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The 6th International Conference 
ECOLOGICAL & ENVIRONMENTAL CHEMISTRY 2017

March 2-3, 2017, Chisinau, Republic of Moldova

The 6th International Conference ECOLOGICAL & ENVIRONMENTAL CHEMISTRY 2017 
(EEC-2017) will be held on 2-3 March, 2017 in Chisinau, Republic of Moldova. 

Main Scope: Development of the international cooperation in the fi elds of ecological 
chemistry, environmental protection and promotion of the healthy life style by seeking harmony 
between ecology and chemical processes of pollution, purifi cation, and methods of prevention 
of anthropogenic impact on the environment and human health, as well as issues related to 
environmental education, training and environmental safety.

The 6th International Conference ECOLOGICAL & ENVIRONMENTAL CHEMISTRY 
2017 will serve as the main arena for discussion, experience and ideas exchange of the recent 
achievements in the fi eld related to the investigation of mechanisms and chemical processes 
that take place in natural waters, atmosphere and soils under the infl uence of anthropogenic 
pollutants, the pollutants impact on the human health and habitat, as well as with the 
methods of chemical risk assessment, environment pollution prevention and mitigation.

Topics proposed for discussion:
A. Ecological Chemistry

a. Physico-chemical and chemico-biological processes which determine 
composition, structure and chemical properties of the environment

b. Water, air and waste treatment methods and technologies
c. Chemical risk assessment of human health and environment

B. Environmental Chemistry 
a. Chemistry of water
b. Chemistry of air 
c. Chemistry of soil

C. Green Chemistry 
a. Preventing and reducing the negative impact of chemistry on the environment 
b. Design of ecological friendly technologies and chemical products that 

minimize the use and generation of hazardous substances
D.    Ecological Chemistry in Research and Education

a. Ecological chemistry research and innovation activities
b. Ecological chemistry in education 

Conference Chairman
Academician Gheorghe DUCA

President of the Academy of Sciences of Moldova
1, Stefan cel Mare Blvd. MD 2001, Chisinau, Republic of Moldova

Tel: +373-22-271478; +373-22-271478; Fax: +373-22-276014
e-mail: ecochem2017@mrda.md

web page: www.asm.md; www.ecochem2017.mrda.md (in process)
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BUFFER CAPACITY IN HETEROGENEOUS MULTICOMPONENT 
SYSTEMS. REVIEW

Oxana Spinu*, Igor Povar

Institute of Chemistry of Academy of Sciences of Moldova, 3, Academiei str., Chisinau MD-2028, Republic of Moldova 
*e-mail: oxana_spinu@yahoo.com; phone (+373 22) 73 97 36

Abstract. The quantitative basis of the theory of buffer properties for two-phase acid-base buffer systems and for 
multicomponent heterogeneous systems has been derived. The analytical equations for buffer action with respect to all 
components for diverse multicomponent systems were deduced. It was found a remarkable relation of proportionality 
between βi quantities. It is shown, that the buffer properties in relation to the solid phase components are amplifi ed 
with an increase of solubility due to protolytic or complex formation equilibria in saturated solutions. It has been 
established, that the buffer capacities of components are mutually proportional, whereas for heterogeneous systems 
these relationships depend on the stoichiometric composition of solid phases. The deduced equations can be applied 
to the assessment of buffer action of the systems “Natural mineral – soil solution”, containing soluble and insoluble 
chemical species. A number of the important conclusions concerning the investigated buffer systems has been made. 
The obtained results can be used in various areas of chemical and biochemical researches, especially in soil science, 
ecological sciences, analytical chemistry, pharmacology, pharmaceutics, medical industry and synthetic organic 
chemistry

Keywords: buffer action, complex formation, thermodynamic stability, extraction multicomponent system, 
heterogeneous equilibria. 

Received: April 2015/ Revised fi nal: September 2015/ Accepted: September 2015

Introduction
Buffer capacity is an important concept in many areas of science: analytical and electroanalytical chemistry 

[1], geochemistry [2], biochemistry [3], medicine and pharmaceutical industry [4], water treatment [5], agriculture [6], 
environment [7], etc. The capacity of buffer systems to oppose (resist) to the variation of their composition (usually 
to рН changes) by infl uence of external fl uxes of chemical compounds of natural or anthropogenic character, that 
shift chemical equilibria, is called buffer property, and its effi ciency – buffer action. Despite of an abundance of the 
information on buffer systems, the quantitative theory of buffer action has been developed only for mono-phase systems 
[8,9]. The buffer action of mono-phase buffers is usually based on protolytic equilibria between water, a weak acid or 
base or ampholytic compound and their conjugate pairs [10,11]. The widespread use of buffers as well as the variety 
of chemical processes and phenomena associated with a certain acidity of solutions explains the constant interest in 
designing and studying new buffer systems. 

Unlike the classical mono-phase buffer systems in which the buffer components are dissolved in a unique phase, 
in two-phase (heterogeneous) buffers they are distributed between two phases: in aqueous phase and solid (gaseous or 
liquid) phase. The aqueous (buffer) phase contains all the charged particles and a restricted quantity of electro-neutral 
species. The solid phase contains in signifi cant quantities only electro-neutral particles and serves as their reservoir by 
means of which the equilibrium is adjusted and one of parameters of buffer system is maintained constantly [9-18]. The 
buffer action of two-phase systems is based on the shift of complex equilibria, both homogeneous and heterogeneous 
in the aqueous phase and between phases, respectively [19-21]. By increasing the acidity of solution the role of 
simultaneous proceeding protolytic reactions with participation of salt anions increases; with an increase of alkalinity 
the contribution of complex formation reactions occurring with participation of salt cations amplifi es. Authors [15] have 
proved that the buffer capacity is a special case of the sensitivity analysis, as a more general theoretical approach, which 
studies the answer of system to various external perturbations (as for example, the variation of the certain component 
concentration). We believe that it is more correct to consider, as a potential reservoir of buffer heterogeneous systems, 
the complex chemical heterogeneous equilibria with participation of solid phases [16]. Unfortunately, so far there are 
a small number of studies dedicated to the systematic investigations and the development of theoretical aspects of the 
buffer action for two-phase systems [8,9,14-21]. Besides, in the majority of these studies only the рН – buffer properties 
of heterogeneous systems were investigated. The concept of “buffer action” helps to fi nd out which reactions control the 
composition of natural waters, including soil solutions [22-32]. The parameters of buffer action are integrated functions 
of all the soil chemical components by virtue of their capacity, by means of chemical reactions and sorption-desorption 
processes, to extinguish or strengthen the effect of entered pollutants [33].

The aim of the present paper has been to develop the quantitative aspects of the buffer action of various 
components of heterogeneous systems and to establish their interrelation. In this paper, the quantitative aspects of the 
theory for two-phase buffers with partition equilibria of acid-base pairs between two liquids (aqueous and organic) are 
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considered in detail. It is proved that the heterogeneous multicomponent systems possess buffer action with respect to all 
components “i” of acid-base mixtures. Analytical equations for the buffer capacities of two-phase systems with respect 
to all the components of heterogeneous systems have been deduced. Moreover, it has been shown that the quantities in 
these systems are reciprocally proportional. In contrast to classical mono-phase buffers, in two-phase buffer systems the 
maximum buffer capacity βH occurs when pHmax is equal to pKd + log(1 + P(HA)), where Kd and P(HA) are respectively 
the dissociation constant and the repartition constant of the acid between two phases.

Theoretical part
Buffer action of the systems “Mineral – saturated solution”

The buffer action of soil is one of its fundamental physicochemical characteristics. The soil buffer action 
composes of the buffer action of a set of mineral and organic components and presented by solid, liquid and gaseous 
compounds. The buffer capacity of soils in relation to chemical compounds is defi ned by the content of chemical 
elements in the soil solution (the parameter of intensity) and on the content of mobile compounds of these elements in 
solid phases (the parameter of capacity). The buffer capacity of soils can be discovered by the fact that the increase of 
amounts of toxic metals (ТМ) is not accompanied by an increase of their content in plants; the different buffer action 
of the soils in relation to one element is manifested in unequal toxic concentrations for plants [33]. The same soil can 
possess different buffer action in relation to different metals.

The complexity of the soil solution composition containing mineral phases and a large set of involved chemical 
compounds determine the possibility of simultaneous chemical reactions along with the capacity of solid phases of 
minerals to maintain relatively constant the aqueous solution composition [19-21,29-32,34-40]. Under real conditions 
the buffer action of natural heterogeneous aqueous systems is expressed so as the consumption of any element from 
solution causes the partial dissolution of solid phases and as a result the composition of the solution is restored. 

Currently, extensive information on negative (harmful) transformations of soils, as a result of progressing acid 
and alkaline loads (in the form of mineral fertilizers, chemicals for protection of plants and industrial emissions dropping 
out with atmospheric precipitation) has been gathered. Thus, the quantitative assessment of the acid - base buffer action, 
revealing the degree of infl uence of the systematic use of fertilizers and technogenic pollution by substances of the 
acid and alkaline nature is an actual problem of the agrology. Besides, the buffer action of soils contains important 
information on the processes of soil formation (their orientation and intensity) which is used for the soil diagnostics and 
classifi cation [33].

As a criterion for quantitative assessment of the intensity of buffer action of the studied multicomponent 
heterogeneous systems, one can use the value of the buffer capacity S

i  (the superscript index “S” specifi es the presence 
of solid phases), which can be defi ned as a partial derivative:
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iC  and [i] denote the initial (analytical) concentration in mixture and equilibrium concentration of the component 

“i” of solid phase, correspondingly, the subscript index shows that the initial concentrations of other components of the 
mixture are maintained constant.

