trihydrate bauxite type gibbsite can be dissolved
in a caustic solution in the temperature range 373-453 K (100-180 °C). Mono-
hydrate bauxite forms (boehmite and diaspore) are dissolved in the temperature
ranges 403-453 K (130-180 °C) and 473-523 K (200-250 °C), respectively.9.10

Sodium aluminosilicate is precipitated in red mud, which is the source of
aluminum and sodium hydroxide losses during the Bayer process. Sedimented
red mud also presents an environmental problem.1! This problem has attracted
much attention recently, especially because of global environmental protection
problems, which demand the compliance with global principles during local ac-
tions.12

During the process of bauxite leaching in alkaline sodium aluminate, the alu-
minum ions in the solution are hydrolyzed in the agueous environment, forming
numerous mononuclear and polynuclear hydroxo complex ions. Finally, in mild-
to-strong akaline solutions, Al(OH)4~ is predominant at pH values higher than
10.11 Kinetic parameters indicate that the bauxite leaching process is conducted
in the so-called “kinetic area’, which suggests that the temperature is the main
parameter influencing the overall rate of the process.10.13 The process parameters
influencing the leaching rate and the degree of Al>O3 recovery are: the minera-
logical and chemical composition of bauxite, grain size distribution, caustic mo-
dule of the starting solution and its NapO (caustic) mass fraction, leaching pro-
cess temperature, stirring speed and duration of the process,1:10,11,13

The process of bauxite leaching, under industrial conditions of Bayer tech-
nology for alumina production is highly complex. The ability to predict the reco-
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very of Al>O3 during leaching as the result of modeling of the input process vari-
ables presents a great challenge for the management of the process.4

The main objective pursued in this work was to create a mathematical model
for the prediction of the degree of Al>O3 recovery (output of the process), during
bauxite leaching, as the function of the input variables of the process. The ob-
tained model presents a great advantage due to its ability to predict accurately the
output of the investigated process.

EXPERIMENTAL

A data set suitable for the calculations and presented in this paper was formed according
to the data collected during the industrial production in the Alumina Factory Birag, Zvornik
(Bosnia and Herzegovina). This factory has a production capacity of 600 000 tons of alumina
per year. The important process parameters included in the obtained data set were the che-
mical composition of the bauxite (including Al,O3, SiO,, Fe,03, TiO,, CaO and H50, and the
mass loss during calcination); the composition of the starting aluminate solution (including
Al,03, Na,O and the starting caustic module); the chemical composition of the residual auto-
clave mud — red mud (including Al;03, NayOaray, SiO,, TiO, and Ca0); the composition of
the aluminate solution at the end of the leaching process (including Al,O3, Na,O and the fina
caustic module). The chemical composition of the samples was expressed as the mass fraction
of the congtituents. All of these process parameters were measured daily during the years 2008
and 2009, and in this way, 659 samples were collected during each day of stabile production
in the factory. All the samples were examined for potential outliers before any further mo-
deling procedure. No strong extreme behavior of the variables was detected. Thus, the ob-
tained results could be considered as true representatives of the investigated process.

The output of the investigated process was the “Al,O5 leaching recovery”, which is
presented as Y in the further text, and it refers to the aumina recovery in the digestion process
that was cal culated using the following equation:

Y = 100(1 — Al203(rm)* F&203(0)/Al 203()- F&203(1m)) 1)

where Al;Ozpy and Fe,Oqp,) are the mass fraction in the bauxite (%) and AlyOz;y and
Fe,03m) are the mass fraction in the residua autoclave mud (red mud) (%).

On application of Eq. (1) for calculating the degree of recovery Al,O5 during the leach-
ing process, which is based on adopting the “inert” Fe,O3, acceptable results (accuracy above
99 %) were obtained.

The following process parameters were selected as the inputs included in the statistical
modeling procedure:

X3 —NayO (caustic) concentration in the starting solution (g dm3),

X, — Al,O3 concentration in the starting solution (g dm3),

X3 —starting caustic ratio of the solution,

X4 — moisture mass fraction in the bauxite (%),

Xg — Al,03 mass fraction in the bauxite (%),

Xe — SiO, mass fraction in the bauxite (%),

X7 —Fe,0O3 mass fraction in the bauxite (%),

Xg — TiO, mass fraction in the bauxite (%),

Xg — Ca0 mass fraction in the bauxite (%),

X410 — mass loss during cal cinations of the bauxite (%) and

Xq1 —final caustic ratio of the solution at the end of the leaching process.
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1262 PURIC et al.

During the period when these parameters were measured and the corresponding data set
formed, the operation of the factory was in a stable mode. The bauxite used for alumina
production was from the ore body Vlasenica (Bosnia and Herzegovina). This ore body has
large reserves of boehmitic bauxites. The temperature of the leaching process was kept cons-
tant at 518 K (245 °C). The pressure in the autoclave reactors was 35 bar. The size distribution
of the bauxite grains was 100 % —74 pum, obtained after the hydrocyclone classification. The
solid to liquid ratio of the autoclave charge was SL = 1:5. The solid phase concentration was
160-200 g dm3, depending on the Na,O (caustic) concentration in the returned aluminate
solution. The rate of mechanical stirring was 31 rpm.

RESULTS AND DISCUSSION

For modeling the bauxite leaching process, the data were collected by mea
suring the above-defined input and output process variables. The values of the
measured input variables of the technological process as well as the process qua-
lity indicators, the output of the process (Y) in the form of descriptive statistics
results, are presented in Table .

TABLE |. Descriptive statistics of the input (X;) and output (Y) variables of the bauxite
leaching process including 659 data sets

Parameter Range  Minimum Maximum - _M ean S.tdi Variance
Statistic  Std. error  deviation

X1 90.19 129.66 219.86 2.040E2  0.4050 10.398  108.131
X5 48 81 129 109.79 0.329 8.442 71.274
X3 1.898 2.075 3.972 3.069 0.0080 0.2059 0.042
X4 7.21 8.11 15.32 11.533 0.056 1.439 2.073
X5 4.58 50.08 54.66 51.975 0.034 0.866 0.750
Xs 354 4.88 8.42 6.3208 0.022 0.562 0.316
X7 4.39 22.42 26.81 24.833 0.031 0.803 0.645
Xg 0.63 222 2.85 2.540 0.003 0.078 0.006
Xg 2.82 0.29 311 1.253 0.014 0.370 0.137
X10 3.17 11.40 14.57 12.459 0.023 0.581 0.337
X11 0.524 1.116 1.639 1414 0.00122  0.0314 0.001
Y 13.077 76.293 89.370 84.427  0.06574 1.687 2.848

It should be noted that Xg and X11 have a small variance (Table I). However,
these variables are important for the investigated technological process, espe-
cially X11. The variable X171 presents the caustic ratio of the solution at the end of
the leaching process; it is one of the most important parameters of the Bayer pro-
cess; thus, it cannot be omitted from the analysis.

Linear regression analysis

For defining the correlation dependence in the form of output of the process
Y = f input of the process (X1—X11), a bivariate correlation analysis was per-
formed. In this analysis, the Pearson correlation coefficients (PCC) with respond-
ing statistical significance were calculated (Table Il) using statistical software

Available online at www.shd.org.rs/JSCS/

2012 Copyright (CC) SCS

@0

56

PG MO




1263

ANN PREDICTION OF THE Al EXTRACTION

(pafre1-7) 19421 §0°0 Y3 18 JueoLIUIS ST UONB[21I0D), {(pa[183-7) 1249 (0 Y} J& JUBDIJIUTIS ST UOTE[aLI0D {(Pa[Ie}-7) .wmmn {UOTJE[DLIOD UOSIED],

8000 0000 1000 0000 0000 0000 0000 0000 0000  9L00 0000 S
I o010 oSTE0  o9TI0  obTHO  o68T0— ob6F 0~ oII€0  o691°0 o970 69070~ o£€T0 od X
0000 €450 S€00 0000 0000 0000 0000 0000 0000 0000 S
I s08T°0— TTOO— pl80°0— oLETO~ o910  o00€0 oL9E°0  oTIE0  o6LF 0~ oLTE0- od Hy
0000 0000 0000 0000 0000 0000  TOOO 0000 0000 S
I WOPE0  oEE€TO0  oLLTO— oLOS0— oF8E0~ o0TTO— o£TI0  oS0TO  obLE0 od Oy
ILLO 0000  S000 0000 1000 8010  SSI'O 0000 S
[ 1100~ oLbTO— o801°0— 508€0~ oLTI'0— €900  SSO0  o£ST0 od oy
6670 0000  0ITO 1000 0000  6EF0 0000 S
I 9700~ o£SE0—  6V00  oLTLO  oP9T0  0£00  HISTO od 8
0000 0000 0000 0000 0000 0000 S
I 0T8T 0~ olEF 0~ o£6£0— 0TE0~ oSTHO  5£TTO od Ly
LOOO 9000  8SL0 0000 0000 S
I oS00~ oL0T°0  TIO0— 0T O~ oSLE O~ od X
0000 0000 0000 0000 S
I W0LS'0  98ETO  oE£9F 0~ o6LE O~ od X
0000 0000 0000 S
I oL9E0 51950~ o89€ 0~ od 15
0000 0000 S
I oTSL 0~ HIST0 od &
0000 S
I €570 od X
aS
I =0d Ly
bis y Oy oY 8Y tx X X 'Y X Y Ly uoneppio) Ipjourered

(659 sem o[qe

-1IBA 1982 10] syutod ejep Jo 1aquinu) ssaoo1d payednsaaut oy Jo (1) sojqeurea ndino pue (Ly-ly) ndur oy 10 ximew uone[airo) 1 19dV.L

Available online at www.shd.org.rs/JSCS/

)
O
A\
-~
Q
O
N—
+
<
2
=
>
Q
Q
O
N
1
(@)
N



1264 PURIC et al.

SPSS v.18 (PASW Statistics). The results obtained revealed considerable statis-
tical significance of the correlations (p < 0.01) for most of the coupled variables,
Table I1. To define the dependence of the output variable as a function of input
variables, using the multiple linear regression analysis (MLRA) with acceptable
level of fitting, it is necessary that the value of PCC between Y and X; should be
with statistical significance (p < 0.01).1415 The analysis of the data presented in
Table 11 revealed that this constraint was attained in all cases except for Y-Xo:
PCC =-0.069 (p = 0.076).

As most of the variables had an acceptable level of correlation and statistical
significance, it was concluded that the MLRA approach should be considered as
an adequate tool for modeling the investigated process. For the purpose of MLRA
analysis, the assembly of 659 input and output samples was divided into two
groups. The first group consisted of 458 (70 %) randomly selected samples. This
group was used for the creation of the model, whereas the second group, con-
sisting of the remaining 201 (30 %) samples from the starting data set, was used
for testing the model. The selection of the variables for these two stages was per-
formed using arandom number generator.

Using multivariable regression, the following equation was devel oped to de-
scribe the relationship between the leaching recovery and the selected input vari-
ables:

Y = 38.437 — 0.024X + 0.098X, + 3.603X3 — 0.022 X4 +0.478Xs5 — 1.101Xg —
— 0.562X7 + 4.892Xg + 0.203Xg +0.270X10 + 6.586X11 (R2 = 0.555) )

Equation (2) represents the complete linear model developed during the first
phase of the MLRA modeling procedure.

The results of the ANOVA tests of the developed model are presented in
Table I11. The small value of the F statistics (Table I11) indicates that the deve-
loped model was below the level for an accurate prediction of the value of depen-
dent variable (YY) based on the values of input variables (X;). The ratio of the reg-
ression to the residual was 55:45 %, advocating that only 55 % of the variance in
the dependant variable (Y) values, is explained by the model.

TABLE I1l. Results of the ANOV A2 test (predictors (constant): Xi1, Xg, Xg, X7, X3, Xg, X1, X4,
X10, X5 and Xp; dependent variable: Y) performed during the training of the model

Parameter Sum of squares  Degree of freedom (df) Mean square F Sig.
Regression 708.744 11 64.431 50.511 .0002
Residuals 568.913 446 1.276 - -
Total 1277.657 457 — — —

The summary results describing the MLRA model in the development phase,
are presented in Table IV. The relatively small value of the correlation coeffi-
cient (R = 0.745), resulting by a low coefficient of determination (R2 = 0.555),

Available online at www.shd.org.rs/JSCS/

2012 Copyright (CC) SCS

@080

EW MG MO




ANN PREDICTION OF THE Al EXTRACTION 1265

suggests that the model developed according to MLRA seems unacceptable for
the prediction of alumina extraction from bauxite in the Bayer process.

TABLE IV. MLRA summary of the model developed during the training phase

Model R R? Adjusted R? Standard error of the estimate
1 0.745 0.555 0.544 1.1294

However, some further validation of the model was performed in the testing
stage using the second part of the data set (total 201 vectors). During the testing
phase of the MLRA model, the calculated coefficient of determination (R2), as
expected, further decreased in comparison to the testing phase and was now
0.463. A comparative presentation of the measured and the calculated values
using the MLRA approach for the investigated processisillustrated in Fig. 1.

87.507]

x 85.00

};redicted /
R
g

3
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o
i
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I I I
77.50 80.00 82.50 85.00 87.50

/%
measured
Fig. 1. Dependence between the calculated and measured values of the Al,O3 recovery
(Eq. (2)); - - - = ideal position; — = regression lines; O = values calculated

using the MLRA model in the testing stage).