We will examine the process of formation of the sparingly soluble salt of arbitrary stoichiometric composition 
MmAn(S) (M - metal ion, A - anion of salt):
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The following set of possible simultaneous reactions in the saturated solution is taken into account:
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For the sake of simplicity, the charges of species are omitted. Near to the reaction equations, the corresponding 
equilibrium constants are specifi ed. The mass balance (MB) conditions in this system can be formulated by the following 
equations:
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The quantity r
iC  represents the residual concentration in solution of the ion “i”, e.g. the total concentration of 

all the species, containing a given ion, while iC  is its molar quantity in the solid phase in 1 L of solution [14-17,41-42]. 
In the Eq.(8) 0

HC  denotes the excess of H+ ions in relation to hydroxyl ions in two-phase mixtures )( 00
OHH CC . The 

square brackets designate the equilibrium concentrations of species in solution.
From the stoichiometric composition of the solid phase, the following ratio is obtained:
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On the basis of the written equations it is possible to deduce the formulas for calculating the buffer capacity in 
relation to any component of the mixture. After a series of transformation, one can fi nally get:
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1 1 111 10
1 ][][][])([

q q r
qr

r
qr

i l
lji

j

AMHrq
n
mAMHrAHl

n
mOHMij

1 1 0 1 1

222
2 ][])([][][][

l i j q r
qrjil AMHrOHMjAHlOHH                                                                          (12)

1 0

2

0 1 1 0
2

22

2

2

3 ])([][12][
i j

ji
l q q r

qrl OHMiAMH
n

mq
n

qmAH
n
m

Similarly, it is possible to prove that, for the buffer capacity towards proton, the following expression is 
valid:

3

2
1

2
,

0

00]ln[
S
H

CC

H

AM
H

C
                                                                                                                                      (13)

For the buffer capacity towards the anion of the solid phase one can deduce:

S
M

S
A m

n
m
n

m
n

m
n

2

2

2

2
1

32

2

2

2
1

2

2

32

2
                                                                                                           (14)
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On the basis of obtained Eq.(11), Eq.(13) and Eq.(14) the following remarkable conclusion follows: the buffer 
capacities towards different components are reciprocally proportional, while the buffer capacities in relation to the ions 
of the solid phase are interconnected through its stoichiometric coeffi cients:

22 mn

S
M

S
A 
                                                                                                                                                                       (15)

It is worthy to mention that the obtained relations are only valid in the presence of the mineral (solid phase) 
MmAn(S). The thermodynamic stability area of the latter is determined by the value of the Gibbs energy of the overall 
process (1)-(5) [14,43,44]:

0lnln 0,
A

r
A

M

r
M

totS
C

CnRT
C
CmRTG                                                                                                             (16)

The solid-phase is stable if ΔGS,tot > 0. The condition ΔGS,tot = 0 corresponds to the beginning of its dissolution and (or) 
sedimentation. 

The analysis of the derived equations shows that the buffer capacities grow with the increase of the precipitate 
solubility, e.g. by rising the residual concentration of the component of minerals.

Buffer properties for liquid two-phase acid-base buffer systems
The concept of buffering is closely related to the problem of controlling the chemical composition of 

multicomponent systems. For analytical chemists it is essential to preserve as a constant not only the pH value (e.g., the 
proton concentration), but the concentrations of other components in the system. In the examined extraction systems, the 
organic phase serves as the buffer reservoir [31,45-47]. At present, for these systems there is no rigorous theoretical base 
allowing a priori estimation of their buffer effectiveness as well as a systematic search for new heterogeneous mixtures 
with high buffer action. Janjić et al. [45] have investigated the buffer action with respect to the hydrogen ion (proton) 
for the multicomponent two-phase systems containing both separate organic acids and bases, and their mixtures. These 
authors made an attempt to deduce an equation for an assessment of buffer capacity of such systems. However, the 
obtained expressions are bulky and in some cases neglect a number of side equilibria, occurring in the organic phase.

For two-phase buffers with polyprotic acids, the following process of formation in aqueous solution of the polyprotic 
acid of stoichiometric composition HnA takes place:

][][/][, AHAHKAHAnH n
nnn                                                                                                                     (17)

The following set of concomitantly reactions proceeding in two-phase systems “Aqueous solution (aq) – organic solvent 
(o)” proceeds:

aqkokkokaqk AHAHAHPAHAH ]/[][,)()(
                                                                                                         (18)

]][[,2 OHHKOHHOH w
                                                                                                                                    (19)

Here and below, for sake of convenience, the charges of species are omitted, the subscript (aq) is also neglected in the case 
of equilibria taking place only in aqueous solution. Near to equations the associated equilibrium constants are specifi ed: 
Kn is the protonation constant of polyprotic acid HnA and P(HkA) is the constant of distribution of the molecular acid 
HkA between two non-mixing liquids. For simplicity, it has been assumed that the system obeys ideal behavior of the 
studied systems where the ionic strength is zero. Consequently, the ion activities are equal to their concentrations, while 
the activity of pure species is equal to unity (or included in the equilibrium constants) [24,25,48,49]. The conditions of 
mass balance in the given heterogeneous system can be formulated as follows:

][][][1][][][~
10

0 AHKAHPHKAAHAHaC k
kk

n

n
nok

n
aqnA                                                                         (20)

1

1

1

0 ][][][][][][][][][][
n

k
kk

n
nWok

n
nH AHKAHkPHnKAHKHAHkAHnOHHC                                         (21)
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The 0
AC  value in the Eq.(20) represents the analytical concentration of the anion An-1 of acid in considered heterogeneous 

system. In the Eq.(21) 0
HC  denotes the excess of H+ ions towards to hydroxyl - ions in the two-phase mixture

)( 00
OHH CC  [12]. When deducing Eq.(20) and Eq.(21) it was assumed that the volume of water phase Vaq is equal to 

the volume of organic phase Vo:

Vaq = Vo                                                                                                                                                                                                                                                                                                        (22)

We present here only fi nal results, omitting the intermediate deduction of the equations through the equilibrium 
constants Eqs.(17) - (19) as it has been done in the Eqs.(20) and (21):

000 ]ln[
]ln[~~][][

]ln[
]ln[][][

]ln[ 10

0

HHH Cn
okn

C
ok

n
aqn

C

A
A A

HnaAHkAHn
A
HAHAH

A
C                               (23)

where through n~  is designated the sum that the third member of the Eq.(23) contains. Considering that constCH 0 :

000 ]ln[
]ln[~~

]ln[
]ln[][][][][~0

]ln[ 1

22
0

HHH CCn
okn

C

H

A
Hhn

A
HAHkAHnOHHn

A
C

                                  (24)

Whence

h
n

A
H

HC
~
~

]ln[
]ln[

0
                                                                                                                                                          (25)

Substituting the obtained expression for the partial derivative Eq.(24) in the Eq.(23), it is fi nally received:

1

22

2

10
2

][][][][

][][
~~

n
okn

n
okn

AA AHkAHnOHH

AHkAHn

C
h

na                                                                                                   (26)

In the case of monoprotic acid HA, n = 1, within the range of pH values, where the concentrations of [H+] and 

[OH-] can be neglected, the Eq.(26) becomes signifi cantly simpler, ][AA  , e.g. the buffer capacity is equal to the 
equilibrium concentration of the anion of acid. 

In a similar way, for the buffer capacity in relation to proton, it is possible to obtain the following expression:

1

2
0

2

122
0

~/~~
][][

][][][][
]ln[ 0 n A

n
kn

k
ok

n

C

H
H anh

C

AHkAHn

AHkHnOHH
H

C

A

                                                      (27)

It is important to notice, that for monoprotic acid the Eq.(27) simplifi es signifi cantly:

0

20 ][][
][][][][

]ln[ 0 A

o
o

C

H
H

C
HAHA

HAHAOHH
H

C

A

                                                                                          (28)

The maximum buffer capacity for a given 0
AC  occurs when   0]ln[ 0 

ACH H , i.e. when:

)(1logmax HAPpKpH d
,                                                                                                                                      (29)

where Kd = 1 / K1 is the dissociation constant of weak acid HA. It is well-known that for the mono-phase buffer system 
pHmax = pKd. Consequently, in comparison with classical aqueous buffers, the pHmax value in the case of two-phase 
systems is shifted by log(1 + P(HA)), which depends mainly on the nature of organic solvent. From the Eqs.(26) and 
(27) a remarkable identity follows:

ah HA
~~

                                                                                                                                                                   (30)
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Therefore, the investigated heterogeneous system shows buffer properties with respect to both ions of the 
polyprotic acid, and the values of buffer capacity βA and βH are reciprocally proportional. For monoprotic acids, since 

oHAHAOHHh ][][][][  and 0~
ACa  , the identity Eq.(30) becomes:

oHoA HAHAAHAHAOHH ][][][][][][] .

Similarly, it is possible to obtain the expressions for calculating the buffer capacities in the case of the polyprotic base 
BHm as well.

Results and discussion
Buffer action of heterogeneous system “Mineral - saturated solutions”

The buffer action of heterogeneous system “Mineral - saturated solutions” depends on the chemical composition 
of the water solutions, as well as on the composition and properties of the mineral phases. We will examine a concrete 
real system “Iron (III) minerals - saturated solution”, although the approach developed here can be applied for any other. 
As iron occurs in many minerals and materials, it is mostly present in all superfi cial waters. The average concentration 
of iron in river waters is 0.7 mg/L [50]. With an increase of the acidity of waters (up to a critical threshold of water 
biota survival; for example, for mollusks this threshold is рН 6.0 and for perches it is рН 4.5), the content of iron (III) 
increases rapidly because of the interaction of iron (III) hydroxide of natural materials with acid:

33
122

33
)(322

1 ]][[,3 HFeKOHFeHOFe SS

33
22)(3 ]][[,233 HFeKOHFeHFeOOH SS

      33
32)(3 ]][[,333)( HFeKOHFeHOHFe SS

We fi nd the following important relation of proportionality between the buffer capacities of heterogeneous 
systems, “Fe(OH)3(S) - saturated aqueous solution ”:

S
Fe

S
H

23                                                                                                                                                                     (31)

In the case of formation of poorly soluble oxy-hydroxides of the stoichiometric composition M(OH)n(S), MОOH(S) or 
1/2M2Оn(S), the relation (31) can be generalized [14,16,51]:

212

S
M

n

S
H 

                                                                                                                                                                        (32)

Besides the process of dissolution of the mineral of iron, a set of possible equilibria in the system “Mineral 
phase – soil solution” (see Table 1) is considered [52]. For the calculations the following composition heterogeneous 
mixture was used (mol L-1): 30400060460 101,101,105,101101

344 COSOPOOrgFFe CCCCCC .

Table 1
The equilibrium constants of the analyzed reactions.
The equations of reactions logK

  HFeOHOHFe 2
2

3
-2.187

  HOHFeOHFe 2)(2 22
3

-4.59

  HOHFeOHFe 2)(3 0
32

3
-12.56

  HOHFeOHFe 4)(4 42
3

-21.59

OHFeHhematiteOFe S 2
3

)(32 2/332/1  

-0.85

OHFeHmaghemiteOFe S 2
3

)(32 2/332/1  

+1.75

OHFeHOFe S 2
3

)(32 2/332/1  

+2.35

OHFeHgoethiteSFeOOH 2
3 33)(  

+0.40

OHFeHitelepidocrocSFeOOH 2
3 33)(  

+3.70

q y
The equations of reactions logK

HFeOHOHFe 2
2

3 -2.187 

HOHFeOHFe 2)(2 22
3 -4.59 

HOHFeOHFe 2)(3 0
32

3 -12.56 

HOHFeOHFe 4)(4 42
3 -21.59 

OHFeHhematiteOFe S 2
3

)(32 2/332/1 -0.85 

OHFeHmaghemiteOFe S 2
3

)(32 2/332/1 +1.75

OHFeHOFe S 2
3

)(32 2/332/1 +2.35

OHFeHgoethiteSFeOOH 2
3 33)( +0.40

OHFeHitelepidocrocSFeOOH 2
3 33)( +3.70
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Continuation of Table 1
Equations of reactions logK

OHFeHOHFeline S 2
3

)(3 33)(2  
+3.00

OHFeHOHFeline S 2
3

)(3 33)(6  
+3.40

  23 FeFFFe
6.04

  2
3 2 FeFFFe

10.47

  )2
4

3 ( 4SOFeSOFe
4.05

  24
2
4

3 )(2 SOFeSOFe
5.38

24
2
4

3 )(2 SOFeHSOHFe  
8.10

FeOrgOrFe g   33
8.00

  23 HOrgHOrg
4.30

  HOHFeOHFe 2)(22 4
222

3
-2.85

  HOHFeOHFe 4)(43 5
432

3
-6.29

  4
3
4

3 FeHPOPOHFe
19.87

  2
42

3
4

3 2 POFeHPOHFe
21.70

  3
43

3
4

3 3 POFeHPOHFe
26.61

  3
2
3 HCOHCO

10.329

32
2
3 2 COHHCO  

16.681

  2
4

3
4 HPOPOH

12.38

  42
3
42 POHPOH

19.57

43
3
43 POHPOH  

21.72

3.17

Figure 1 shows the calculation results of the buffer capacity S
Fe   as a function of pH for the various iron 

(III) minerals. The analysis of the derived equations for the heterogeneous system showed that the increase in the 
total concentration 0

FeC  for the pH values above 4.5, as well as the nature of the mineral have an insignifi cant effect 
on the area of the buffer action of studied system due to the very low solubility of iron oxy - hydroxides minerals. The 

appearance of maxima on the curves S
H (рН) and S

Fe  (рН) (Figures 1-3) is due to the dissociation process of carbonic 
acid with formation of HCO3

- ions (pH = 6.36) and CO3
2- (pH = 10.34).

2 3 4 5 6 7 8 9 10 11 12
0,0

1,0x10-4

2,0x10-4

3,0x10-4

765
3,4

2

1

H

pH

C0
Fe = 1 x 10-4M Figure 1. The curves of dependence 

of the buffer capacity βH on pH 
for the system “Iron (III) mineral 
- saturated aqueous solution”. The 

used concentrations (mol L-1):( )

30
CO

40
SO

0
PO

0
Org

60
F

40
Fe

101C

,101CCC

,105C,101C

3

44

1 - α-Fe2O3 (hematite), 
2 - γ-Fe2O3 (maghemite), 
3 – ε-Fe2O3, 
4 - α-FeOOH (goethite), 
5 - γ-FeOOH (lepidocrocite), 
6 – Fe(OH)3 (2-line ferrihydrite), 
7 – Fe(OH)3 (6-line ferrihydrite).

Equations of reactions logK

OHFeHOHFeline S 2
3

)(3 33)(2 +3.00

OHFeHOHFeline S 2
3

)(3 33)(6 +3.40
23 FeFFFe 6.04 

2
3 2 FeFFFe 10.47 

)2
4

3 ( 4SOFeSOFe 4.05 

24
2
4

3 )(2 SOFeSOFe 5.38 

24
2
4

3 )(2 SOFeHSOHFe 8.10 

FeOrgOrFe g 33 8.00 
23 HOrgHOrg 4.30 

HOHFeOHFe 2)(22 4
222

3 -2.85 

HOHFeOHFe 4)(43 5
432

3 -6.29 

4
3
4

3 FeHPOPOHFe 19.87 
2
42

3
4

3 2 POFeHPOHFe 21.70 
3
43

3
4

3 3 POFeHPOHFe 26.61 

3
2
3 HCOHCO 10.329 

32
2
3 2 COHHCO 16.681 

2
4

3
4 HPOPOH 12.38 

42
3
42 POHPOH 19.57 

43
3
43 POHPOH 21.72 

HFFH 3.17 
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0,0

5,0x10-6

1,0x10-5
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2,5x10-5

3,0x10-5

3,5x10-5

76
5

3,4
2

1

S
Fe

pH

Figure 2. The curves of dependence of the buffer capacity S
Fe  on pH for the system

“Iron (III) mineral - saturated aqueous solution”. The used concentrations (mol L-1):
30

CO
40

SO
0
PO

0
Org

60
F

40
Fe 101C,101CCC,105C,101C

344
. 

1 - α-Fe2O3 (hematite), 2 - γ-Fe2O3 (maghemite), 3 – ε-Fe2O3, 4 - α-FeOOH (goethite), 5 - γ-FeOOH 
(lepidocrocite), 6 – Fe(OH)3 (2-line ferrihydrite), 7 - Fe(OH)3 (6-line ferrihydrite).

2 3 4 5 6 7 8 9 10 11 12
0,0

5,0x10-5

1,0x10-4

1,5x10-4

2,0x10-4

2,5x10-4

3,0x10-4

i
S

pH

Figure 3. Buffer capacities S
H  (1) and S

Fe  (2) versus pH for the system
“Hematite - saturated aqueous solution”.

The used concentrations (mol L-1): 30
CO

40
SO

0
PO

0
Org

60
F

50
Fe 101C,101CCC,105C,101C

344
.

The iron (III) ions and its complexes have a signifi cant contribution only in very acidic solutions up to pH 4.5. 
The analysis of the data presented in Figures 2 and 3 allows us to conclude that the studied heterogeneous system has a 
buffer capacity in relation to ions of hydrogen and iron (III). We will note down that these relations are valid only in the 
presence of solid phases.

Another example of real natural system that we examined is “Gibbsite – saturated aqueous solution”. By 
increasing the acidity in aqueous solutions the content of aluminium grows quickly due to the interaction of the gibbsit 
with an acid: 

33
2

3
)(3 ]][[,33)( HAlKOHAlHOHAl SS

An important interrelation between the buffer capacities of the heterogeneous system “Gibbsite Al(OH)3(s) - saturated 
aqueous solution” system can be identifi ed [53,54]: 

S
Al

S
H 9                                                                                                                                                                      (33)
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Besides the process of gibbsite dissolution, a set of possible equilibria in the system “Mineral phase – natural 
water”, listed in Table 2 has been taken into account [52]. The following composition of the heterogeneous system has 
been used for the calculations: 0

AlC  = 1∙10-4 mol L-1, 0
FC  = 5∙10-6 mol L-1, 0

OrgC  = 1∙10-4 mol L-1, 0
4POC  = 1∙10-4 mol L-1,  

0
4SOC = 1∙10-4 mol L-1 and 0

3COC  = 1∙10-3 mol L-1. One can state that the infl uence of H+ in the studied pH interval may be 
neglected, and the OH– ions exercise infl uence on S

H  only at pH > 8.5. The aluminium ions and their hydroxocomplexes 
make a signifi cant contribution in acid solutions up to рН 5.5 and at рН > 8 because of the predominance of the stable 
anionic hydroxocomplex Al(OH)4

-. The results of the calculations of the buffer capacities S
H  as a function of рН for 

different compositions of the heterogeneous mixture are shown in Figures 4–5. Obviously, an increase of the total 
concentration 0

AlC  (Figure 4) augments the area of the buffer action because of the extension of the рН interval of the 
thermodynamic stability of the solid phase. At concentrations of fl uoride 0

FC  = 5∙10-4 mol L-1, the S
H  value increases 

sharply in the range of pH values of the gibbsite dissolution – formation with a simultaneous narrowing of the total pH 
range of the buffer action (Figure 5).