The difference distribution between the recoveries calculated from Eq. (2)
and the actually determined amounts of recovery is shown in Fig. 2. The multi-
variable regression analysis predicted the aluminaleaching recovery with a deter-
mination coefficient R2 = 0.463 and differences of — 7.20 to 2.50 from actually
determined recoveries in the plant, which does not represent a large significance.
Thus, the results showed that the MLRA modeling methodology lead to no ac-
ceptabl e correlation between the selected variables and the AloO3 recovery.
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Artificial neural network

Artificial neural networks can be viewed as nonlinear approaches to multi-
variate statistical methods, not bound by assumptions of normality or linearity.
Although neural networks originated outside the field of statistics and have even
been seen as an dternative to statistical methods in some circles, there are signs
that this viewpoint is initiating an appreciation of the manners in which neural
networks complement classical statistics.16:17

The ANN used in the development of the model described in this paper is
depicted in Fig. 3. As shown, this network consists of three layers of nodes. The
layers, described as input, hidden and output layers, comprise i, j and k numbers
of processing nodes, respectively. Each node in the input (hidden) layer islinked
to all the nodes in the hidden (output) layer using weighted connections. In addi-
tion to the i and j numbers of input and hidden nodes, the ANN architecture also
houses a hias node (with a fixed output +1) in its input and hidden layers and
they provide additional adjustable parameters (weights) for model fitting. The
number of the nodes (i) in the ANN network input layer is equal to the number of
inputs in the process, whereas the number of output nodes (k) equals the number
of process outputs. However, the number of hidden nodes (j) is an adjustable
parameter the magnitude of which is determined by issues, such as the desired
approximation and generalization capabilities of the network model.18,19

The employment of an ANN usually comprises three phases. First is the
training phase, which is achieved using 70-80 % of randomly selected data from
the starting data set. During this phase, the correction of the weighted parameters
of the connections is achieved through the necessary number of iterations, until
the mean squared error between the calculated and measured outputs of the net-
work is minimal. During the second phase, the remaining 20-30 % of the data are
used for testing the “trained” network. In this phase, the network uses the weighted
parameters determined during the first phase. These new data, excluded during
the network learning stage, are now incorporated as the new input values (X;) that
are then transformed into the new outputs (Y;). The third phase is a validation of
the network on a new data set. This data set usually consists of the data from the
new experimental measurements of the same process. The validation phase pre-
sents the final level of a successful or unsuccessful prediction obtained by using
the network developed in the two previous stages on a new data set.17.20.21

In this study, the ANN methodology was applied for modeling the process of
bauxite leaching under industrial conditions using the available data, the des-
criptive statistics of which is presented in Table I. The assembly of 659 input and
output samples was divided into two groups. The first group consisted of 458 (70 %)
randomly selected samples, which was used for training the network, while the
second group consisted of the 201 (30 %) remaining data, which was used for
testing the network.
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40 Mean =9.38E-8
Std. Dev. =1.264 ™
N =201
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Fig. 2. Distribution of the differences between the actual Al,O5 recovery and the Al,O3
recovery estimated from Eqg. (2) for 659 samples.

For the development of a relational ANN configuration, the previously de-
fined input variables X1—X11 and the output variable Y (described in the previous
text), were used as the elements of the network architecture, Fig. 3.

As previously discussed, the ANN presented in Fig. 3 consists of three
layers: the input, output and hidden layers. The neurons of the input layer present
the information on the process input variables — X; (independent variables), while
the only neuron in the output layer generates the output information — the process
quality indicator — Y (dependent variable). The methodology of choosing the ap-
propriate number of neurons in the hidden layer as well as the procedure of the
back-propagation learning algorithm is described in detail in the literature.1”

In the phase of the network training, the necessary number of iterations was
performed until the error between the measured output of the bauxite leaching
process, Al,O3 leaching recovery, Y and the calculated values did not minimize
and remained constant. The obtained results from the training stage could be
evaluated by comparison of the calculated values Y with the measured ones. The
obtained coefficient of the determination (R2 = 0.773) show a large degree of fit-
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ting among calculated and measured values, obtained during the training phase
and could be used in the subsequent testing and validation.

Synaptic Weight > 0
— Synaptic Weight < 0

Input layer Hidden layer Output layer

"
Bias 1) Bias

Hidden layer activation function: Sigmoid

Output layer activation function: Sigmoid

Fig. 3. The ANN architecture for the determination of the Al,O5 degree of
recovery during bauxite leaching.

The test set (total 201 vectors), which examines the fidelity of the model,
showed that the model could be used to estimate the leaching recovery quite
satisfactorily. The value of the determination coefficient (R2) for the test set was
to some extent smaller 0.723 (Fig. 4). The differences of —3.20 to 2.25, between
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ANN PREDICTION OF THE Al EXTRACTION 1269

predicted and the actually determined Alo,O3 recovery (Fig.5), which were cal-
culated by the (X1—X11) input sets in the ANN model, are proof that the listed
variables could be considered as reliable inputs for the prediction of the AloO3
recovery in the Bira¢ Alumina Plant.

87.50
85.00-]
]
~
~
3
Q
S 82507
B
S8
Sy
80.00]
77.50]
T T T T T T T
76.00 78.00 80.00 82.00 84.00 86.00 88.00
/%
measured
Fig. 4. The recovery predicted by neural network vs. the actual measured Al,O3 recovery
(- - - = ideal position; — = regression lines; o0 = values calculated

using the ANN model in the testing stage).

CONCLUSIONS

Values of the correlation analysis of the degree of Al>O3 recovery from the
leaching of boehmitic bauxite under industrial conditions in the factory Birag,
Zvornik (Bosnia and Herzegovina) were determined using the MLRA and ANN
methodologies. The values of the coefficient of determination (R2) were 0.463
and 0.723, respectively. These results indicated a highly acceptable degree of fit-
ting of the dependence Y = f(X1—X11) obtained using ANN procedure as part of
the SPSS software application, version 18 (PASW Statistics).22

The ANN procedure predicted the Al>O3 leaching recovery with good accu-
racy; it achieved a determination coefficient of R2 = 0.723 and differences of
—3.20 to 2.25 from actual determined recoveries in the plant. The selected ANN
structure consisted of 458 (70 %) samples for training and 201 (30 %) for testing.
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1270 PURIC et al.

The defined elements of the ANN structure could be applied generally to condi-
tionsin any factory that employs the Bayer technology for alumina production.

30 Mean =0.02
Std. Dev, =1.086
N =201 o e
" / \
2 20
[:F]
.
g
lb —
L
(5]
= o
o
e
o
o
[ =15
o
< 107
[0 T 1 1
-4.00 2.00 0.00 2.00

Differences between actual and predicted recovery, %

Fig. 5. Distribution of the differences between the actual Al,O5 recovery
and that estimated by the neural network.
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N3BO[J

MMPEOBUBABE EKCTPAKIIUIJE AJIYMHUHUIYMA U3 BOKCUTA Y BAJEPOBOM
[MPOLECY IPUMEHOM BEIITAYKHUX HEYPOHCKHX MPEXA

WCULIOPA BYPUR', UBAH MUXAJJIOBUR', )KUBAH XUBKOBUR' n IPATAHA KEILE/B

, 1Yuusep3uu76u7 y Beoipagy, Texnuuxu paxynimeiri y Bopy
Texnonowxu paxynitiewi 36opHuxk, Peiiydnuxa Cpiicka, Bocra u XepueloguHa

OBaj pan mpeacTaBba pe3ysiTaTe CTaTUCTHYKOT MOZEIOBama Mpoleca JIyxema DOKCHUTA
Kao mena bBajepoBsor mponeca mpousBome adTyMHHHMjyMa. 3aCHOBAaHO Ha MOJalUMa, CaKy-
IUbeHUM TOKOM meprozna 2008—-2009 (659 maHa), Koju MOTUYY M3 UHAYCTPUjCKE MPOU3BOLIE Y
¢adpunm anymunrjyma bupau — 3sopHuk (bocHa u XepiieropuHa), H3BpPIIEHO je CTATUCTUYKO
MOJIe/IOBalke HaBEEHOT Mpoleca. 3aBUCHA TPOMEWBUBA, YHhje ofpehrBame je ¥ OCHOBHHU LIWb
mpolesype MOJeNoBama, MpefCTaBba CTelneH u3zBajawa Al,03 3 deMuTHOr DOKCHTA TOKOM
npoueca Jyxema. CTaTUCTUUKK MOZJEN je JoOWjeH kao MOoKyllaj Aa ce gedHHUIIe 3aBUCHOCT
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ANN PREDICTION OF THE Al EXTRACTION 1271

creneHa usnsajawa Al,O3 off ylasHUX MPOMEHUBUX NpoLieca Ty’Kema: cacTa DoKCHTa, cacTaB
pacTBopa HaTpUjyM-aJlyMHHaTa Kao ¥ KayCTHUYHOT MOJyJa pacTBopa IIpe M HaKkoH Ipolleca
nyxema. Kao anaTv CTaTUCTHYKOT MOJEI0OBamba KOpPUIIheHH Cy BULIECTPyKa JIMHEapHa perpe-
cvoHa aHanu3a (MLRA) u BemrauHe HeypoHcke mpexe (ANN). Huso duroBama, modujexn
ynotpeSom MLRA, usHocHo je R% = 0,463, nok je ANN pesyntosana ca R? = 0,723. Ha oBaj
HauuH, Mogen geduHucal yrnorpedom ANN MmeTonosoryje, Moxe ce KOPUCTUTH 3a eUKacHO
npensuhame HUBoa u3nBajama Al,O3 y GYHKUUjU NPOLIECHUX TPOMEBUBUX, Y YCIOBUMA HH-
IoycTpujcke mpousBopme v Gadpunu bupau — 3Bopuuk. IIpennoxkeHu Mopen, Takohe UMa U
YHHUBEP3aJIHU KapaKTep U Kao TaKaB je IDUMEBUB Y ApyruM abpukama Koje npumemyjy ba-
jEPOBY TEXHOJIOTHjY 3a IPOU3BOABY IyMHUHHjyMa.

(ITpumsbeHo 26. Maja 2011)
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An aqueous chemistry module for athree-dimensional cloud
resolving model: sulfateredistribution
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Abstract: An agueous chemistry module was created and included into a com-
plex 3D cloud-resolving mesoscale advanced regiona prediction system (ARPS)
model to examine the characteristics of in-cloud sulfate. The complex oro-
graphy of Serbia was included in the model. The chemical species included in
the module were sulfur dioxide, sulfate ion, ammonium ion, hydrogen peroxide
and ozone. Six water categories are considered: water vapor, cloud water, rain,
cloud ice, snow and hail. Each chemical speciesin each microphysical category
was represented by a differential equation of mass continuity. This paper gives
a detailed description of the chemistry module and demonstrates the utility of
an atmospheric model coupled with the chemistry module in forecasting the
redistribution of chemical speciesin al water categories. The main mean mic-
rophysical and chemical conversion rates of sulfate averaged over a 2 h simu-
lation period for a base run were for the oxidation of S(IV) in rain water and
cloud water, SO,% scavenging by Brownian diffusion in cloud droplets and
cloud ice as well as the impact scavenging of SO,42 by rain. The calculated va-
lues of sulfates in all water categories and the shape of the sulfate profiles de-
pend on radar reflectivity.

Keywords. oxidation; sulfate transfer; cumulonimbus; microphysics, mass
transfer.

INTRODUCTION

Clouds play an important role in environmental redistribution of chemistry
species. The average global cloud coverage over the oceans is estimated at 65 %
and over land at 52 %,1 so it is clear that clouds play the role of a“large factory”
for the agueous-phase production of chemistry species. The clouds receive trace
gases from their inflow regions, their wind redistributes the gases and the clouds
transform the gases through gas and agqueous-phase chemistry. The most impor-
tant gas that leads to acidification is sulfur dioxide. When clouds are present, the
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1274 VUJOVIC and VUCKOVIC

loss rate of atmospheric SO, is faster than can be explained by gas phase chemis-
try alone. This rate of loss is due to reactions in the liquid water droplets where
acids are produced. Acid rain can have harmful effects on the environment and
on human health through the process of wet deposition.

The first atmospheric models had simple dynamics and microphysics,2 but in
time, the models become more complex. Taylor3 used a 1.5-dimensional Eulerian
cumulus cloud model to examine the characteristics of the in-cloud chemistry.
Studies by Tremblay and Leighton* and Niewiadomski® used three-dimensional
cloud chemistry models, but they focused on warm convective clouds only. Sca-
marock et al.6 examined tracer transport in 3D simulations, but only on flat
ground. Yin et al.” examined trace gas redistribution using a two-dimensional
cloud model with detailed microphysics and spectral treatment of gas scaveng-
ing. Barth et al.8 examined the redistribution of trace gases during deep convec-
tion. Spiridonov and Curi¢® examined the relative importance of scavenging,
oxidation and ice-phase chemistry in sulfate production in 2D and 3D model
runs. This study takes a step forward by developing a new chemistry module and
coupling it with a very comprehensive 3D mesoscale atmospheric model. The
real orography is included in the model. This paper describes detailed chemistry
parameterization. The aim was to demonstrate the fact that a relatively simple
chemical module coupled with a comprehensive cloud-resolving model with de-
tailed microphysics could be used as a diagnostic and prognostic tool for chemi-
cal species.