Table 2
Equilibrium constants and values of enthalpies (ΔH).

Equations of reactions log K ΔH (cаl mоl–1)
  HAlOHOHAl 2

2
3

-4.99 11900

  HOHAlOHAl 2)(2 22
3

-10.00 22000

  HOHAlOHAl 4)(4 42
3

-23.00 44060

OHAlHOHAl S 2
3

)(3 33)(  
9.35 –22800

  23 AlFFAl
7.02 1100

  2
3 2 AlFFAl

12.76 2000

3
3 3 AlFFAl  

17.03 2500

  4
3 4 AlFFAl

19.73 2200

  2
5

3 5 AlFFAl
20.92 1800

  4
2
4

3 AlSOSOAl
3.01 2150

  24
2
4

3 )(2 SOAlSOAl
4.90 2840

AlOrgOrgAl   33
8.39 —

  AlHOrgOrgHAl 33
13.09 —

  23 HOrgHOrg
6.83 —

  OrgHHOrg 2
3 2

12.73 —

OrgHHOrg 3
3 3  

14.49 —

HFFH   3.17 3460

  OHHOH2

-14.00 13340

  HOHAlOHAl 2)(22 4
222

3
-6.3 —

  HOHAlOHAl 4)(43 5
432

3
-12.1 —

  2
4242

3 POAlHPOHAl
3.1 —

  2
4

3
4 HPOHPO

12.0 —

  42
3
4 2 POHPO H

19.21 —

43
3
4 3 POHHPO  

21.36 —

Note: 1 cal = 4.184 J, Org - organic ligand, the „—” specifi es the absence of experimental data.

Equations of reactions log K H (c l m l–1) 
HAlOHOHAl 2

2
3 -4.99 11900 

HOHAlOHAl 2)(2 22
3 -10.00 22000 

HOHAlOHAl 4)(4 42
3 -23.00 44060 

OHAlHOHAl S 2
3

)(3 33)( 9.35 –22800 

23 AlFFAl 7.02 1100 

2
3 2 AlFFAl 12.76 2000 

3
3 3 AlFFAl 17.03 2500 

4
3 4 AlFFAl 19.73 2200 

2
5

3 5 AlFFAl 20.92 1800 

4
2
4

3 AlSOSOAl 3.01 2150 

24
2
4

3 )(2 SOAlSOAl 4.90 2840 

AlOrgOrgAl 33 8.39 — 

AlHOrgOrgHAl 33 13.09 — 
23 HOrgHOrg 6.83 — 

OrgHHOrg 2
3 2 12.73 — 

OrgHHOrg 3
3 3 14.49 — 

HFFH 3.17 3460 
OHHOH2 -14.00 13340 

HOHAlOHAl 2)(22 4
222

3 -6.3 — 

HOHAlOHAl 4)(43 5
432

3 -12.1 — 

2
4242

3 POAlHPOHAl 3.1 — 

2
4

3
4 HPOHPO 12.0 — 

42
3
4 2 POHPO H 19.21 — 

43
3
4 3 POHHPO 21.36 — 

Note: 1 cal = 4.184 J, Org - organic ligand, the „—” specifies the absence of experimental data. 
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Figure 4. Buffer capacity S
H  versus pH for the “Gibbsite - saturated aqueous solution” system.

Concentrations (mol L-1):
30
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40

SO
0
PO

0
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F

-5430
Al 101C,101CCC,105C,101-c  ,101b  ,101a:C

344
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The dependences of S
H (рН) for different concentrations of carbonate ion are presented in Figure 6. By taking 

into account the contribution of equilibria including carbonate ion in the total buffer capacity S
H , the H

CO3
value 

was calculated separately. A comparison of the calculated curves shows that equilibria with CO3
2- participation have 

a substantial contribution to S
H  at a 40 101

3COC  mol L-1 (Figures 7а and 7b). The analysis of the obtained data 
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presented in Figures 4–7, taking into account Eq.(33) allows us to conclude that the investigated heterogeneous system 
has a considerable buffer capacity towards to aluminium as well.
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The infl uence of temperature on the value of the buffer capacity was also studied [55]. The results of the 
calculations are presented in Figure 8. The equilibrium constants for different temperatures have been estimated by the 
Van’t Hoff equation.

logK2 = logK1 + (1/T1 – 1/T2) ΔH/2.303R

The necessary values of enthalpies (ΔH) are listed in Table 2. T1 was set to 298 K = 25 °C. It was assumed that the 
temperature insignifi cantly infl uences the ΔH values inside the investigated temperature range. An analysis of the curves 
in Figure 8 shows that the buffer capacity increases with a temperature decrease, whereas the рН interval of 5.5 – 7.0 of 
the maximum values of the buffer capacity displaces slightly.
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Figure 8. Buffer capacity S
H  versus pH for the “Gibbsite - saturated aqueous solution” system at different 

temperatures (t, °С): (1) –5, (2) +10, (3) +25 and (4) +40.
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Buffer properties for liquid two-phase acid-base buffer systems
Buffer with mono- and diprotic acids 

The theoretically calculated and experimentally measured dependences of the buffer capacity on pH in the 
case of two-phase system 1-octanol – water for monoprotic n-hexanoic acid and diprotic 1,2-benzenedicarboxylic acid 
are shown in Figure 9 and Figure 10, respectively. Experimental data [45,56] were obtained at 25 0C and constant ionic 
strength. For both systems, the experimental data correlate well with the theoretical curves, calculated by Eqs.(27 – 28) 
that confi rms their correctness. The values in Figures 9 and 10 testify the validity of Eq.(29). (The necessary equilibrium 
constants were taken from [45,56].)
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Figure 9. Buffer capacity versus рН for two-phase system containing n-hexanoic acid HA and 1-octanol:
(■) the calculated values; (◊) experimental data [56];

1-octanol : water = 1:1; 0
AC = 0.1 mol L-1, I = 0, t = 25 0C. 
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Figure 10. Dependence of buffer capacity on рН for two-phase system containing 1,2-benzenedicarboxylic 
acid and 1-octanol: (■) calculated values; (○) experimental data [45];

1-octanol : water=1:1; 
0
AC  = 0.0488 mol L-1, I = 1 (NaCl), t = 25 0C.

Two-phase buffers with monoprotic acids in which dimerization occurs
Mono-component systems: propanoic acid – water – benzene (I) and decanoic acid – water – benzene (II):

The numerical values of the equilibrium constants used for calculating the theoretical buffer curves as well as the 
experimental data were taken from [56]. The theoretical and experimental data are presented in Figure 11 (a,b). It can be 
seen that the theoretical curves are in good agreement with experimental values.
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Figure 11. Buffer capacity βH versus pH for mono-component two-phase systems with propanoic (a) and 
decanoic (b) acids, 0

AC =0.05 mol L-1 (a) and 0
AC =0.1 mol L-1 (b) and α = 1;

(■) – experimental values, dotted lines – experimental curves, I = 0.1, t = 25 0C.

On Figure 12 the functional dependence βH = f(pH) for (2.4-dichlorophenoxy)acetic acid for aqueous solution 
and two-phase mixture by means of different organic solvents is graphically illustrated. One can see that high βH values 
within a large pH range (3.75÷5.75) can be assured by using different organic solvents [57]. The necessary equilibrium 
data were taken from [58].
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Figure 12. Buffer capacity βH versus pH for mono-component two-phase systems with (2.4-dichlorophenoxy) 
acetic acid, 0

AC = 0.05 mol L-1, α = 1, t = 25 0C for different organic solvents:
1 – no solvent; 2 – ethylbenzene; 3 – 1-octanol; 4 – chlorbenzene; 5 – nitrobenzene.

pH and pA buffer properties of two-component system in which mixed dimmer occurs
The authors [56] found that the rule of additivity for calculating the total buffer capacity as a sum of separate 

contributions for this system is not valid. As a result, there are some substantial deviations of the theoretical curves from 
experimental data within the interval of pH from 4 to 7. The experimental data for this system, along with the calculated 
theoretical curve are presented in Figure 13. As one can see, the experimental values βH = f(pH) are in good agreement 
with those calculated, contrasting to the results received by authors [56]. Thus, the experiment confi rms the validity of 
our developed theoretical approach.
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Figure 13. Experimental data [56] (•) and calculated values (---) for βH (pH) as a sum of the contributions 
of separate acids for the two-component two-phase buffer system containing hexanoic and decanoic acids. 

    11OHVHCV 266  ,  00
BA CC 0.05 mol L-1, I = 0.1, t = 25 0C.

In Figure 14 the curves of dependences βH = f(pH), βА = f(pH) and βB = f(pH) are presented. From here it is 
possible to conclude, that the buffer capacity of two-phase mixtures containing an acid capable to form homogeneous 
and mixed dimers in the organic solvent, is much higher with respect to anions, than to proton, i.e. βA (βB ) > βH. At the 
same time, the maximum value of both functions is registered in the conditions of predominance of the un-bonded anion 
in aqueous phase. 
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Figure 14. Curves βH = f(pH), βА = f(pH) and βB = f(pH) for the two-component two-phase buffer system, 
containing hexanoic and decanoic acids.     11266  OHVHCV ,  00

BA CC 0.05 mol L-1, I = 0.1, t = 25 0C.

On Figure15 the functional dependence βA = f(pA) for (2.4-dichlorophenoxy)acetic acid for aqueous solution 
and water-1-octanol mixture is depicted. One can notice that the presence of organic solvent amplifi es signifi cantly 
(approximately by 70 times) the βA value at pA = 5.4. Therefore, two-phase mixtures can be successfully used for 
designing new buffers with respect to any component for investigated systems. The developed approach can be expanded 
to other, more complicated systems, containing metal-ligand complexes.
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Figure 15. Buffer capacity βA versus pA for the mono-component system with (2.4-dichlorophenoxy) acetic 
acid in water (curve 1) and water-1-octanol mixture (curve 2), 0

HC =0.005 mol L-1, α = 1; t = 25 0C.

Conclusions
The analyzed heterogeneous systems manifest buffer actions towards protons, cations or anions of weak bases 

or acids. The deduced analytical expressions for buffer capacities in respect to all ions of distributed species between 
two immiscible liquids are reported. For all investigated systems a relation of proportionality between buffer capacities 
is found. On the basis of the analysis of found identities it can be concluded that it is suffi cient to measure only the βH 
value, while the quantity βA can be calculated from a set of expressions identities derived in this work. This conclusion 
is especially valuable since for the βH measurement it is necessary to determine potentiometrically the рН values while 
for the βA determination it is required to measure the pA = - log[A] values. It is known, that the pH-metric method is 
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much more precisely and does not require special ion-selective electrodes as for pA measurement, which have been 
developed so far only for a few number of anions. The experimental evidence completely confi rms the validity of the 
derived equations. The relation of proportionality between the buffer capacities in respect to all ions of the species 
distributed between phases has been also found for the heterogeneous systems of the type “Solid phase-saturated 
aqueous solution”, which serves as a proof of the generality of this phenomenon. It is demonstrated that the pHmax value 
of the maximal buffer capacity shifts for two-phase system in comparison with classical aqueous buffer mixtures by 
log(1 + P(HA)) which depends mainly on the nature of organic solvent. Also, it has been explained the nature of synergic 
effect of the total buffer action of heterogeneous mixtures. Generally, the mixture of acids and bases shows a cumulative 
effect, but in the case of interaction of distributed species in the organic phase, it manifests a synergic effect, e.g. the 
buffer action amplifi es It is fi nally worth noting that heterogeneous buffer systems can be created on the basis of well-
known species and do not require any special installations. The deduced relations may be used for search and design 
of new ion-molecular two-phase buffers with required properties. Owing to the described properties, the considered 
heterogeneous systems can fi nd widespread use in various areas of chemical and biochemical researches, especially in 
analytical chemistry, pharmacology, pharmaceutics, medical industry and synthetic organic chemistry.
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Introduction
Experimental data regarding mineral forms of nitrogen, hydrochemistry research and water quality of large and 

small rivers in the Republic of Moldova have been published in a number of revues [1,2]. A key reason for the research 
of mineral nitrogen is the toxicity of the different forms of its mineral and especially reduced forms. A bibliographic 
review shows that for a wide range of bacteria, in contrast to the situation in animal [3] and plant cells [4,5], ammonium 
is not toxic, even up to 1 mol/L of synthetic solutions [6]. This happens because the most bacteria prefer ammonium 
as a nitrogen source; some species even produce ammonium ion, for example N2-fi xing Rhizobia Cyanobacteria and 
Proteolytic Clostridia produce ammonium through the fermentation of aminoacids. Resistance to ammonium is a 
common property in terms of bacteria [6]. However, nitrites are highly toxic to humans, fl ora and fauna, being an 
important concern regarding water quality. Nitrites are also involved in the pathology of gastric cancer [7,8] and are a 
possible cause of migraines [9]; they also compromise the binding capacity of oxygen in the blood and may result in 
respiratory defi ciencies of aquatic animals and humans [10,11]. Understanding the toxicity of reduced forms of nitrogen 
requires the identifi cation of methods of enhancing the oxidation of the nitrifi cation process. Changing forms of nitrogen 
in surface water objects have been extensively studied. Pollution sources related to human activities have an obvious 
impact on the processes of nitrifi cation and denitrifi cation (oxidation of ammonia, nitrite and nitrate reduction etc.). Hu 
X.M. et al. reported the removal rates of NH4

+-N during the nitrifi cation-denitrifi cation process and the total nitrogen 
(TN) reached 94% and 82%, respectively. From the mass balance, it followed that 87% of NH4

+-N was removed by 
shortcut nitrifi cation [12]. In a series of previous publications the process of the oxidation of reduced forms of nitrogen 
in surface water using pebbles, polymer fi lm and aeration was investigated [13]. These papers reported changes of 
nitrogen forms in surface waters. The gravel and polymeric fi lm in addition with aeration have the effect of decreasing 
the concentration of ammonium ions in water. Pebbles and polymeric fi lm speed the oxidation of ammonium, while 
aeration diminishes its quantity in another way. This research is a continuation of the aforementioned studies.

Materials and methods
In 2012, a number of water samples were taken from the Nistru River in May and its tributaries (rivulet near the 

Racovatul de Sud village in January, rivulet near the Cunicea village in May) and from the Prut River in June, as well as 
from the Isnovat rivulet in October. The tests of natural water were performed according to ISO methods published in 
specialized literature [14-19]. Laboratory trials were initiated in glass vessels and respected the minimum recommended 
water-sample model volume (3L). The same volume and conditions for the whole series of samples from laboratory 
simulation experience are essential [20]. A solution of (NH4)2SO4 or NH4Cl was added to each sample to obtain the am-
monium ion concentrations between 1.75 and 2.5 mg/L. 

The substrate constituted a fourth part of the total volume of each water samples. It was used 1.0 - 2.5 mm of 
the substrate granulometric fraction. In the samples 2 grams of chemically pure fi ne powder of CaCO3 were added. The 
purity of all used substances corresponded to the ISO requirements [14-18]. Model water samples were kept in natural 
lighting and away from direct sunlight. Laboratory simulations were performed under the static conditions. The stirring 
was done after each test series. The tests were completed at the same day time. 

Contents of ammonium and nitrite ions were determined by standard methods (Nessler and Griess reagents), 
using the HACH Spectrophotometer DR/2500 and UV-VIS. The contents of ammonium and nitrites in natural water 
were taken into account in all laboratory simulations. 
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Results and discussion 
The study has been carried out both in small and large rivers, in sections with different pollution levels. The 

process of oxidation of reduced nitrogen in water from the rivulet near the Racovatul de Sud village, collected in January 
with granite and clay porous substrates, has been experimentally proved. 

The presence of granite and clay foam accelerates the oxidation of ammonium ions to the level below 
its maximum allowable concentration (MAC) during 7-8 days, and under the limit of quantifi cation by 11 days 
(Figure 1a). Ammonium ions oxidation in the presence of granite has an insignifi cant delay compared with that in 
the presence of expanded clay samples, but the formation of nitrite ions and its decreasing concentrations in the same 
samples delay by 3-4 days, exceeding MAC of about 1 mg/L (Figure 1b). The nitrite concentration in reference sample 
under the same conditions reaches maximum with a delay of 31 days, after which it decreases and subsequently begins 
again to raise. After 59 days, within the realized simulation in the reference samples (without substrates) the signifi cant 
fi nal reduction of NO2

- does not achieve. Multiple laboratory simulations of water from different rivers in winter condi-
tions, similar to reference samples, were carried out to ensure that braking reduced nitrogen oxidation in winter samples 
was not an incidentally event. In the same way the impact of granite and keramzite was tested. This blocking effect is 
evident for both of cases of ammonium oxidation and more obvious of the oxidation stage of nitrites to nitrates. We 
should mention after 20-30 days there have not been registered any signifi cant changes, even the results presented below 
were obtained in 59 days. 

Spring samples from the Nistru River and the rivulet near the Cunicea village have been investigated by means 
of a similar model, using both water samples in the presence and absence of CaCO3. The changes described in Figure 2a 
show that in the presence of CaCO3 the braking of the ammonium ions oxidation takes place. The decreasing the nitrite 
amount due to its slow formation is similar in the water samples taken from the Nistru River, section Varancau.
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Figure 1. Dynamics of ammonium ion (a) and nitrite ion (b) concentrations in water samples 
collected from the rivulet near the Racovatul de Sud village in January 2012.
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Figure 2. Dynamics of ammonium ion (a) and nitrite ion (b) concentrations in water samples taken from the 
Nistru River, section Varancau and the rivulet near the Cunicea village in May 2012.
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The Nistru River, downstream of the Soroca city (section Varancau) is obviously polluted by sewage. Thus, the difference 
of cationic detergents amounts between the samples of Nistru River, in Varancau and the Cunicea village is easily 
explained. In the sample without the substrate, nitrifi cation is signifi cant, obtaining high concentrations (12-14 mg/L) of 
nitrites [21,22]. Formation of considerable quantities of nitrites shows that from day 11 to day 30 the rate of oxidation of 
ammonium ions and the NO3

-→ NO2
- reduction exceeds the nitrite ions oxidation NO2

-→ NO3
- [23].