EXPERIMENTAL

Description of atmospheric numerical model

A very comprehensive 3D cloud-resolving mesoscale advanced regional prediction
system (ARPS) model developed in the Center for Analysis and Prediction of Storms (CAPS)
at the University of Oklahomal®1! was used to simulate a Cumulonimbus (Cb) life cycle in
conditions of a real orography.1213. This model numerically integrates time-dependent, non-
hydrostatic and fully compressible equations. The model uses the Lin1* bulk-water micro-
physical scheme and represents six water categories: water vapor, cloud water, cloud ice, rain,
snow, hail. Rain, hail and snow are each represented by the Marshall-Palmer distribution.1®
Cloud droplets and non-precipitating cloud ice are supposed to be monodispersing. Turbu-
lence was treated by 1.5 order turbulent kinetic energy formulation. The advection of momen-
tum and scalars were treated with a 4th-order scheme in the horizontal direction and 2™-order
scheme in the vertical direction. Radiating (open) conditions were used for lateral boundaries.
Rigid-wall boundary conditions were applied for the top and on the bottom of the domain. The
large time step was 6 s and the small step (for acoustic waves) was 1 s.

Description of the chemistry module

This section contains the development of the equations that were used to describe the
chemical species incorporated in the cloud model. The chemica module is based on the
sulfate chemistry taken from Rutledge et al.,'® Taylor,3 and Spiridonov and Curi¢.l” Five
chemical species are carried explicitly into the model: SO,, O3, H,O,, SO, and NH,* in the
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CHEMISTRY MODULE 1275

form of mixing ratios. All chemical reactions included in the module with the appropriate
coefficientsare givenin Tablel.

TABLE I. Equilibrium reactions and rate constants. The equilibrium constants are of the form
K = Kpggx eXp(—AH,9e/R(1/298-1/T)), where T is the temperature, K18

Reaction Kogg / mol dm3 s (-AH5g/R) / K
SO,(g) S SO,(an) 1.23 3120
SO,(ag) S HSO5 + H* 1.3x1072 —2000
HSO5 5 SO4% + H* 6.3x10°8 —1495
O3(9) S Os(an) 1.15x102 2560
H205(9) S Ho0,(aq) 8.33x104 7379
Hy0,(aq) S HO, + H* 2.2x1012 3700
NH3(g) S NHz(aq) 92,7 -4085
S(IV)+H,0, — S(VI)+H,0 7.5x107 4750

The model was formulated in terms of Continuity equations:

M) | vvg ~FR =S, +CH 1
- FVVa; Rj =9, +CHj; @
where g;; is the mixing ratio of chemica speciesi in the water category j (e.9., sp,c denotes
the cloud water SO,2 mixing ratio, dso,; denotes the cloud ice SO,2 mixing ratio), V- Vg, i
is the advection of the chemical speciesi in water category j by the wind V = (u, v, w), FR;;
denotes the terminal velocity for hydrometeors, §; are the subgrid contribution terms (mixing,
turbulence) and CH;; are the source or sink chemica transformation terms that represent
either the transfer of the chemical species from one microphysical category to another (e.g.,
cloud water sulfate to cloud ice sulfate by riming) or a chemical reaction (e.g., oxidation of
cloud water SO, to cloud water sulfate). Two assumptions were used:3.16
a) over the relatively short time scales that characterize cloud interactions, aqueous phase
chemistry is dominant. Therefore, gas phase chemistry was neglected.
b) Aqueous-phase photochemistry contributes only in the secondary sense to the sca-
venging of sulfur and nitrogen speciesin clouds, and can therefore be neglected.

The mass transfer between gas and liquid phases

The Henry Law equilibrium does not always exist between water drops and the air.19 In
this study, the Henry Law and a more detailed mass transfer approach that does not assume
gasiquid equilibrium were used. The rate of mass transport between gas species i and a
group of aqueous drops with radius r and number concentration of N, (per mole of air), can be
written as.20

dt RTr [ Ky

dMi, _ 317Dy, Nsn, (VN n Mi,rJ’ @
where M;  is the molar mixing ratio (with respect to air) of gas species i inside drops with
radius r; Dg; the diffusivity of gas speciesi in the air; Ng,; the Sherwood number; p; the
partial pressure of gas speciesi in the environment; K*yy ; the effective Henry Law coefficient
of speciesi, R" the universal gas constant; T the temperature and » a factor to account for the
free-molecular effect on the mass transfer rate.?! Based on previous studies, 1’2022 a vaue of
n = 0.1 was used in the simulations for al the species. The effective Henry Law coefficient,
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1276 VUJOVIC and VUCKOVIC

K"y, for a species i that undergoes aqueous phase dissociation differs from the Henry Law
coefficient Ky ; for amolecule, asit accounts for the ionic forms of the dissolved gas.2

As dissolved gasses do not normally contribute to the drop size, Eq. (2) becomes a linear
first order differential equation that can be solved analytically as:

M ¢ (t+At) = Alt) +[M; () - At)] exp(BAL) ©)
wheret isthe time step for gas dissolution and A and B are:
4 - * 3Dg,iNgn,i 77
Alt)==nr“N,p(t)Ky ;; B=——5——. 4
O =37 N K=~ opr s 4

Sulfate chemistry parameterization terms

Sulfur dioxide is the dominant anthropogenic pollutant in air that contains sulfur. Its
presence in the troposphere of the Northern Hemisphere is the result of direct anthropogenic
emissions, i.e.,, combustion of fossil fuels. SO, is effectively removed from the atmosphere
through processes of dry and moist deposition. However, the dominant mechanism for
removing SO, from the atmosphere is oxidation, either in the gaseous or liquid phase. The
creation of sulfates through the oxidation of SO, is an important process with changing
aerosol radiation effects. A schematic representation of al the chemical and microphysical
processes for SO, and SO,% that are parameterized in the chemical module is presented in
Fig. 1. The left side of Fig. 1 isrelated to SO, and its transport from air to cloud droplets and
rain drops (cal culated using the exact kinetic mass transport approach), as well as its oxidation
in cloud droplets and rain drops by ozone and hydrogen peroxide, whereby sulfate is formed.
The rest of the graph shows microphysical processes that transport sulfate from one water
category to another.

Ammonium source terms

Ammonium is neither created nor destroyed in the chemical reactions modeled here.
Here, it is assumed that the sulfate aerosol is composed of ammonium bisulfate (NH,4),SOj,.
Therefore, ammonium is treated like sulfate. The terms PS3—PS8, PS11-PS25 (calculation
details are given in Supplementary material) represent the source-sink terms for ammonium
(PN1-PN13, PN15-PN22), but the mixing ratios for SO,2 should be replaced by the mixing
ratios for NH,4*. The nucleation scavenging efficiency for anmonium is assumed the same as
the nucleation scavenging efficiency for sulfate.

Hydrogen peroxide, ozone and S(IV) source-sink terms

The source-sink terms for H,O, and O3 include an equilibration between gas and aque-
ous phases, kinetic mass transport, reduction due to the oxidation of S(1V) in cloud droplets
and rain, and a set of microphysical transfer and conversions among the different water
categories. As this is a short paper, details of the sources and sinks terms for H,0O,, O3 and
S(IV) will not be given herein.

Model initialization

A single summer sounding, providing profiles of temperature, humidity, speed and di-
rection of wind, initializes the use of a complex atmospheric model coupled with the chemis-
try module. The real orography of the Serbian region is used as a very important factor in
cumulonimbus formation. The centre of the domain is at 43.8° N, 20° E. It represents the Za-
padna Morava Valley (mean height above sea level 300 m), and its surrounding environment.
Space resolution in the model is 1000 m in the horizontal and 500 m in the vertical direction.
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CHEMISTRY MODULE 1277

The domain size is 112 kmx112 kmx16 km. A two-hour forecast is made. It is assumed that
initial concentrations of the chemical fields fall off exponentialy from the given values of
mixing ratios at the lowest model level for a continental background (CB) and for a polluted
background (PB).
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Fig. 1. Scheme of sulfur dioxide (SO,) and sulfate (SO,%) reactions.

RESULTS AND DISCUSSION

Several numerical experiments were designed to verify the developed me-
thod of using a chemistry module coupled with a 3D atmospheric model. In the
base run (fully kinetic calculation of gas dissolution into cloud droplets and rain
drops, calculation of nucleation and impact scavenging of aerosols, S(IV) oxida-
tion by O3 and H>O» in cloud and rain water, ice phase simulation, orography in-
cluded), the integrated sulfur mass removed by wet deposition was 22.3 kg for
CB, and 60.0 kg for PB, which isin agreement with the results of Spiridonov and
Curi¢.? The total mass of NH4* incorporated in the precipitation was 8.03 kg for
PB and 1.55 kg for CB, which is in agreement with the results of Taylor,3i.e.,
10.5 kg for PB and 2.03 kg for CB. If the oxidation was neglected, the integrated
sulfur mass removed by wet deposition was 16.5 (CB) and 32.1 % (PB) of sulfur
mass in the base run. Spiridonov and Curi¢® obtained values of 24.1 (CB) and
25.7 % (PB). This difference arises from the different parameterization of oxide-
tion. The omission of scavenging processes gives 82.9 (CB) and 67.8 % (PB) of
the total sulfur deposited in the base run (64.6 (CB) and 68.8 % (PB) in Spirido-
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1278 VUJOVIC and VUCKOVIC

nov and Curi¢9). Ignoring the ice phase in the chemistry results in an increase by
afactor of 1.5 in the sulfur mass deposited for CB (149.6 %), which isin accor-
dance with the conclusion of Taylor3 (tests of the ice phase impact on in-cloud
chemistry and deposition indicated that the total sulfur mass deposited was in-
creased by about a factor of two relative to the base run case). According to Mol-
der et al.,26 including ice phase processes in dynamics modeling leads to lower
values of sulfate in the liquid phase when convection is present. Regarding the
meteorological part of the model, there was agreement between the calculated
and observed radar reflectivity.12 These results correspond with the published re-
sults of other authors; thus, the developed model can be considered valid.

The integration (base run) includes mass transport calculations from gas to
liquid phase, oxidation of S(IV) by O3 and HoO», nhucleation and impact scaveng-
ing and ice phase simulation. In the 10t minute of integration, a cloud was
formed. The cloud developed on the mountaintop and then moved along the Za
padna Morava Valey. The cumulative mass of the sulfate, i.e., the sum of the
mass of sulfate in gas phase, cloud water, rainwater, cloud ice, snow and hail in
every step is shown in Fig. 2. Asit is a source for sulfate in other water catego-
ries, the mass of sulfate in the gas phase gradually decreased from the initial va-
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Fig. 2. The cumulative mass of sulfate.
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CHEMISTRY MODULE 1279

lues. As cloud water formed during the integration, sulfates appear in cloud water
at the 10th minute and from the 30t minute in rainwater, snow, hail and cloud ice.

The main mean microphysical and chemical conversion rates of sulfate ave-
raged over a 2-h simulation period for the base run were for the oxidation of
S(IV) in rain water and cloud water P9 = 4.61x10-11, PSOhp = 2.79x10712, PR
== 2.89x10-13), SO»*- scavenging by Brownian diffusion in cloud droplets and
cloud ice PS4cw = 4.91x10711 and PSAci = 7.82x10-12, the impact scavenging of
S04 by rain PS6 = 2.08x10711, autoconversion of cloud water to form rain,
accretion of cloud water by rain, accretion of cloud water by snow PS11 =
= 4.43x10°12, and the transfer of SO,% from cloud ice to snow as a result of
autoconversion of cloud ice to form snow, the accretion of cloud ice by snow and
the accretion of cloud ice by rain P25 =1.21x10-12). The calculated radar reflec-
tivity (CRR), which is agood indicator of cloud development, is presented in Fig.
3. The figure shows the horizontal plane on the surface in the 85t minute of inte-
gration. At this moment, the cloud is in a mature stage of development, with three
“separated” cells with a large CRR: point A (59, 73 km), B (70, 85 km) and C
(75, 60 km). The CRR at points A and C was approximately 50 dBz, and at point
B nearly 55 dBz.
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Fig. 3. The radar reflectivity, dBz, in the (x,y) plane on the surface in the 85" minute of
integration. The three cells with maximum reflectivity have the coordinates: A (58, 73 km),
B (70, 85 km) and C (75, 60 km). Point D (75, 75 km) is at periphery of the cloud.
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1280 VUJOVIC and VUCKOVIC

The vertical profiles of the sulfate following cumulonimbus trajectory could
provide considerable information about sulfate redistribution in the troposphere.
The vertical profiles of SO42- in all categories of water at points A, B and C are
shown in Figs. 4-6, respectively. The maximum vaue of gsp,2-,c in the layer of
air above point A was at a height of 5 km and its value was 0.80 ug kg1, qso ye
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Fig. 4. The vertical profiles of the SO42 mixing ratio, ug kg 1, in different water categories:
in cloud water (gsa c), rain (gsa,), cloud ice (Qg,;), SNOW (Ogy o)
and hail (g p) for the cell A (58, 73 km).
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at the surface was 9.0 ug kg, 0so,2-i a a height of nearly 9 km was 0.35 ug
kgL, gsp,2zs a aheight of about 6 km was 0.08 pg kg1, and gso,2h at a height
of 5.5 km was 0.26 ug kg—L. The profiles above the other two vorticities (B and
C) could be analyzed similarly. The shapes of the profiles were similar and had
similar values of the sulfate mixing ratios.
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Fig. 5. The vertical profiles of the SO,2 mixing ratio, ug kg1, in different water categories:
in cloud water (0g ), rain (Os,), cloud ice (gsy;), SNOW (Og.5)
and hail (gs ) for the cell B (70, 85 km).
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Fig. 6. The vertical profiles of the SO,2 mixing ratio, ug kg1, in different water categories:
in cloud water (0gy¢), rain (Os,), cloud ice (gsy;), SNOW (Ogg.9)
and hail (g ) for the cell C (75, 60 km).

It is interesting to compare the sulfate profiles in areas with different CRRs.
To do this, the sulfate profile at point D (75, 75 km), which islocated on the peri-
phery of the cloud and had a CRR of 20 dBz (Fig. 7), is drawn. If this profile is
compared with the previous ones, small differences in the shape of the profiles
could be seen, especialy for sulfate in rainwater. Specifically, at point D the
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CHEMISTRY MODULE 1283

maximum value of the sulfate-mixing ratio in rainwater was not at the surface but
at a height of 2 km. This is because in this part of the cloud, there was no preci-
pitation at the surface. The most considerable differences existed in the values of
mixing ratios: al sulfate mixing ratios had smaller values at point D, compared to
points A, B and C. Thisis understandable, given that vortex D hasthe lowest CRR.
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Fig. 7. The vertical profiles of the SO42 mixing ratio, ug kg, in different water categories: in
cloud water (g c), rain (gsa,r), cloud ice (0gy,;), SNOW (0 ¢) and hail (s ) at point D (75 km,
75 km) at the cloud periphery.
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CONCLUSIONS

This paper described in detail the development of a chemistry module that
was incorporated into a very comprehensive, mesoscale cloud-resolving model.
The chemistry module contained five chemical species: SOy, HoOp, Oz, SO42-
and NHg4*. There were six prognostic continuity equations for mixing ratios of
each chemical species, for each of the water categories. Two different approaches
were used to express the amount of the chemical species in cloud or rainwater:
the Henry Law and a fully kinetic calculation of a gas uptake. After dissolution,
the chemical species were transferred from one water category to another by
microphysical reactions. Oxidation of S(1V) by H>O» and O3 in cloud droplets
and raindrops were included in the module due to their great importance in
sulfate production processes. The pH values for cloud droplets and raindrops
were calculated in every time step.

After comparing the mass of wet deposited sulfur with the results of other
studies (verification), it was accepted that the model could be used as a good
prognostic tool for determining the redistribution of chemical species. In this
sense, the results showed that there was no loss of total sulfate mass, that the
sulfate values in all water categories depended on the calculated radar reflectivity
and that convective clouds provide a suitable environment for sulfate transport
from the boundary layer to the upper troposphere.

SUPPLEMENTARY MATERIAL

Calculation details for the parameters PS1-PS26 are available electronically from
http://www.shd.org.rs/JSCS/, or from the corresponding author on request.
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U3BOJ

XEMHJCKHU MOJYJI 3A TPOOUMEH3MOHHU MOJEJT OBJIAKA:
IMPEPACIIOIEJIA CYJI®ATA

JOPATAHA BYJOBWH u BJIAJAH BYYKOBH|R
Yuusepsutiewti y Beoipagy, @usuuxu Gaxyniteit, Uncmiuinyw 3a meitieoponoiujy, Jodpauuna 16, beoipag

IedvHNCaH je XeMUjCKU MOAYJ U YK/byUeH Y KOMIUIEKCHHM TPOAUMEH3UOHU MOJeN 0da-
ka ARPS na 0u ce ucnurana peguctpudyudja cyndara y odmaky. Y Mofen je ykbydeHa KOM-
wiekcHa oporpaduja Cpbuje. Y MOIys cy yKbydeHH CyMIIOP-TUOKCHT, CydaTHH jOH, aMOHU-
jyMOB jOH, BOOOHHMK-TIEPOKCH/, U 030H. PasmaTpaHO je LIecT KaTeropuja Boie: BOLEHA Iapa,
obnavHa Boja, KUILIA, 00JIaYHHU Jief, CHer U rpaj. CBaka XeMHjcKka BpPCTa Y CBaK0j KaTETOpHjU
BOJE je NpefcTaB/beHa JU(EpPEHLMjalHOM jefHaYMHOM KOHTHHyWTeTa mace. OBaj pap maje
IeTabaH OMMC XeMHjcKkor Mopyna. ITokasyje ce ma Mopen obnaka ca YK/byYEHUM XEMHjCKUM
MOJIyJIOM MOJKE Jla IPOTHO3Mpa Macy CyMIlopa JIeNOHOBAHOT BIQKHOM IENO3ULIUjOM, Kao U
mpepacrnoeny cyiadara y cBUM kaTeropdjama Boge. [71aBHe MUKPODHU3UUKe U XeMHjcKe Sp3u-
He KoHBep3uje cyndarta ocpenweHe Ha 2 h (wTo je neproa uHTerpauuje) cy oxkcupauuja S(IV)
y 00/1a4HOj M KULIHOj BOOH, UcIupame cyadaTa bpayHoBckoM gudysujoM y 00l1adyHuM Karl-
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CHEMISTRY MODULE 1285

JpULlaMa U 00JIauHOM Jielly ¥ HUchHpame cyiadara KuuoMm. U3padyHaTe BpenHOCTH cyndara y
CBUM KaTeropvjama Boze ¥ obnuk nmpoduia cyndara 3aBuce of pagapcke pedaeKCHBHOCTH.

(TTpumssero 10. oxTobpa, pesuarpano 16. nenemdpa 2011)
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PS1 — 1V) solution in cloud water. PSL is the source term for S(1V) in cloud water and
the sink term for SO, from air. It is calculated using the Henry Law (PS1) or using the mass
transport approach (PS1K). The total concentration of four-valence S(IV) species
predominantly exists in the form of [HSO3] for 2.0 < pH < 6.0, which is typical for cloud
droplets and raindrops. Thus, the concentration of [HSO37] is given by:

[HSO57 = KnsKasPso,/[H],

where Ky is the Henry coefficient, Ky is the first ionic dissociation coefficient, psp, is the
partial pressure of SO, in the air, and [H*] is the hydrogen ion concentration. The rate for SO,
leaving the atmosphere (or returning in its gaseous phase) is calculated as:

KusKis M so, dgc

PSL/ SUL1=—Hs
[Hc] : MHSO3 dt

(1)

where dg, / dt is the condensation rate during one model time step, and Mg, and Mygo, are
the molecular masses of SO, and HSOg, respectively.
The other way to calculate thisterm is according to Eq. (3) (see the native article):

PSIK (t +At) = Ao, + (PSIK (t) — Ago, ) exp(Bsp, At) (S2)

Aso, and Bgp, are calculated according to Eq. (4) (native article).

PS2 and PS2hp — (1V) oxidation by O5 and H,0, to SO,% in cloud water. The agueous-
phase conversion of dissolved SO, to sulfate is considered the most important chemical
transformation in cloud water. Although ozone reacts very slowly with SO, in the gas phase,
the aqueous-phase reaction:

(V) + O3 — S(VI) + O, (S3)
israpid. The parameterization of thistermis performed according to the rate expression:

_ d[Sé'tV)l = ky[SO,+H,0] + k[HSO3] + k,[SOZ 1[O4] (S4)

Correspondence: E-mail; dvujovic@ff.bg.ac.rs (*); vvladan@ff.bg.ac.rs (**)
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S174 VUJOVIC and VUCKOVIC

where ky = (2.4+1.1)x10* M1 s1, k; = (3.7+0.7)x10° M1 s1 and k, = (1.5+0.6)x10° M1 s
are oxidation rate coefficients. If the assumption that HSO5™ is the predominant form of S(1V)
is applied, then:

PS2 = ki (KysKisPso, )1]2%3, c (S5)

where pgo, is the partial pressure of SO, in the air. This reaction plays an important role as a
source of cloud water acidification.

Hydrogen peroxide, H50,, is one of the most effective oxidants of S(IV) in clouds. The
rate expression is:

dS(V)] _ KIH'][H,0,][HSO3]
dt 1+K[HT]
As H,0, is a very weak electrolyte, | H* [HSOE,'}: KnsKisPso, » and for pH > 2,
1+ K[H* =1, the rate expression can be parameierized by:
PS2hp = kiy,0, KnsKisPso, 0, ¢ (&7

PS3 — Nucleation scavenging of SO,2 aerosol by cloud condensation nuclei (CCN). The
term for nucleation scavenging of SO, aerosol by CCN simply shows the primary activation
of CCN based on numerical integration of the droplet growth equation. Taylor approximated
this process with:3

O] (S6)

(€0 Oz )00 /dlt, dge/dt >0
Pss:{ S0y 780 e ° (S9)

0, dg /dt<0

where, dq. is the condensation of cloud droplets during the current time step in the model
and £, - = 0.55 isthe fractional nucleation efficiency.

PS4cw and PS4ci — SO,2 scavenging by Brownian diffusion in cloud droplets and cloud
ice. Scavenging of SO,2 by Brownian diffusion was computed using the following equation
for continuous collection:

d0so o
—— 2 =0ep, o K(a.D)ny(D)D (59
where K(a,D) is the collection kernel for an aerosol with diameter a and a cloud droplet with
diameter D. Assuming a monodisperse cloud droplet spectrum, the term PS4cw can be ap-
proximated by:

PS4cw = 27D,N:D.0sp, a (5-10)
where Dy, = 1.56x10°8 m? s is the particle diffusivity,24 (Referencelist in native article) N, the cloud
droplet concentration, and D, is the mean cloud droplet diameter. The term PSAci is similar to
the term PS4cw:

PS4C| = 27Z'DpNi Di qSO4, a (S—ll)
where N; is the cloud ice concentration and D; is the mean cloud ice diameter.

PS5 — Nucleation scavenging of SO,% by ice nuclei (IN). The term for nucleation sca-
venging of SO,2 by IN is computed in an analogous way to the PS3:
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dg
PSS:gSOLZ{qSOAvad_tI (8'12)

dg; isthe cloud ice formation during the current time step in the model.

PS6 — Impact scavenging of SO, aerosol by rain. This term represents the scavenging
of sulfate particles by inertial impaction with raindrops. The impact scavenging of SO,2 by
rain is computed for continuous collection processes:

_9%0,a _

ot
where D, is the mean diameter of raindrops, V,(D,) is the terminal velocity of rain, e, = 0.04816
is the aerosol—rain collection efficiency and N(D,) is the size distribution of rain. Assuming a
Marshall-Palmer distribution!> (Reference list in native article) for the rain drops, n(D) = Ng, exp(—

2:Dy), where Ny, is the intercept parameter, Ng, = 8x10% m, J, is the ope parameter of the
rain size distribution, and assuming the raindrops terminal velocity:25 (Referencelist in native article)

. 2D ()00, a6N(D,)D, (519

vr<Dr)=aDF(%>”2 (S14)

where a = 842 m® s, b = 0.8, pg = 1.225 kg m3 (the surface air density), PS5 is then
calculated as:

7 T'(3.8
PS6= z%&fﬂwm (%)”2%4, a (S-15)

PS7 — SO,% impact scavenging by hail. When a hail particle falls through afield of dry
sulfate particles, some of the sulfate particles are removed by impaction with the hail. This

removal could be calculated, assuming continuous collection, as:
3z 2
P57=7€th(Dh)NhDhQSo4,a (S16)

Where g, = 0.048 is the collection efficiency for hail, 16 V,(Dy,) is the terminal velocity of the
hail, Ny, isthe hail concentration and Dy, is the mean hail diameter.

PS8 — S0, impact scavenging by snow. This term is computed in a similar way to the
terms PS6 and PS7:

T
PS8= ZESVS(DS) NstquO4, a (S17)

where g5 = 0.00816 (Reference list in native artidle) jg the collection efficiency for snow, V(Dy) is the
terminal velocity of snow, Ny is the snow concentration and Dy is the mean snow diameter.

PS9, PS9hp — (V) oxidation by O3 and H,0, to SO, in rainwater. These terms are
calculated similarly to PS2 and PS2hp:

PS9= k03 (KhsKas Pso, )112 Yo, r dt
PS9hp = ki, 0, KnsKisPso, G0, r dt

where dt isthe current time model step.

PS10 — Rain evaporation. This term determines the amount of SO, that is returned to the
atmosphere during the evaporation of rain. The relation could express the conversion from
HSO5 to SO, in the gas phase:

(5-18)
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2 ern (S-19)

where ern is the evaporation of rain. All microphysical processes used in the paper are
described in Table S-I.

TABLE S-. Microphysical reactions used in the chemistry module

Symbol Meaning

en Rain evaporation

dep Deposition or sublimation of cloud ice

praut Autoconversion of cloud water to form rain

pracw Accretion of cloud water by rain

psacw Accretion of cloud water by snow; product snow (Pggg,) if T < 273.16

or rain (Qeyy) if T>273.16

dgacw Accretion of cloud water by hail

psfw The Bergeron processes (deposition and riming) - cloud water transfer to snow

pidw Depositional growth of cloud ice at the expense of cloud water

pihom Homogeneous freezing of cloud water to form cloud ice

psacr Accretion of rain or snow; product hail if rain or snow exceed limit value;

on the contrary, product snow

dgacr Accretion of rain by hail

pofr Rain freezing to form hail

piacr Accretion of rain by cloud ice; product snow or hail in
dependence on the amount of rain

pgmit Hail melting to form rain

pgsub Hail sublimation

psmit Snow melting to formrain

pgaut Autoconversion (aggregation) of snow to form hail

pgacs Accretion of snow by hail

pracs Accretion of snow by rain

pssub Snow sublimation

psdep Depositional growth of snow

pgaci Accretion of cloud ice by hail

praci Accretion of cloud ice by rain; product snow or hail in
dependence of the amount of rain

pimit Cloud ice melting and formation of cloud water

psaut Autoconversion (aggregation) of cloud ice to form snow

psaci Accretion of cloud ice by snow

psfi Bergeron process — cloud ice transfer to snow

PS11 — SO, transfer from cloud water to rain. This term follows the microphysical
transition and transfer of SO,2 from cloud water to rain:

P&l:%(praut + pracw+ psacw) (S5-20)
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Autoconversion is the initial stage of the collision-coalescence process, whereby cloud
droplets collide and coalesce to form rain; accretion is the growth of a bigger hydrometeor by
collision with super-cooled cloud droplets that freeze wholly or partially upon contact.