In the sample with CaCO3, the ammonium ions oxidation is stopped. At the same time the level of 0.4 mg/L 
of nitrite ions concentration, as for nitrate ions concentration, remains invariable in the analyzed sample within the 
studied period of time. Thus, the ratio of the maximum concentrations of nitrites in model samples with and without 
CaCO3 (Nistru River, section Varancau) is larger by almost two orders of magnitude. In the same fi gure, the dynamics 
of the concentrations of NH4

+ and NO2
- ions for river near the Cunicea village, whose waters do not contain synthetic 

surfactants, is also depicted. The oxidation of ammonium ions in the rivulet water of the Cunicea village is similar in 
both samples (with and without CaCO3). The difference between the indices of nitrite ions in these samples reveals that 
calcium ions bind some water-soluble organic substances, and therefore has a small slowing effect on the rate of NO2

- 
oxidation to nitrates, or causes nitrate ions reduction.

Water samples of the Nistru River at the Bursuc village (Figure 3), which is downstream of the Varancau 
village, are less polluted that can be explained by the sedimentation processes of suspended particles. A part of the 
organic matter is precipitated by cationic surfactants, which therefore remain in smaller quantities in water. The braking 
effect is evident in the Nistru River (section Bursuc) samples in presence CaCO3, but less than the last-mentioned ones. 
The water sample collected in summer from the Sculeni section of the Prut River was less polluted, and those sampled 
downstream of the Ungheni city after wastewater treatment plants (WWTP) was more polluted, giving to the braking 
effect a perceptibly different value. In the last of samples mentioned above, by the addition of CaCO3, the impediment 
of the nitrifi cation process was practically complete.
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Figure 3. Dynamics of ammonium ion concentrations in water sample collected from the Nistru River 
(section Bursuc) in May 2012.

In the samples from the Ungheni section (Prut River), as in the Nistru River, section Varancau, the ratio 
between the maximum nitrite ion concentrations with and without calcium carbonate is about two orders. In polluted 
samples of the Nistru and Prut Rivers with added CaCO3, the formation of nitrite ions is mostly likely due to the 
reduction of nitrate ions than to the oxidation of ammonium ions to form NO2

-. The toxic properties of some pollutants 
(mostly probably cationic organic substances) are amplifi ed in the presence of calcium carbonate within laboratory 
simulations. For the samples taken from the Nistru and Prut rivers, downstream cities, where massive amounts of 
effl uents from sewage treatment plants reach their waters, the abovementioned phenomenon is revealed. Wastewaters 
accumulated in the treatment plants are mostly of domestic origin. So, the large amounts of pollutants in wastewaters 
constitute synthetic detergents. Previous research [24] proved that anionic and non-ionic surface-active substances at 
the MAC level decreased by a smaller amount the speed of the nitrifi cation process. It is known that the process of the 
nitrogen oxidation is delayed in the presence of cationic surfactants and amines. This process has been also studied in 
the case of the mixture of cationic and anionic detergents [24]. For such mixture, the toxicity of cationic surfactants 
decreases [21,22]. On the contrary, the toxicity of cationic surfactants amplifi es with the water hardness increasing 
[25]. The phenomenon of the nitrifi cation braking in the presence of CaCO3 is characteristic for the water sections 
collected downstream WWTP of cities. In the presence of mixtures of cationic and anionic surfactants, a preferential 
binding of anionic surfactants to calcium carbonate particles has been found [26,27]. Consequently, it can be assumed 
that the decomposition of the associates formed from anionic and cationic surfactants contribute to braking of the 
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nitrogen oxidation. This decomposition was performed by treatment with fi ne powder of CaCO3. In waters there are 
remained soluble surface-active cationic substances which manifest bactericidal effect. The enzymes concentration, 
which accelerates the nitrogen oxidation, decreases. Thus, the infl uence of CaCO3 on the investigated processes can be 
understood. Additionally, it is expected to suppose the formation of associates of CaCO3 with anionic organic species, 
NH4

+ and NH2OH, which could also lead to braking of the NH4
+ → NO2

- process [21,23]. This is one of two possible 
causes that might decrease the nitrite ions concentration. The second cause could be shrinking the soluble organic matter 
due to its sedimentation on the solid particles of CaCO3, decreasing the speed of the NO3

-→ NO2
- process. 

The same phenomenon was registered for the samples taken in the Prut River close to Sculeni village. Within 
the areas of the Prut River at the Ungheni city and the Sculeni village, the presence of CaCO3 has a smaller infl uence on 
the ammonium ion oxidation process (Figure 4a). In the rivulet fl owing through the Cunicea village, where detergents 
are absent, the samples with and without CaCO3 show the same nitrifi cation path for both the dynamics of ammonium 
oxidation and variation of nitrite ion concentrations. Obviously, it has to be taken into account that nitrite ions could 
appear due to reduction of nitrate ions, especially for polluted waters containing more organic substances, which are 
able to act as reducing agents. That is why in the samples taken from the Nistru River, section Varancau (Figure 2), 
from the Prut River, section Sculeni and the Prut River after WWTP (Figure 4) the nitrite ions are found to be in higher 
concentrations that they could be formed from the ammonium oxidation.

The impact of granite, keramzite, calcium carbonate and their mixture on the water samples collected from the 
Isnovat River in October was investigated. These studies demonstrate that granite, keramzite and their mixture have a 
stimulatory infl uence on nitrifi cation dynamics (Figures 5 and 6). These cases are similar to those of winter samples.

0 5 10 15 20 25 30
0,0

0,5

1,0

1,5

2,0

2,5

 Prut, Sculeni
 Prut, Sculeni + CaCO3
 Prut, Ungheni (after WWTP)
 Prut, Ungheni (after WWTP) + CaCO3

a)

[N
H 4+ ], 

m
g/

L

Days
0 5 10 15 20 25 30

0

2

4

6

8

10

12

14

b)

 Prut, Sculeni
 Prut, Sculeni + CaCO3
 Prut, Ungheni (after WWTP)
 Prut, Ungheni (after WWTP) + CaCO3

[N
O 2- ], 

m
g/

L

Days

Figure 4. Dynamics of ammonium ion (a) and nitrite ion (b) concentrations in water samples collected from 
the Prut River, Sculeni section and after WWTP in June 2012.
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Figure 5. Dynamics of ammonium ion (a) and nitrite ion (b) concentrations in the presence of keramzite and 
CaCO3 in the water samples taken from the Isnovat River in October 2012.
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The dependence of ammonium ion concentrations on the time demonstrates the stimulation of the ammonium ions 
oxidation in the presence of granite, compared to the reference sample (e.g. the sample of natural water to which was 
initially added 2 mg/L of ammonium ions).

It should be noted that the rates of ammonium ions oxidation of reference samples and those with calcium 
carbonate are very close (Figures 5 and 6). In the last samples taken from the Isnovat River the decreasing the ammonium 
ion amounts has an insignifi cant delay, dissimilar for samples of the Nistru River (spring) and the Prut River (summer). 
The difference is only in the dynamics trend of nitrite ion concentrations and their values. When in the reference sample 
the nitric index just starts to increase, in the sample with CaCO3, it reaches the maximum value. Accordingly, in the 
last case, the maximum value (on the eighth day) is 1.3 mg/L, while for the reference sample it is reached after 11 
days of the model initiation with a maximum value of 3.01 mg/L. A signifi cant delay occurs in the case of granite and 
calcium carbonate mixture. In these samples, the nitrite ions concentration achieves the highest peak. Conversely, the 
nitrite ions concentration in the sample with granite and CaCO3 separately, are among the lowest ones. Unlike the water 
sample containing expanded clays with calcium carbonate, the ammonium ions oxidation occurs analogously as with 
the keramzite sample.
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Figure 6. Dynamics of ammonium ion (a) and nitrite ion (b) concentrations in models with granite and 
CaCO3 only, mixtures of granite and keramzite or granite and CaCO3 in the Isnovat River waters collected 

in October 2012.

The obtained results (see all fi gures) show increasing or decreasing the blocking phenomena (stimulating 
oxidation of nitrogen reduced forms in river waters) in polluted samples in the presence of suspended particles of calcium 
carbonate, keramzite and granite substrates. The stimulate effect of nitrogen oxidation has been explained by authors 
[25,28,29] through the adsorption of cationic surfactants on the surfaces of granite and expanded clay. Additionally, the 
phenomenon of adsorption of ammonium ions onto the surface of calcium carbonate itself or in combination with other 
low cost adsorbents from polluted waters was revealed in a series of published works [30-32]. Unfortunately, all above 
mentioned papers do not contain a rigorous explanation about the mechanism of observed phenomena. This question 
will constitute an objective of our next communication. 

Finally, it is interesting to mention the assumption of authors [27] that even the CaCO3 nanoparticles are almost 
insoluble in water, once dispersed in water the Ca-OH group can be formed on the particle surface, which may become 
either positively (Ca-OH2

+) or negatively (Ca-O-) charged by combining or releasing a proton, depending on the pH 
of medium. For example, being dispersed in pure water, the pH of the dispersion is 9.93, indicating that the CaCO3 
nanoparticles are positively charged in neutral water.

Conclusions
Granite and keramzite substrates, separately and in their mixtures, show a similar effect in assisting the 

oxidation of nitrogen reduced forms in natural surface waters, accelerating the oxidation of ammonium and nitrite ions 
from 2 to 4 times.

Calcium carbonate in its mixtures with granite or expanded clays (compared to samples containing separate 
substrates) in the river waters slows in a different way the oxidation of ammonium nitrogen, while it causes no braking 
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nitrifi cation in non-polluted water. The impact of expanded clay, granite substrates and CaCO3 is comparable for samples 
collected in different seasons.