PS12 — SO,2 transfer from cloud water to hail. This term represents the action of hail
collecting cloud water containing sulfate:

PS12 = 804 oacw (S-21)
Oc

PS13 — SO,% transfer from cloud water to snow. This term represents the action of snow

collecting cloud water that contains sulfate:

Ps13= 80

(psacw+ psfw) (S22

PS14 — S0,% transfer from cloud water to cloud ice. Due to the depositional growth of
cloud ice at the expense of cloud water and the freezing of cloud water to form cloud ice,
there is SO,2 transfer from cloud water to cloud ice:

PS14= 0u.c
Oc

(pidw+ pihom) (523)

PS15 — SO,2 transfer from cloud water to aerosol. When cloud water droplets that con-
tain SO, evaporate, some amount of SO,2 converts to dry sulfate particles. This process is
calculated as:

PSI15= g, CCLL:C (S-24)

PS16 — S0O,% transfer from rain to snow. When raindrops and cloud ice particles collide,
initiating snow formation, both the cloud ice sulfate and the rain sulfate must be transferred to
the snow sulfate field:

_ qSOf{,r

PS16 (piacr + psacr) (S-25)

r
PS17 — SO,# transfer from rain to hail. Similar to the previous term, PS17 follows the
microphysical transitions from rain to hail:

_ qSOﬁ‘, r

PS17 (dgacr + pgfr + piacr + psacr) (S-26)

r

PS18 — S0, transfer from hail to rain. When hail melts, the sulfate in hail becomes sul-
fatein rain at agiven proportion:

U2
PS18= 24" pomt (S-27)
Gh

PS19 — S0,% transfer from hail to aerosol. Owing to the sublimation of hail, the amount
of SO, that transfers from hail to aerosol is:
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Oz
PS19= 241 pogih (S-28)
Gh

PS20 — S0,% transfer from snow to rain. Similar to the PS18 term, and owing to snow
melt, the sulfate from snow transfersto rain as:

U2
PSZO:% psmit (S-29)

PS21 — SO, transfer from snow to hail. Due to the autoconversion of snow to hail the
accretion of snow by hail and the accretion of snow by rain, the sulfate transfer from snow to
hail given by:

Os02 s
PSlef(pgaut + pgacs+ pracs) (S-30)

PS22 — S0, transfer from snow to aerosol. This term follows microphysical transitions,
thus the transfer of sulfate from snow to aerosol fieldsis given by:

PSZZ:%(pssub+ psdep) (S-31)

PS23 — S042 transfer from cloud ice to hail. Cloud ice sulfate is transferred to hail sul-
fate when cloud ice and hail collide. This processis represented by:

502 i . .
PS23=——""(pgaci + praci) (532
G

PS24 — SO,2 transfer from cloud ice to cloud water. When cloud ice melts and forms
cloud water, cloud ice sulfate is transferred to cloud water sulfate:

Oz .
PS24 = % pimit (S-33)
i

PS25 — S0, transfer from cloud ice to snow. This term follows microphysical processes
that transfer cloud ice sulfate to cloud water sulfate:

U502 ;
PS25= ﬂ( psaut + psaci + psfi + praci) (S-34)
i
PS26 — SO,42 transfer from cloud ice to aerosol. This term describes the transfer of cloud
ice sulfate to aerosol sulfate during the evaporation of cloud ice:

doe 2
PSZG:%‘Z"'dep (S-35)
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Ultrasound-assisted extr action of matrix elements and
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oxyhydroxides from soil
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Abstract: Single agent extractions of major and trace metals from soil samples
were conducted by means of a rotary mixer and an ultrasonic bath with soni-
cation times of 10, 20, 30, 40 and 50 min. The sequential extraction was under-
taken according to the European Community Bureau of Reference. The ob-
tained soil extracts were analyzed by inductively coupled plasma-optical emis-
sion spectrometry and according to the results, the rotary mixer-assisted ex-
traction was more efficient in the case of alkaline earth elements. However, by
use of ultrasound, several times higher amounts of matrix elements (Fe, Al and
Mn) and heavy metals predominantly associated with Fe, Al and Mn oxyhyd-
roxides were extracted. The increase of the sonication time failed to improve
the extraction yields. The changes in the conductivity, pH, redox potential, par-
ticle size diameter and zeta potential of colloid particles with increasing soni-
cation time were measured. The extraction mechanism and expressed selecti-
vity of ultrasound is discussed and an explanation is suggested.

Keywords: soil analyss; extraction mechanism; sequentia extraction; soil phases.

INTRODUCTION

The measurements of mgjor elements in soil samples are required to expand
knowledge of the elemental composition of soil, while the assessment of the soil
trace metal content is of major importance nowadays, due to their toxic effects
and bio-accumulative nature. An excessive presence of metals in soils and sedi-
ments of industrial regions, particularly, and their potential leakage into surface
and groundwaters could pose environmental problems. Thus, the determination
of the metal amounts that are bound within soil solid phases and knowledge the

* Corresponding author. E-mail: |jignjatovic@ffh.bg.ac.rs
# Serbian Chemical Society member.
doi: 10.2298/J5C110929209S
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1288 STANISIC et al.

chemical mechanism of metal binding are important for predicting possible metal
transfer to the aguatic systems.

The total metal content in soil is partitioned between the solid phases, i.e.,
phyllosilicate minerals, carbonates, sulfides, Fe, Al and Mn oxyhydroxides and
organic matter.1 In addition, the different mechanisms of binding of metal ions to
the different phases (ion exchange, outer- and inner-sphere surface complexation
(adsorption), precipitation or co-precipitation) influence their mobility and bio-
availability to agreat extent.2 In order to determine the manner in which the total
metal content is subdivided between the soil phases, fractionation of the metal
content, either by ion exchange processes or by dissolution of selected soil phase,
is required. For this purpose, a sequentia extraction (SE) procedure was intro-
duced and widely accepted, and subsequently, numerous extraction schemes, i.e.,
according to Tessier, The European Community Bureau of Reference (BCR),
Gibbs, Ure, Campanella, etc.,3 in which different extraction agents and condi-
tions were suggested, were adopted. Many studies have been conducted in an at-
tempt to define the optimal extraction conditions and to harmonize operational
extraction procedure, since the results obtained by application of different extrac-
tion schemes are often non-comparable. In addition, SEs often give unreliable re-
sults because of the non-selectivity of the extraction agents simultaneously for
the selected phase and ions, precipitation of new mineral phases or redistribution
of ions between aready existing soil phases during extraction.# However, a ma-
jor disadvantage of the SEsis related to the fact that they are time and labor con-
suming, and according to the Tessier or BCR scheme require an overall operation
time of about 18 and 51 h, respectively. Thus, there exists considerable interest in
the development of ultrasound-assisted extractions (UAE) or microwave-assisted
extractions, which provide the same information as conventional SEs, but are
faster to realize.

Initially, ultrasonic energy was used for the dispersion of soil aggregates® or
the disintegration of sewage sludge,® since the ultrasonic cavitation phenomenon
together with the turbulent flow of aqueous suspension of soil and acoustic
streaming result in friction, stress and dispersion of soil aggregates. In addition,
ultrasonic energy has been widely used for accelerating the extraction of metal,’
aliphatic and polycyclic aromatic hydrocarbons8 and organochlorine pesticides®
from soil or other solid samples. Thereby, the ultrasonic energy was applied by
the use of an ultrasonic probe,10 an ultrasonic bath!! or cup-horn sonoreactors!?
with the conclusion that the probe provides shorter extraction time (up to 100
times), while the ultrasonic bath enables simultaneous replicate extractions. Pe-
rez-Cid et al.13 described an ultrasound-assisted BCR SE of Cu, Cr, Ni, Pb and
Zn ions from sewage sludge, whereby the duration was only 22 min, while reco-
veries were similar to those obtained by the conventional BCR extraction. A si-
milar study was conducted by Davidson and Delevoyel4 and as they reported, the
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recoveries were similar to those of conventiona shaking for all metals (Cu, Mn
performed a five-step ultrasound assisted SE of As, Cd, Cu, Pb and Zn ions from
soil sample, according to the Tessier scheme. With the exception of the As con-
centrations, which were too high, the results of the UAE procedure were highly
comparable with the results obtained by the conventional procedure. Arain et
al.16 showed that by the use of optimized sonication conditions, athree-step BCR
UAE could be successfully completed in 15-30 min, thus providing considerable
time saving, with a high treatment rate and low sample and reagent usage. The
acceleration of the first step of the BCR extraction for trace and matrix elements
was investigated by Rusndk et al.,1” whereby the experiment included soil,
sediment and gravitation dust samples. The results showed that the effect of
ultrasound was different for al the studied sample types and each element. Ac-
cording to Filgueiras et al.,18 the ultrasound-assisted versions of the BCR extrac-
tion scheme showed a better performance than the Tessier ones in terms of ob-
taining good agreement with the conventional SE, with the best results being
found for metal partitioning in sewage sludge. To summarize, according to some
studies, UAESs have proved to be successful for achieving quantitative recoveries
from various environmental matrices, such as soil, sewage sludge, marine and
lake sediments and reference materials.19 However, according to others, ultra-
sonic energy did not affect all the types of solid samples in precisely the same
way as conventional shaking. When it comes to soil sample, the difficulty of de-
veloping a rapid version of SEs is related to the different fractionation patterns
obtained by UAE in comparison to conventional ones, mainly for the matrix ele-
ments, such as Fe.4

The aim of this study was to investigate the influence of ultrasonic energy on
agueous suspensions of soil, through changes in different physico-chemical para-
meters, in order to determine whether ultrasound could be used for accelerating
the extraction of major and trace elemental from soil samples.

A sample of serpentinite soil type Ranker was used as the substrate in this
research. Rotary mixer-assisted extraction (RAE) and UAE were performed as
single extractions using deionized water as the only extracting agent. A SE was
performed in order to assess the amounts of heavy metals associated with diffe-
rent soil phases. For the determination of the cation concentrations in the soil ex-
tracts obtained by RAE, UAE and SE, inductively coupled plasma-optical emis-
sion spectrometry (ICP-OES) measurements were performed. For al the soil sus-
pension during the UAES, conductivity (x) measurements were continuously per-
formed. Additionally, the UAES were repeated in order to measure the suspension
parameters, i.e., the oxido-reduction potential (ORP), the particle size diameter
(PSD), the zeta potential of the colloidal particles (ZP) and the pH, during the
ultrasonic treatment.
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EXPERIMENTAL

The soil sample was taken from a site covered with natural vegetation, at the location
Bubanj Potok, near Belgrade, Serbia, which had been exposed to minimal influences of an-
thropogenic pollution. The geographical coordinates of the location are 44° 44' 4" North, 20°
32 36" East and the height is 157 m above sea level. The soil sample, weighing 1 kg in total,
was obtained by combining samples taken from the surface horizon, rich in humus, from 30
different sites, at a depth of 20 cm. The depth of the total soil profile at this location is 50 cm.
The sample was air dried for 72 h. Subsequently, the large fractions were removed, crushed in
a mortar and sieved through a 1 mm pore diameter sieve. The basic pedological analysis in-
cluded: the potentiometric determination of the pH in H,O and 1.0 mol L1 KCI, the humus
content after the Turin method, the adsorptive complex of the soil (H, T, S) after Kappen,
determination of the soil texture by the pipette method, determination of the hygroscopic
moisture by drying at 105 °C and determination of the mass loss during heating at 700 °C for
30 min.

The extraction suspensions were prepared in 50 mL volumetric flasks by mixing the soil
sample with deionized water in aratio 1:10, i.e., 2 9:20 mL. Two series of three extractions
each were performed using an Overhead Mixer Reax 20/8 (Carl Roth, Germany) rotary mixer
in which the suspension was processed for 22 h mixing at 10 rpm a room temperature (20 °C).
The second technique involved the use of an ultrasonic bath with the suspension positioned at
the same place in the bath and at the same initial water temperature, 17 °C. Two extractions
were made for each of the following extraction times: 10, 20, 30, 40 and 50 min. A Transsonic
T 760 DH (Elma, Germany) ultrasonic bath operated at an ultrasonic frequency of 40 kHz and
effective ultrasound power of 170 W was employed for these experiments. Deionized water
(18.2 MQ cm) produced by a Milli-Q Reagent Grade system (Phenomenex, USA) was used
for the extractions and preparation of al suspensions. The substances used for the analyses
were of high analytical purity. After the extraction processes were completed, each of the
extraction suspensions was first centrifuged, then filtered through medium pore size filter
paper and finally through 0.2 um pore size syringe membrane filter (Phenomenex, USA). The
thus obtained soil extract was acidified by addition of 1 pl of 70 % concentrated perchloric
acid (Merck, Germany) per 1 mL of extract and preserved at 4 °C in a laboratory refrigerator
for further analysis.

Furthermore, the soil sample was subjected to SE according the scheme suggested by the
Standards, Measurements and Testing Program of the European Commission (BCR, for-
merly).3 The last step of the extraction procedure using aqua regia, according to EPA 30508
digest extract method was added in order to determine the total metal contents. Additionaly,
in order to distinguish between the easily reducible fraction bound to Mn oxyhydroxides and
the moderately and poorly reducible one bound to amorphous and crystalline Fe and Al
oxyhydroxides, the procedure was modified by the inclusion of a third extraction step.2% Dry
soil samples (1 g) were weighed into 50 mL polystyrene flasks and after addition of the ex-
traction agents, the flasks were shaken on a rotary mixer at 15 rpm. The residue was washed
with 25 mL of deionized water, and centrifuged at 3000 rpm, prior to the next extraction step.
The extraction was performed in triplicate, according to the procedure summary (Tablel).

A Thermo Scientific iCAP-6500 DUO ICP (Thermo Fisher Scientific, UK) spectrometer,
with continuous wavelength coverage ranging from 166 to 847 nm, equipped with RACID86
charge injector device (CID) detector, pneumatic cross-flow type nebulizer and quartz torch,
was used for the ICP-OES measurements. The instrumental conditions were set at: input
power, 1150 W; auxiliary gas flow, 0.5 L minl; coolant gas flow, 12 L min'l and nebulizer
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flow, 0.7 L min'L. For ICP-OES calibration, multi-element plasma standard solution 4, Spec-
pure (Alfa Aesar, Germany, Cat. No. 42885) was used and two series of standard solutions
were prepared: for alkali and alkaline earth metal elements of concentration 0.01, 0.05, 1, 10
and 50 mg L-1 and for the transition elements of concentration 0.1, 1, 10, 100 and 500 ug L1,
The relative standard deviation was calculated automatically, RSD = (SD/u)x100, where SD is
standard deviation and | represents the mean value of three measurements. After accuracy
evaluation, the relative standard deviations of the | CP-OES measurements were determined to
be: Al, 1.06 %; Ca, 0.21 %, Cd, 8.69 %; Co, 6.91 %; Cr, 7.17 %,; Cu, 6.21 %,; Fe, 0.63 %; K,
2.68 %; Mg, 0.79 %; Mn, 4.86 %; Na, 0.82 %,; Ni, 8.42 %; Pb, 7.62 % and Zn, 8.67 %.

TABLE I. A summary of the SE operating conditions
Extraction Agitation  Extractant

Elements fraction Extraction reagent

time, h method  amount, mL
Water-exchangeable, 16 Shaking, 40 0.11 mol L1 acetic acid (HOAC)
weakly adsorbed room temp.
Easily reducible (Mn 16 Shaking, 40 0.1 mol L"1 NH,OH-HCI/HNO4
oxyhydroxide phase room temp. pH 2
bound)
Moderately reducible 10 Shaking, 40 0.2 mol L1 ammonium oxalate/
(Fe, Al oxyhydroxide room temp. 0.2 mol L1 oxalic acid
phase bound)

3 Occasional 2x10 30 % (8.8 mol L) H,O,/HNO;

Oxidizable aggaﬁign, PH 2
. 5 o
(organically bound) 16 Shaking, 40 1 mol L1 NH4OACc, pH 5
room temp.
Residual 0.5 Water bath, 10 Aquaregia, HNOy/HCI (1:3)
95 °C

With the exception of x; for the determination of each suspension parameter, additional
UAEs were performed in five replicates with an aqueous soil suspension. In order to adjust
ionic strength for the x measurement, the extraction solutions were prepared with an ionic
strength buffer (1 mol L1 KCI) instead of deionized water. The conductivity, ORP and pH
measurements were performed using a 3540 Conductivity/pH meter (Jenway, UK). The PSD
and ZP measurements were performed by dynamic light scattering spectroscopy using a Zeta-
sizer Nano Red ZS, with a 633 nm He-Ne laser (Mavern, UK). The instrumenta conditions
were set at: run duration, 10 s; temperature, 25 °C; refractive index of material, 1.600 and ab-
sorption index, 0.01. The measurements were conducted during the extraction process every
10 min for the colloid PSD and ZP, every 5 min for ORP and pH, while the value of x was
measured continuously. For the duration of the pH and ORP measurements, the ultrasonic bath
was turned off.

RESULTSAND DISCUSSION

The measured pH value in 1 mol L-1 KCI was 6.0 and in deionized water,
the pH value was (5 g soil:10 mL water) 6.9. The results of the other pedological
analyses are given in Table 1.
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TABLE Il. The results of the basic pedological anaysis

Soil parameter No. 1 No. 2 No. 3 Mean value
Humus, % 5.15 523 512 5.16
Total C, % 2.99 3.03 297 2.99
The sum of base cations, mEq 100 g1 34.6 335 39.6 35.9
Large sand particles, % 4.87 6.22 6.83 5.97
Small sand particles, % 30.10 30.8 31.58 30.85
Colloid clay, % 45.75 43.61 40.99 43.45
Silt, % 19.28 19.28 20.60 19.72
Hygroscopic moisture, % 31 31 31 31
Heating loss, % 14.2 14.6 144 14.4

According to the results, the investigated soil sample contained low levels of
some elements; thus, the extracted amounts of Li were in range from 0.003 to
0.024 mg 100 g1 soil, the extracted amounts of Cd were in the range of 0.386 to
0.963 pg 100 g1 soil and for Co the values ranged from 0.101 to 0.969 ug 100
g1 soil. Since the amounts of these elements extracted by both extraction tech-
niques were too small for conclusions to be drawn, these elements were not taken
into further consideration.

A comparison of the amounts of the elements extracted by UAE and RAE is
shown in Fig. 1, from which it can be seen that significantly higher amounts of
the matrix elements (Fe, Al and Mn) were extracted in the UAE than in the RAE.
Compared to the amounts extracted using the rotary mixer, the average amounts
of Fe and Al ions extracted during the UAE were 7.5 and 8.2 times higher, res-
pectively. However, in the case of the alkaline earth elements (Ca and Mg), higher
amounts were extracted in the RAE than in the UAE. Considering the concentra-
tions of Mg ion, the high amounts extracted using both techniques could be ex-
plained by the properties of the soil itself, since Ranker over serpentinite type of
soil has aratio Ca:Mg<1, unlike other soil types.21 The lower amounts of the al-
kaline earth elements were obtained using UAE compared to those extracted by
RAE could be explained either by the significantly longer agitation time of the
RAE (22 h) and subsequent dissolution, or by the re-adsorption of extracted cat-
ions onto the sorption sites newly exposed by the influence of ultrasound.

The amounts of all elements extracted in the UAE as a function of sonication
time are shown in Fig. 2, from which it can be seen that the extracted amounts of
al elements changed, which was most noticeable in the case of the matrix ele-
ments (Fe, Al and Mn) and some trace elements (Cr, Cu and Zn).

During the UAE, the pH also changed in the range of 5.60 to 8.12 (Fig. 3).
As it can be seen in Fig. 3, the largest increase in pH to 8.12 was registered after
20 min of sonication, at the same time a decrease of the acid (Al and Fe) and the
increase of the base cation (Mg and Ca) concentrations were observed in the ex-
tract. At an extraction time of 40 min, the extracted amounts of both base and
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EXTRACTION OF METAL OXYHYDROXIDES ASSOCIATED FRACTION 1293

acid cations were the largest observed, but the pH fell simultaneously to 7.58, in-
dicating that the total content of acid cations (Al, Fe and Mn) exceeded the total
content of base cations (Ca and Mg). With further increase in the sonication time,
the extracted amounts of Fe, Al and Mn decreased and a subsequent increase in
the pH of the soil suspension was observed. It is assumed that the changes in the
pH value were caused by adsorption and desorption processes, but were not the
cause of these processes. Large amounts of various cations were released into the
solution, influencing the pH change. This pH change can influence the adsorption
and desorption processes to some extent, but these processes are mainly related
to competitive cation interactions for the sorbing phase and the exchange of sor-
bed cations with those from solution is influenced by ultrasound.
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Fig. 1. Comparison of the average amounts extracted using a rotary mixer and ultrasound.
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The results of the SE procedure, obtained for Cd, Co, Cr, Cu, Ni, Pb, Zn, Fe,
Al and Mn, are shown in Table I11. Considering that deionized water was used as
the extraction agent in the UAE and RAE processes, the extracted amounts are
significantly lower compared to the amounts extracted by means of the chemical
agents proposed in the SE procedure. Thus, the results present the percentage of
the total content of elements contained in the water-exchangeable, easily and
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moderately reducible, oxidizable and residual fraction. Although not the most
abundant in the soil, the oxyhydroxides of Fe, Al and Mn have a large surface
area, which makes them important reactive phases with respect to metal sorption.
Concerning the other fractions, the largest amounts of Cr and Cu ions were con-
tained within the moderately reducible fraction and hence associated with the
amorphous and crystalline Fe, Al oxyhydroxides.
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Fig. 2. The effectiveness of the UAE for the extraction of Na, K, Ca, Mg, Pb, Mn,
Cr, Zn, Cu and Ni ions as a function of sonication time.
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Fig. 3. The effectiveness of the UAE for the extraction of Fe and Al ions (left)
and changes in pH value (right) as a function of sonication time.
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Furthermore, the largest amounts of Cd, Co, Ni, Pb and Zn ions were con-
tained within the easily reducible fraction of elements, which are associated with
Mn oxyhydroxides. The manner in which metals are retained in the soil refers to
the type of surface sorption complex, which is influenced by surface loading, as
well as by pH, ionic strength and type of sorbing phase. Hence, outer-sphere
complexation is arapid and reversible process that involves electrostatic interac-
tions and occurs on surfaces of opposite charge. On the contrary, inner-sphere
complexation can increase or reduce the surface sorptive charge regardless of the
original charge.22 Since sorption includes adsorption, precipitation and polymeri-
zation, the sorption mechanisms can be determined only through molecular in-
vestigations by use of spectroscopic techniques.

TABLE Il1. The results obtained by the SE procedure. Participations of different metal frac-
tions in total metal content, %. Bold values present the largest non-residual fraction for each
element

Fraction Cd Co Cr Cu Ni Pb Zn Fe Al Mn
Water-exchangeable - 005 - - 14000 - - - 14
Easily reducible (Mn oxyhydroxides) 90.3 499 09 1.2 17.1 189 154 12 16 735
Moderately reducible (Fe and Al 97 147 178 227 71 13 65 132 6.2 103
oxyhydroxides)

Oxidizable - 39 163005158 59 51 01 03 16
Residual — 315 65.0 76.0 58.6 73.9 72.9 85.5 92.0 13.2

The changes in extracted amounts of some trace elements (Cr, Cu and Zn) as
afunction of sonication time are dependant on the cation sorption mechanism, as
well as on the type of mineral or organic matter with which they are associated.
According to Charlet and Manceau,23 Cr (I11) can be found on goethite (iron oxy-
hydroxide) surfaces, either adsorbed as an inner-sphere complex or in the form of
Cr hydroxide surface precipitates. The results of the SE showed that 17.8 % of
the total Cr content (50.8 % of the non-residual content) was associated with Fe
and Al oxyhydroxides. In keeping with this, as shown in Figs. 2 and 3, the in-
creases in the extracted amounts of Fe and Cr with the extraction time follow the
same change pattern. The same pattern of change was observed in the case of Mn
and Zn. Scheinost et al.24 demonstrated that Zn(l1) can form both inner-sphere
surface complexes and a Zn hydrotalcite-hydroxide phase upon sorption to Al-
bearing minerals, inner-sphere surface complexes on goethite and both inner-
sphere and multinuclear hydroxo-complexes on manganite surfaces. In the stu-
died soil sample, Zn had predominantly formed complexes on manganite sur-
faces since, according to the SE results, 70.3 % of the non-residual content of Zn
was associated with Mn oxyhydroxides within the easily reducible fraction. Ac-
cording to Weesner and Bleam,2> Cu(l1) can form outer- and inner-sphere surface
complexes upon sorption to boehmite (Al oxyhydroxide). This observation was
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confirmed by the results of the SE, which showed that 94.8 % of non-residual
content of Cu was found within the moderately reducible fraction. However, the
variations in the changes of pattern of the extracted amounts of Cu and Al were
not the same, which implies that certain portions of the metal released by ultra-
sonic treatment were re-adsorbed onto the other remaining soil phases.

An explanation could be suggested for the high amounts of extracted matrix
elements (Fe, Al and Mn), as well asto the variations of the amounts of extracted
cations with increasing sonication time. First, the influence of the ultrasound on
the agueous soil solution could be attributed to the cavitation effect. The cavi-
tation is caused by interaction of the ultrasound with soil solution, by implosion
of cavitation bubbles, subsequent increases in the local pressure and the for-
mation of elastic shock waves. This leads to the production of localized high tem-
peratures in the solution and thus creates extreme conditions for chemical reac-
tions to occur. At the beginning of the ultrasonic extraction, the temperature of
the water was 17 °C and the increase in temperature was 11 degrees, which makes
28 °C at the end of the extraction process. This rise in the temperature influences
on the amounts extracted, however it is hard to measure to what extent. The ma-
Ximum temperature Tmax and maximum pressure Pryax in the cavitation bubble
before collapse is defined as:

Tmax = Tin [Pa (y — D)/Pin] 1)
Pmax = Pin [Pa (y — 1)/Pin)/0 =D 2

where Tj, and Pj,, are the initial temperature and pressure in the bubbles, res-
pectively, P4 isthe acoustic pressure at the beginning of collapse and y isthe ave-
rage specific heat ratio at constant volume of the gas in the bubble.26 Further-
more, the temperature and pressure rise inside cavitation bubbles leads to the
formation of free radicals. Related to this, the application of ultrasound for de-
composition of different organic contaminants in water has been widdy re-
searched. In these reactions, the production of highly reactive oxygen species by
sonolysis of water molecules, i.e., hydroxyl-, peroxy- and superoxide- radicals, is
considered to play an important role. Their generation is supposed to occur on the
inside/interface of the adiabatic cavitation bubbles that are formed in agueous
suspensions during sonication.2’ In the present case, the effectiveness of the
sonochemica decomposition of water was also highly dependent on the presence
of soil particles, which could facilitate the cavity formation process and thereby
intensify the generation of radical species. According to Tuziuti et al.,28 the pre-
sence of soil particles can aso influence the scattering of the ultrasound waves
followed by subsequent attenuation of the cavitation effect and decrease in for-
mation of reactive species. Once generated, highly reactive species influence
changesin the redox status in the soil suspension. The changes in the redox status
have a large influence on the mobility of certain metal species, such as Fe, Mn
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and Cr. Under reductive conditions, oxyhydroxides of Fe and Mn are subjected to
reductive dissolution and hence metal species, associated with these phases can
have changes in solubility. Related to this, the conducted measurements showed
that the ORP of the extraction suspension increased within 5 min after stopping
sonication from 30 to 130 mV vs. Ag/AgCI, 3 mol L1 KCI reference electrode,
probably due to the generation of multiple redox couples.