Organic pollutants, especially the cationic surfactants, coming from the urban activities, in the presence of 
calcium carbonate produce a clear impact on the braking process of oxidation of nitrogen reduced forms in natural 
waters.
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Abstract. Dinuclear tetracarboxylato-bridged copper(II) complex, [Cu2(OAc)4(ina)2]·2dmso (1), where 
OAc- = CH3COO-, ina=isonicotinamide and dmso=dimethylsulfoxide, has been prepared and crystal structure has 
been determined by single X-ray diffraction. The compound consists of dinuclear units, in which two Cu(II) ions 
are bridged by four syn,syn-η1:η1:μ-acetato bridges, showing a paddle-wheel cage-type with a square-pyramidal 
geometry. In the crystal structure, intermolecular N-H···O hydrogen bonds link the molecules into a 1D linear chain.
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Introduction
The design and preparation of metal-organic frameworks have attracted intense interest in the fi eld of 

supramolecular chemistry and crystal engineering owing to their potential applications as well as their structural 
variations that are currently of interest in the fi eld of materials [1-7]. A successful strategy in building such networks is 
to employ appropriate bridging ligands that can bind metal ions in different modes and provide a possible way to achieve 
diverse dimensionalities. Copper(II) metal-organic frameworks are of considerable interest because of their structural 
and photoluminescent biological function, catalytic and magnetic properties [8-11]. Isonicotinamide and its related 
compounds are reported to represent a group of small molecules as a drug candidate to prevent and/or reverse diabetes 
by protecting β-cells from damage and death [12]. 

The retrieval of Cambridge Structural Database (CSD) revealed that the combination of Cu(II) with 
isonicotinamide resulted in structural diversity, including mono- [13-15], binuclear [14, 16-18], 1D [7, 16, 19-21] and 
2D polymeric arrays [7, 22, 23]. In all studies isonicotinamide coordinates to the copper(II) ion in a monodentate 
form through the pyridine N atom or in a bidentate one [16] thus providing possibilities for polymeric coordination 
networks. Pyridine-2,5-dicarboxylic acid combines the advantages of both organic multicarboxylic acids and 
heteroaromatic compounds and displays versatile coordination modes through its one N atom and four carboxylate O 
atoms, which in alliance with Cu(II) leads to the formation of coordination homometallic [23-27] and/or heterometallic 
[26, 28-30] polymers. With that in mind, in this contribution, we intended to extend the dimensionality of a new 
coordination compound obtained by the combination of isonicotinamide with pyridine-2,5-dicarboxylate ligands. 
However, in the synthetic conditions we were unable to obtain any new coordination compounds with simultaneous 
presence of pyridine-2,5-dicarboxylic acid and isonicotinamide ligand in one molecule, and a new solvatomorph of 
tetrakis(μ2-acetato-O,O’)-bis(isonicotinamide-N)-di-copper(II) was obtained instead. So, we report herein the 
synthesis and X-ray characterization of a binuclear mixed-ligand Cu(II) complex, [Cu2(OAc)4(ina)2]·2dmso (1), where 
OAc- = CH3COO-, ina = isonicotinamide and dmso = dimethylsulfoxide.

Experimental section
Materials and methods

All reagents and solvents were obtained from commercial sources and were used without further purifi cation. 
Elemental analysis was performed on an Elementar Analysen systeme GmbH Vario El III elemental analyzer. 
The IR spectra were obtained in vaseline oil on a FT IR Spectrum-100 Perkin Elmer spectrometer in the range of 
400 - 4000 cm-1. The thermogravimetric analysis (TGA) was carried out with a Derivatograph Q-1500 thermal analyzer 
in an air fl ow at a heating rate of 10 °C/min in the temperature range of 25 - 1000 °C.
Synthesis of [Cu2(OAc)4(ina)2 ]·2dmso (1).

Cu(OAc)2·H2O (20 mg, 0.1 mmol), isonicotinamide (12.2 mg, 0.1 mmol) and pyridine-2,5-dicarboxylic acid 
(8.3 mg, 0.05 mmol) were dissolved in 8 mL mixture of methanol and dimethylsulfoxide (5:3). The reaction mixture was 
stirred in the ultrasonic bath at 60 °C for ~ 30 min, fi ltered off and then slowly cooled to 5 °C temperature giving green 
crystals. Yield: ~ 48 %. Anal. calc. for C24H36N4O12S2Cu2 (%): C=37.71; H=4.71; N=7.33. Found: C=37.65; H=4.62; 
N=7.47. IR (cm-1): 3300(m), 3163(w), 2953(v.w), 2924(m), 2921(w), 2854(m), 2794(v.w), 1678(m), 1616(m), 1614(s), 
1557(m), 1408(s), 1347(m), 1230(m), 1069(m), 1050(v.w), 1025(w), 722(m), 682(w).
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X-ray structure determination
Diffraction measurement for 1 was carried out at room temperature on a Xcalibur “Oxford Diffraction” 

diffractometer equipped with CCD area detector and a graphite monochromator utilizing MoKa radiation. Final unit 
cell dimensions were obtained and refi ned on an entire data set. All calculations to solve the structure and to refi ne the 
proposed model were carried out with the programs SHELXS97 and SHELXL97 [31]. The structure was solved by direct 
methods and refi ned by full-matrix least-squares methods on F2 by using the SHELXL97 program package. All non-
hydrogen atoms were refi ned anisotropically. Hydrogen atoms attached to carbon atoms were placed in geometrically 
idealized positions and refi ned by using a riding model. The X-ray data and the details of the refi nement for 1 are 
summarized in Table 1. Selected geometric parameters for 1 are given in Tables 2 and 3. The fi gures were produced 
using the Mercury program [32]. CCDC-1408326 contains the supplementary crystallographic data for this paper. These 
data can be obtained free of charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.

Table 1
Crystal and structure refi nement data for compound 1.

Parameters Value
Empirical formula C24H36N4O12S2Cu2
Formula weight 763.77
Crystal system Triclinic
Space group P-1
Z 1
a (Å) 7.3195(12)
b (Å) 8.0763(12)
c (Å) 13.833(2)
α (°) 93.024(13)
β (°) 97.026(13)
γ (°) 96.063(13)
V (Å3) 805.3(2)
Dc (g/cm–3) 1.575
μ (mm-1) 1.514
F (000) 394
Crystal size (mm) 0.12 x 0.12 x 0.05
Refl ections collected/unique 4284 / 2837 [R(int) = 0.0418]
Refl ections with [I>2(I)] 1977
Data/ restraints/ parameters 2837 / 0 / 211
GOF on F2 0.987
R1, wR2[I>2(I)] 0.0592, 0.0943
R1, wR2 (all data) 0.0943, 0.1101

Table 2
Selected bond lengths (Å) and angles (º) in coordination metal environment in 1.

Bond d, Å Bond d, Å
Cu(1)-O(1) 1.971(3) Cu(1)-O(4)i 1.977(3)
Cu(1)-O(3) 1.980(3) Cu(1)-N(1) 2.175(4)
Cu(1)-O(2)i 1.970(3)
Angle ω, deg Angle ω, deg
O(2)i-Cu(1)-O(1) 168.66(14) O(4)i-Cu(1)-O(3) 168.50(14)
O(2)i-Cu(1)-O(4)i 88.76(14) O(2)i-Cu(1)-N(1) 97.10(14)
O(1)-Cu(1)-O(4)i 88.96(15) O(1)-Cu(1)-N(1) 94.21(14)
O(2)i-Cu(1)-O(3) 89.77(15) O(4)i-Cu(1)-N(1) 98.12(15)
O(1)-Cu(1)-O(3) 90.25(15) O(3)-Cu(1)-N(1) 93.39(15) 
Symmetry transformations used to generate equivalent atoms: i -x+2, -y+1, -z+1

Table 3
Hydrogen bond distances (Å) and angles (º) for 1.

D-H···A d(D-H) d(H···A) d(D···A) <(DHA)
Symmetry 
transformation for 
acceptor

N(2)-H(1N1)···O(6) 0.88(4) 2.05(5) 2.913(6) 169(4) x, y-1, z
N(2)-H(2N1)···O(5) 0.87(5) 2.08(5) 2.937(6) 171(5) -x, -y, -z
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35

Results and discussion
Crystal structure analysis

The interaction in the system Cu(OAc)2 – isonicotinamide (ina) – pyridine-2,5-dicarboxylic acid (2,5-pdc) 
resulted in the acid-free dinuclear compound of the composition [Cu2(OAc)4(ina)2]·2dmso (1). Complex 1 represents 
chromophore being intensively green colored. Upon exposure to air, the adduct is stable in solid state and is soluble in 
water and common organic solvents such as methanol and N,N-dimethylformamide.

The complex structure 1 reproduces features for two reported binuclear Cu(II) complexes, solvent-free [17] 
and acetonitrile solvate [14] tetrakis(μ2-acetato-O,O’)-bis(isonicotinamide-N)-di-copper(II). As it is evidenced from 
comparison of the unit cell dimensions and crystal systems, compounds 1 and the last one (P-1; a=7.200(1), b=8.103(1), 
c=13.449(1) Å; α=90.41(0), β=96.33(0), γ=96.12(0) °; V=775.172 Å3) [14] are isomorphous with consequential increase 
of the unit cell volume in 1 (Table 1). Compound 1 (Figure 1a) consists of centrosymmetric paddle-wheel dinuclear units 
with the two copper(II) atoms held together through four syn,syn-η1:η1:μ - acetate bridges (Cu–O distances vary from 
1.970(3) to 1.980(3) Å) acting as equatorial ligands for each Cu(II) center. Each copper atom has a square-pyramidal 
geometry where the ‘peripheral’ coordination site on the metal ion is occupied by an isonicotinamide ligand coordinated 
through the pyridine nitrogen atom at a distance of 2.175(4) Å. The copper atoms are displaced by 0.196 Å from the 
basal planes toward the apical positions. The two amide functionalities of coordinated ina molecules are oriented in a 
linear fashion but pointing in opposite directions. Each amide moiety forms two symmetry related N–H ···O hydrogen 
bonds, with an adjacent metal complex, resulting in infi nite linear chains (Figure 1b). The remaining N–H proton on 
each amide functionality forms a N-H···O hydrogen bond (d(N···O) 2.91 Å) to the included dimethylsulfoxide (Figure 
1b,c). The Cu···Cu separation within the paddle-wheel dinuclear core is 2.626 Å, and the Cu···Cu distance between 
adjacent metal-complexes within each hydrogen-bonded chain is 17.0 Å. The shortest through-space inter-chain distance 
between Cu(II) ions is 6.325 Å. 