In addition to this, ultrasound has an influence on desorption processes and
the ability of ultrasonic energy to intensify desorption processes and to release
metals from soil, activated carbon or other materials with high sorption capacity
is well documented. Hwang et al.2% showed that the efficiency of leaching solu-
tions (both citrate and EDTA) for heavy metal removal from soil was increased
with sonication compared to those of soil washing. Hamdaoui et al.30 explored
the effects of ultrasound on the desorption of metal ions from activated carbon,
and the results of the conducted study indicated that the desorption rates of
Cu(l1), Mn(11), Hg(l1) and Cr(V1) were significantly improved by ultrasonic irra-
diation.

Beside desorption, re-adsorption processes are aso intensified under the in-
fluence of ultrasound. The re-adsorption process and subsequent decrease of the
extracted amount after 40 min of sonication occurred in the cases of al other
mentioned elements, also of Fe, Al, Mn, Cr and Zn. The rate of adsorption and
re-adsorption in soils is dependent on the type and quantity of inorganic and
organic components and the charge and radius of the ion being considered.3! Sur-
face reactive sites of the soil phases comprise permanent and variable charge
sites, depending on their origin. For example, various functional groups, such as
phenoalic, carboxyl and alcoholic, are found on organic molecules. The maor in-
organic surface functional groups are the siloxane, associated with the silica tet-
rahedral layer of phyllosilicates and hydroxyl groups, such as silanol and alu-
minol, originating from broken mineral lattice of clay minerals or associated with
the edges of metal oxyhydroxides. However, besides the mentioned reactive
groups, ultrasonic energy can cause fragmentation of the soil particle and disper-
sion of soil aggregate, thus increasing the surface area available for reaction with
the extraction agent. Sonication produces a significant increase of the specific
surface area due to particle size reduction; hence, the number of sites available
for adsorption is increased. Factors affecting soil aggregate dispersion during ul-
trasound application are the soil-water ratio, the total applied energy and the
power output per volume of the extracting suspension. This was explained by en-
hanced surface diffusivity, which is related to the phenomena induced by acoustic
cavitation, such as acoustic vortex micro-streaming, high-speed microjets, high-
pressure shock waves and intense localized heating. In the agueous soil suspen-
sion, ultrasonic treatment modifies the particle size, morphology and structura
order of clay minerals. The elongated crystals are broken up into smaller units
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that retain the typical lamellar morphology of the starting crystals.32 The results
of PSD analysis of the sonicated suspensions are given in Table IV, from which it
could be seen that the mean particle size decreased with increasing sonication time.

Thereby, the ZP of colloid particles ranged from —49.54 to —11.08 mV with
the largest change being observed between 40 and 50 min of sonication. ZP va-
lues more negative than —30 mV are considered to represent sufficient mutual
repulsion to ensure the stability of a suspension.33 It could be assumed that due to
Fe, Al and Mn sorption processes in the last 10 min of sonication, the surface
charge of colloidal particles decreased, and simultaneously the PSD showed a
dight increase. As the results showed (Table 1V), the suspension x increased
during sonication, partly due to the heating of the suspension and partly due to an
increase in the number of total charged particles in the suspension.

TABLE V. Changes in the colloid PSD, ZP and conductivity of extraction suspension as a
function of sonication time

Extraction Detected particle Fraction par- Averagepar- Zetapotential Conductivity

timemin  sizefraction, nm ticipation, % ticlesize, nm mV uScml
10 4843 14.2 1258 —25.42 18
1127 39.8
265 46.0
20 4853 12.7 1090 -35.82 20
860 47.8
158 39.5
30 4886 10.2 1074 —28.04 23
690 81.4
163 8.4
40 4294 9.3 966 —49.54 28
653 85.7
141 5.0
50 4731 7.7 970 -11.08 38
691 86.3
156 6.0
CONCLUSIONS

As indicated above, the influence of ultrasonic energy on the soil sample
preparation was found to be significant. However, not only due to a possible de-
crease in the extraction time, but mainly due to the expressed selectivity for the
matrix elements (Fe, Al and Mn) and heavy metal portions associated with Fe, Al
and Mn oxyhydroxides. As shown, the interaction of ultrasonic energy with the
aqueous soil suspensions, alternately, influenced the processes of cation adsorp-
tion and desorption, thereby leading to a change in the extracted amounts of cat-
ions as function of sonication time. In addition to the aforementioned, the inter-
action of ultrasonic energy with the soil suspension created extreme conditions
for chemical reactions to occur, some of them resulting in the generation of
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highly reactive species. Therefore, it could be concluded that ultrasound cannot
simply replace conventional treatments, such as conductive heating, in each ex-
traction step of the sequential procedure. The introduction of ultrasound requires
further investigation, first, to determine whether it has the same effect on diffe-
rent soil samples. Further investigations are required in order to explore whether
ultrasound can be used to assess the heavy meta fraction associated with the
easily reducible Mn oxyhydroxides and moderately reducible Fe and Al oxyhyd-
roxides. For this purpose, ultrasound could be combined with deionized water
only in particular SE steps for the efficient enhancement of the SEs, since com-
pared to salt and acid solutions, deionized water is a preferable extractant, lead-
ing to avoidance of sample contamination.

Acknowledgments. The authors acknowledge the financial support of the Ministry of
Education, Science and Technological Development of the Republic of Serbia (Grant 172030/
/2011) for funding this research.

n3BOJ

EKCTPAKIHJA I'NTABHUX EJIEMEHATA U ®PAKIUJE TEIIKHUX METAJIA
BE3AHUX Y CKJIOITY Fe, Al U Mn OKCUJHUX ®A3A 3EMJbUILITA
I[TOTTIOMOTHYTA YJITPA3BBYKOM

CBET/JIAHA M. CTAHUIIWR', JbYBHIIA M. UTEATOBUR', UBAH AHBEJTKOBHR?,
MWIHLIA II. CTEBUR' u AIEKCAHIIPA M. TACHR'
1@(11{}/]11176117 3a pusuuxy xemujy, Ynueepsuitiewi y beoipagy, Ciiygentticku Tpi 12—16, beoipag u
Xemujcku Gakynied, Ynusepsuiueini y Beoipagy, Ciuygenincku Tpi 12—16, Beoipag
Bpiuena je excrpaxuuja IJJaBHMX KaTjoHa M KaTjOHA €JIEMEHaTa y TparoBuma M3 y3opka
3eMJ/bMILITAa NOMOhY HejoHM30BaHE BOAE yNOTpedoM poTaluoHe MyhKanulle W yJITpasBy4yHe
Kaje ca excTpakuuoHum BpemeHom og 10, 20, 30, 40 u 50 min. Y3opak 3ems/pHLITa je MOA-
BPTHYT CEKBEHIMOHAIHOj excTpakuuju npema BCR npouenypu. Cappxaj oOHjeHUX eKCTpaK-
Ta 3eMJbUILNTA je ogpeheH oNTHUKke EMHUCHOHE CIIEKTPOMETpHje ca MHAYKTHBHO CIPErHyTOM
IJ1Ia3MOM, U IIpeMa pesyjiTaTUMa eKCTpaklHja U3BeleHa NMoMmohy porauvoHe myhxanune ce
noxasana eUKacHOM y CIy4dajy 3eMHOAJIKalHUX eleMeHarta. YIoTpeboMm yiTpa3Byka excTpa-
XOBaHe Cy HEKOJHKO myTa Behe xonuuuHe maTpukc enemenara (Fe, Al ¥ Mn) u Temwkux me-
TaJla KOjY Ce Y 3eMJBHLITY TPeTeKHO Hasase y ckiony Fe, Al u Mn okcunse dase. [Tponyxemne
€KCTPaKIJMOHOT BpeMeHa HHje pe3ynTupasno nosehamem excrpaxoBaHe KOTHYHUHE. TOKOM yii-
Tpa3ByuYHe eKCcTpaKllMje BpllieHa Cy Mepera poBO/bUBOCTH, PH, OKCHIOpeyKIIMOHOT TOTEH-
UMjaja CyCHeH3Wje 3eMJbUINTA, BEJMYMHE M 3eTa IOTeHUHjada KOJIOMJHUX YecTula.
[TpennoxeHo je objalimene MexaHU3Ma eKCTpaKkldje U yTHlaja YATpa3Byka Ha eKCTpakuujy
[7IaBHUX €/IeMeHaTa ¥ TEelIKUX MeTasla U3 OKCUTHUX (dasa 3eMJBHLITA.

(ITpumsbeHo 29. centemdpa, peBuarpaHo 17. HoBemdpa 2011)
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Epiphytic lichen Flavoparmelia caperata as a sentinel
for trace metal pollution
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Abstract: The widely spread lichen specie Flavoparmelia caperata was used in
a biomonitoring study for atmospheric trace metal pollution in natural eco-
systems in south-eastern Serbia. The concentration and distribution pattern of
21 metals in lichens were determined by inductively coupled plasma atomic
emission spectrometry. The difference observed between metal deposition in
the peripheral and central parts of lichen thalli reflected air quality changes in
the last and previous years. These findings were confirmed with principal com-
ponent analysis. The study demonstrated the accumulation of Ba, K, Mg, Na,
Tl and Zn in the periphera parts of thalli, while As, B, Cd, Cr, Cu, Fe, Ga, In,
Li, Ni, Pb and Se were concentrated in the central parts of thalli.

Keywords. lichen; Flavoparmelia caperata; trace metals; sentinel; biomoni-
toring.

INTRODUCTION

Biological monitoring is an effective way of detecting early changes of the
environment.l Species capable of accumulating pollutants are considered as
sentinels. Accumulation of trace metals causes chronic changes to ecosystems
and permanent damage to the health of biota and thus must be carefully moni-
tored. Urban, industrial and traffic heavy metal pollution has had a serious impact
on distance natural oasis, such as National Parks and Special Nature Reserves.

Lichens represent unique life forms — symbioses between fungi (mycobionts)
and algae and/or cyanobacteria (photobionts). The lack of a waxy cuticle and

* Corresponding author. E-mail: tatjanamitrovic@hotmail.com
# Serbian Chemical Society member.
doi: 10.2298/JSC111124031M
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long life span result in the absorption of pollutants across the entire thalli surface.
Epyphitic lichens as rootless plants show no substantial metal uptake from sub-
strates and thus their metal content is obtained from aeria supplies only (i.e.. wet
and dry atmospheric deposition).2 Metal accumulation in lichensisin correlation
with their environmental levels3-5 and spatial- and/or temporal-deposition pat-
terns were demonstrated.® Additionaly, intra- and inter-specific variability in
metal accumulation in lichens and a relationship between the metal content and
the age of the thalli was observed.’.8

In this study, the potential of a widely distributed lichen species, Flavopar-
melia caperata (L.) Hale, as a bioindicator and bioaccumulator of trace metal
pollutants was investigated. The study was performed at 3 different natural eco-
systems: north-western (near the village Cerje), south-eastern (near the village
Vlase) and north-eastern (Jelasni¢cka Gorge) from the biggest urban and industria
centre of south-eastern Serbia Ni$ (approximately 350.000 inhabitants). The im-
portance of the last location, Jelasni¢ka Gorge, which has the status of a Special
Nature Reserve, should be emphasized. This study is the first attempt to evaluate
the anthropogenic impact on this protected area. Lichen samples were analyzed
for their trace metal contents. The composition data were submitted to principal
component analysis and interpreted.

EXPERIMENTAL
Sampling and sample preparation

The study was performed in natural ecosystems of south-eastern Serbia. The collection
sites were: Jeladnicka Gorge (330 m atitude), Vlase (350 m altitude) and Cerje (600 m alti-
tude) in the vicinity of aroad (2, 500 and 2000 m, respectively, Fig. 1).

The nearest urban and industrial area is the city of NiS (approximately 350000 inha-
bitants). The climate is a moderate continental with a mean annua rainfal of 543.3 mm, a
mean annual temperature of 11.5 °C, and a mean annua relative humidity of approximately
69 %. The prevailing winds are north-westerly in winter and north-easterly and easterly in
summer. Thewind roseis shownin Fig. 1.

Foliose lichen Flavoparmelia caperata (L.) Hale (syn. Parmelia caperata (L.) Ach,;
common name: greenshield lichen) was collected in April 2009. Determination of lichen was
performed using several standard method.%1! The lichen material was sorted into two samp-
les: peripheral and central, corresponding to peripheral and central parts of the thalli. The peri-
pheral samples contained the outermost 3—4 mm of the thalli, distinguishable by a paler co-
lour, absence of rhizinae and easy separation from the bark. These parts of the thali are the
most active physiologically and have a known age of approximately 1 year.> The central
samples included the inner, older parts of thalli. The samples were air-dried, homogenized and
further analyzed.

Analysis of trace metals

Lichen samples (0.5 g) were digested with a mixture of 7 mL of concentrated HNO3 and
1 mL of 30 % H,0, in an Advanced Microwave Digestion System (Ethos 1, Milestone, Italy)
under the following programme: heated up to 200 °C in 10 min and held for 10 min at that
temperature. The digested samples were transferred into a volumetric flask (25 mL).

Available online at www.shd.org.rs/JSCS/

2012 Copyright (CC) SCS

@0

56

PG MO




F. caperata IN BIOMONITORING STUDY 1303

iy
L i §

Eyelalt 21745 mi O

Fig. 1. Study area (Jelasnica Gorge, Vlase and Cerje with respect to the city of NiS) with the
wind rose for the area of Ni$ (data from the Republic Hydrometeorological Service of Serbia).

The contents of the metals in the samples were determined using an inductively coupled
atomic emission spectrometer model 6500 Duo (Thermo Scientific, United Kingdom) equip-
ped with a CID86 chip detector. The system was equipped with an integrated unit for hydride
generation. This instrument operates sequentially with both radial and axia torch configure-
tions. The entire system was controlled with Iteva software. The instrument operating con-
ditions for the determination of the heavy metals in the lichen samples and selected emission
lines are shown in Tables | and 11, respectively.

To identify the relationship among the metals in samples and their possible sources,
Pearson’s correlation coefficient analysis and principal component analysis (PCA) were per-
formed using PLS Toolbox, version 5.2.2 (Eigenvector Research), for MATLAB version
7.4.0.287 (R2007a) (MathWorks, Natick, MA, USA). The principal component analysis was
performed using Varimax Normalized rotation.

RESULTS AND DISCUSSION

The bioaccumulation capacity for trace metals of lichen species F. caperata
was determined by inductively coupled atomic emission spectrometry, Pearson’s

Available online at www.shd.org.rs/JSCS/

2012 Copyright (CC) SCS

@080

EW MG MO



1304 MITROVIC et al.

correlation coefficient analysis and principal component analysis. The analyses
of 21 metalsin the three different ecosystems are givenin Table lll.

TABLE I. Instrument operating conditions for the determination of the concentration of heavy
metals in the lichen samples

Spectrometer ICAP 6500 (Thermo Scientific)
Nebulizer Concentric

Spray chamber Cyclonic

Radio frequency power, W 1150

Principal argon flow rate, L min1 12

Aucxiliary argon flow rate, L minl 0.5

Nebulizer flow rate, L mint 05

Sample flow rate, mL min1 1.0

Detector CID86

TABLE Il. Selected emission lines

Element Alnm
Ag 328.0
As 193.7
B 249.6
Ba 455.4
Cd 228.8
Co 228.6
Cr 2835
Cu 324.7
Fe 259.9
Ga 294.3
In 230.6
K 766.4
Li 670.7
Mg 280.2
Mn 257.8
Na 588.9
Ni 231.6
Pb 220.3
Sr 215.0
Tl 276.7
Zn 213.8
Hg 253.6
Se 196.0

Two types of lichen samples were used in this study: central and peripheral.
The central samples represented the inner, older parts of the thalli that had been
exposed longer to pollutants. The peripheral samples consisted of the outermost
3-4 mm of the thalli, with a maximum age of 1 year.12.13 Thus, the peripheral
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samples reflected recent changes of the environment. The obtained data indicated
differencesin metal content of the central and peripheral samples of lichens.

TABLE I11. Concentration of metalsin central and peripheral parts of the thalli of F. caperata
(ug gt dry weight)

Location
Jelasnicka Gorge Cearje Vlase
Element - - -
Centre Periphery Centre Periphery Centre Periphery

(samplel) (sample2) (sample3) (sampled) (sample5) (sample6)
As 0.0037 0.0038 0.0036 0.0033 0.0031 0.0027
B 19.4303 9.5051 6.1341 6.9682 5.8576 6.7637
Ba 27.2333 21.5575 9.5615 24.5084 13.8145 15.2969
Cd 0.2558 0.1942 0.1681 0.1864 0.1310 0.1546
Co 0.1512 0.0822 1.089%4 2.1865 0.0970 0.0856
Cr 1.9119 1.4572 3.7140 1.4670 1.7550 1.4879
Cu 8.3806 5.9573 15.3721 5.7307 6.1412 6.5179
Fe 476.6209 3745863 6452168  397.9597 493.2096  399.2086
Ga 0.1069 0.0000 0.0413 0.0000 0.0346 0.0177
In 0.0000 0.0000 0.0802 0.0341 0.0810 0.0000
K 2608.8040 2852.2720 2300.1670 2706.2540 2506.7160 3156.7050
Li 0.6932 0.5035 0.7566 0.4607 0.5617 0.4582
Mg 251.8673  315.6654 2741127  313.7536 287.8818  373.2304
Mn 14.1271 13.5242 13.6761 12.4049 13.9091 15.6287
Na 71.1085 98.1346 89.5684 103.6953 78.8976 110.4994
Ni 1.2703 1.0977 1.5682 1.1916 1.4227 1.3011
Pb 22.3011 10.0742 12.0318 7.3955 9.8771 7.4223
Se 0.0043 0.0045 0.0042 0.0039 0.0036 0.0031
Sr 31.4610 23.8918 16.8445 11.3996 40.6104 32.6951
Tl 0.0000 0.6093 0.0000 0.9164 0.0000 15415
Zn 17.6053 17.0019 18.0832 19.5534 20.7641 24,2578

Furthermore, the trace metal content data were submitted to Pearson’s corre-
lation coefficients analysis (Table V).

The correlation matrix was created from the values of the variables for all 21
metalsin 6 samples. The Pair-Wise method was employed for the missing values.
The results showed that these metals were strongly interrelated (p < 0.01), with
correction coefficients ranging from —0.790 to 0.990 at the 99 % confidence le-
vel. B, Cd, Ga and Pb evidently displayed significant positive correlations with
each other (Table IV), which indicated their association in the analyzed samples.
Other metals, such as Cr, Cu, Fe, Li and Ni, also showed significant correlations.
The exceptions were the element pairs As—Zn and Se-Zn, with significant nega-
tive correlations and As, Mn and Zn without any observed correlations.

In order to better describe the relationship among the metal s and/or samples,
principal component analysis (PCA) was performed. The analytical data were
represented in a multidimensional space with variables defining the axes, and
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F. caperata IN BIOMONITORING STUDY 1307

projected into afew principal components (PCs) that were linear combinations of
the original variables and described the maximum variation within the data 14
The obtained results clearly showed that Co, Mn and Sr had no impact. This was
in accordance with the results of the determinations of the metals (Table I11) as
small differences in their values in different samples were found. Therefore, the
PC analysis was realised without these metals, which resulted in a three-compo-
nent model explaining 91.78 % of the data variation. The first PC comprised
49.75 % of the total data variability, and the cumulative variance explained by
the first two components was 81.09 %. The addition of more PCs did not sig-
nificantly change the classification of the analates described below. The score va-
lues for the samples, i.e., their mutual projections, for the first two PCs are shown
inFig. 2.
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Scores on PC 1 (49.75%)
Fig. 2. Score values of the first and the second PC for the samples.

Additionally, the score values for the samples and metals for the first two
PCsare shownin Fig. 3.

The first PC distinguished two separate groups of samples according to me-
tals content and the age of the sampled lichen thalli. The first group was formed
from samples 2, 4 and 6, obtained from the peripheral (younger) thalli parts, with
a characteristic accumulation of Ba, K, Mg, Na, Tl and Zn. The second group
contained samples 1, 3 and 5, and belonged to the central (older) thalli parts with
higher concentrations of As, B, Cd, Cr, Cu, Fe, Ga, In, Li, Ni, Pb and Se. These
findings revealed differencesin the air quality in the last and previous years.

Compared to the location of sampling, it is obvious that the Special Nature
Reserve, Jelasnicka Gorge, from which sample 1 and 2 originated, is becoming
polluted. The deposition of As, B, Ba, Cd, Ga, Pb and Se in sample 1 reflected
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Fig. 3. Biplot of the first and the second PC for the samples and metals.

the vicinity of the road (2 m) and the towns NiS and Niska Spa at 15 and 3 km,
respectively. The values of Pb in this sample were higher than the values reported
for F. caperata near amotorway in Turkey in the study of Mendil et al. (2009).1°
The high concentration of Ba, K and Tl in sample 2 could be considered as being
due to a probable contribution of particles from roadway dust to the soil material,
as previously suggested in some studies. The other two locations, Cerje and
Vlase, with samples 36, showed presence of trace metals of crustal and anthro-
pogenic origin. An accumulation of Cr, Cu, Fe, In, Li and Ni was noticed in
samples 3 and 5. Higher concentrations of Ba, K and Tl were determined in sam-
ple 4, as in sample 2. Finally, increased concentrations of Mg, Na and Zn were
observed in sample 6. The deposition of trace metals of crustal origin, such as Cr,
Cu, Fe, In, K, Li, Mg and Na, implied a specific composition of the geological
substrate, as well as the influence of vegetation, i.e., the substrate from which the
lichen samples were collected. Anthropogenic emission of trace metals (Ni, Cd,
Cr, Cu, Pb, Zn) from mator vehicles is mainly from the combustion of the fossil
fuels or abrasion of vehicle parts (tyres, paint, greases and catalysts).1718 Al-
though vehicles using unleaded petrol prevail, a high density of old vehicles using
leaded petrol or diesdl oil is till present on the Serbian roads. Diesel soot is the
main source of emission of Zn and Cu in urban areas.1® Besides its utilization as
an oil additive, Zn is well-known, together with Cd, as a rubber additive.16 Both
Zn and Cd are atmophile elements subjected to a long-distance transport.19
Moreover, a part of Zn could be obtained from a supporting tree since higher
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F. caperata IN BIOMONITORING STUDY 1309

plants are known to release 20 % of the total Zn from natural sources.29 Among
lichen species, F. caperata is famous for its higher capacity for Zn and Cd
uptake.”

Bearing in mind the low frequency of traffic on the road in close range of the
location of lichen sampling, the high concentrations of Cu, Pb and B detected are
surprising. Thisis probably due the specific wind rose (see Fig. 1) which put this
area under indirect impact of huge metal complexes, situated 10-15 km north-
westerly (at the periphery of the city of Ni$). Further research and monitoring
should be performed in order to obtain the correct conclusions.

CONCLUSION

This study is the first biomonitoring study of atmospheric trace metal pol-
lution in natural ecosystems in Serbia. The lichen species Flavoparmelia cape-
rata was chosen because of its wide distribution and proven sentinel functions.
Its peripheral parts were used as sensors of annual changes in the environment,
while the central, older parts of the thalli were treasurers of the pollutants from
the past. The deposition pattern of trace metals in the studied samples probably
reflected the volume of traffic and the types of engines on the nearby roads, the
activity of industrial complexes, soil and substrate compositions and the pre-
vailing wind directions. This study is evidence that there is a need for continuous
biomonitoring surveys of the studied areas, especialy, the Special Nature Re-
serve Jeladnicka Gorge.

Acknowledgments. This research was supported by the Ministry of Education, Science
and Technical Development of the Republic Serbia during activities on projects: 11141018, Ol
171025 and TR 34008.

H3BOI

EIMMUOUTHU JINIIAJ Flavoparmelia caperata KAO UHIUKATOP 3ATABEA
METAJIMMA 'Y TPATOBUMA

TATJAHA MUTPOBUE', CJIABHIIIA CTAMEHKOBUR', BIAIMMHUP LIBETKOBUR', MMJIOLI HUKOJIUE',
PAJIA BAOIIWE’, JEIEHA MYTUR’, TATJAHA AHBENKOBUE® u AIEKCAH/IAP BOJHR®
U Tenapmman 3a uonoiujy u exonotujy, IIpupogro—maidematmuuxy Gaxyinend, Ynusepsuinem y Huuty,
Buweipagexa 33, 18000 Huw, >Xemujcxu paxyniuei, Ynusepsuiiei y Beoipagy, Cinygenticku wpi 12,
. ap. 51, 11158 Beoipag u 3[lenapmman 3a xemujy, IIpupogro—mameMamiuuxy Gaxyimeid,
Ynusepsuinewi y Huwy, Buweipagcexa 33, 18000 Huw

[IIupoko pacmpocTpaweHa BpcTa nulajesa Flavoparmelia caperata je xopuurhena y duo-
MOHHUTOPHUHTY atMocdepckor 3arahewa MeTanuma y TparoBUMa y NIpUPOJHUM eKOCUCTeMUMa
Ha jyrouctoky Cpduje. Konuenrtpauuja u guctpudyuuja 21 Merana y javlIajeBUMa je ofpe-
hena aToMCKO-eMHCHOHOM CIIEKTPOMETPHjOM Ca HHOYKTHBHO CITPETHYTOM IIJIasMoM. IIpume-
heHa pa3nuka y HaromMunaBamwy Mertana usmely nepudepHrX U LEHTPalHUX AenoBa Talmyca
JUII3jeBa je MPUMUCAHA Pa3vKaMa y KBAJUTETy Ba3myXa MOCIeNe W MPeTXOJHUX TOAUHA.
OBU Hasa3u Cy NOTBpheHH aHaiu3oM IMaBHUX KomnoHeHTH (PCA). HcTpaxuBame je moka-

Available online at www.shd.org.rs/JSCS/

2012 Copyright (CC) SCS

@0

56

PG MO




1310 MITROVIC et al.

3ano akymynupame Ba, K, Mg, Na, Tl u Zn y nepugepHuM fenoBuMa Taayca, OFHOCHO As, B,
Cd, Cr, Cu, Fe, Ga, In, Li, Ni, Pb u Se y ueHTpasHum IeroBUMa Tauyca.
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