(a)

(b)

(c)

Figure 1. View of the: dinuclear Cu(II) molecule (a); infi nite chain of dinuclear Cu(II)-complexes held 
together by self-complementary amide···amide hydrogen-bond interactions (b) and crystal packing in 1 with 

dmso molecules shown in the space-fi lling mode, C-bound H-atoms are omitted for clarity (c).
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The structural parameters of compound 1 compare well with some paddle-wheel copper(II) binuclear and 
polymeric related complexes, as shown in Table 4. The above fi ndings together with the reported complexes reveal that 
monodentate 4-phenylpyridine affords longer Cu···Cu separations, while hexadentate 2,4,6-tri(4-pyridyl)-1,3,5-triazine 
ligand provides shorter Cu···Cu separations with lower deviation of Cu(II) from O4 - plane (Table 4).

Table 4
Structural data for some relevant paddle-wheel copper(II) complexes.

Compounda Space group Cu···Cu, Å Deviation of Cu(II) from 
O4-plane, Å Reference

[Cu2(OAc)4(ina)2]·2dmso (1) P-1 2.626 0.196 Present work
[Cu2(OAc)4(ina)2] P21/c 2.648 0.212 [17]
[Cu2(OAc)4(ina)2]·CH3CN P-1 2.611 0.191 [14]
[Cu2(OMba)4(ina)2] P21/c 2.637 0.203 [18]
[Cu2(OAc)4(4-ppy)2] I41/a 2.654 0.211 [33]
[Cu2(OAc)4(ppca)2] C2/c 2.644 0.209 [34]
[Cu2(OAc)4(4-acpy)2] P21/c 2.631 0.203 [35]
[Cu2(OAc)4(dpya)2] P21/c 2.648 0.210 [36]
[Cu2(OAc)4(CF3-py)2] Cccm 2.623 0.202 [37]
{[Cu2(OAc)4(tpt)2]·2CH3OH}n P21/n 2.605 0.186 [38]

aAbbreviation: HMba=4-Methylbenzoic acid; 
                        4-ppy=4-phenylpyridine; 
                        ppca=N-phenyl-4-pyridinecarboxamide;
                        4-acpy=4-acetylpyridine; 
                        dpya=N,N-dimethyl-4-(pyridin-4-yldiazenyl) aniline; 
                        CF3-py=4-trifl uoromethylpyridine; 
                        tpt= 2,4,6-tri(4-pyridyl)-1,3,5-triazine.

Notably, our survey of the Cambridge Structural Database (ConQuest Version 1.17) reveals 6 discrete compounds 
built up from Cu(II) atom, isonicotinamide molecule and acetate anion, 2 of them being mononuclear compounds, 
namely L-(diacetato)-diaqua-bis(4-carbamoyl-pyridine)-copper [38] and (acetato-O,O’)-(acetato-O)-(acetic acid-O)-
bis(isonicotinamide-N)-copper(II) acetic acid solvate [12], and 4 being binuclear compounds, tetrakis(μ2-acetato-O,O’)-
bis(isonicotinamide-N)-di-copper(II) acetonitrile solvate [12], bis-(μ2-acetato-O,O)-bis(acetato-O)-bis(isonicotinamide-
N)-copper(II) methanol solvate [12], bis(μ2-acetato-O,O’)-bis(acetato-O,O’)-tetrakis(isonicotinamide-N)-di-copper(II) 
[39] and tetrakis(μ2-acetato-O,O’)-bis(isonicotinamide-N)-di-copper(II) [17]. In all these compounds ina coordinates in 
monodentate mode through the pyridine N atom, while acetate ligands show diverse coordination modes: monodentate 
deprotonated [38], bidentate bridging modes [12,17] and combination of monodentate deprotonated-bidentate bridging 
modes [12], bidentate chelating-bridging modes [39] and monodentate protonated-monodentate deprotonated-bidentate 
chelating modes [12] within one compound.

Infrared spectroscopy study
The IR spectrum confi rms the presence of the organic ligands used in the synthesis (through the typical 

vibrations of pyridine rings, amide, and carboxylic groups) [40]. The spectrum exhibits very strong and broad bands 
due to stretching vibrations of coordinated carboxylate groups at 1408 cm-1 νs(COO) and 1614 cm-1 νas(COO) of acetate 
anions. The absorption bands at 3300, 3163 and 1619 cm-1 can be attributed to ν(NH) and δ(NH2), respectively and the 
oscillations at 1557 and 1025 cm-1 show the presence of aromatic rings. The vibrations at 2953, 2924 and 2854 cm-1 
are attributed to ν(CH), at 1347 cm-1 to δ(CH) and the vibrations at 1678 and 1230 cm-1 correspond to ν(–C=O) and 
ν(–C–N), respectively. The presence of dimethylsulfoxide in the complex is documented by the oscillations at 2794 cm-1 
νas(CH3), 2921 cm-1 νs(CH3), 1069 and 1050 cm-1 ν(–S=O), 722 cm-1  ν(–C–S–C–) and 682 cm-1 ν(–C–S–).

Thermogravimetric analysis
The decomposition of 1 was investigated by combined TG-DTA. It was found that 1 has three separate weight 

loss steps (Figure 2). The fi rst weight loss step is observed in the range of 165-188 °C corresponding to the loss of the two 
solvated dmso molecules (found, 20.9%; calcd., 20.5 %). In the range of 195-239 oC takes place the second weight loss 
that can be attributed to two ina molecules (found, 31.5%; calcd., 31.7%). Both processes are endothermic. Beginning 
with 340 oC, a strong exothermic process was observed, with maximum at 430 oC, caused by oxidative degradation of 
the remaining compound. The fi nal residue corresponds to CuO with no changes to 1000 oC.

D. Chisca et al. / Chem. J. Mold. 2015, 10(2), 33-39
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Figure 2. TG-DTA pattern of compound 1.

Conclusions
A new dinuclear tetracarboxylato-bridged copper(II) solvatomorph [Cu2(OAc)4(ina)2]·2dmso (1) (OAc-

=CH3COO-, ina=isonicotinamide and dmso=dimethylsulfoxide) was prepared and studied by IR spectroscopy, TGA 
analysis and single crystal X-ray method. Four carboxylate ligands bridge two copper ions in a syn, syn-η1:η1:μ mode 
showing a paddle-wheel unit. Isonicotinamide ligands coordinate to copper(II) in a monodentate form through the 
nitrogen atom of pyridine. The Cu(II) cation is pentacoordinated in a NO4-environment in the shape of distorted 
square-pyramid. The amide moiety of isonicotinamide ligands forms N–H···O hydrogen bonds resulting in infi nite 
linear chains.
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SYNTHESIS, CRYSTAL STRUCTURE, AND PROPERTIES OF 
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Abstract. Three kinds of copper(II) complexes with 1,4,7-tris(2-aminoethyl)-1,4,7-triazacyclononane (taetacn), 
[Cu(taetacn)](ClO4)2 (1), [Cu(Htaetacn)](ClO4)3 (2), and [Cu(Htaetacn)](BF4)3 (3) were synthesized and characterized 
by elemental analyses, IR and UV-Vis spectroscopies. The spectral features are in harmony with an octahedral geometry 
for 1 and a square-pyramidal coordination for 2 and 3. The crystal structure of 2 was determined by the single-crystal 
X-ray diffraction method at 293 K. It crystallizes in the orthorhombic space group Pnma with a = 20.605(3) Å, b = 
12.7944(18) Å, c = 9.8972(14) Å, V = 2609.2(6) Å3, Dx = 1.582 g/cm3, and Z = 4. The R1 [I > 2σ(I)] and wR2 (all data) 
values are 0.0723 and 0.2389, respectively, for all 3253 independent refl ections. The compound consists of square-
pyramidal copper(II) cation with protonated Htaetacn and tetrahedral ClO4

– anions. The temperature dependence of 
magnetic susceptibilities obeyed the Curie-Weiss law with Ɵ = –2.4, –5.2 and –7.2 K for 1, 2, and 3, respectively. 
Cyclic voltammetry of 2 in DMF showed two quasi-reversible reduction waves (Epc = –0.98, Epc = –0.92; Epc = –1.30, 
Epc = –1.22 V versus Fc/Fc+).

Keywords: copper(II) complex, magnetic properties, macrocyclic ligand, 1,4,7-triazacyclononane. 
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Introduction
There have been a considerable interest in coordination chemistry of macrocyclic ligands in the past fi ve 

decades [1,2]. Small macrocyclic ligand, 1,4,7-triazacyclononane (tacn), is one of the most studied compounds among 
macrocyclic ligands [3-6] because of the too small size to incorporate metal ion in the triaza-ring, generating mononuclear 
metal complexes with a sandwich structure [7] and a piano-stool structure [8]. Previously, we reported on metal 
complexes with cyclam-based octadentate ligand having four 2-aminoethyl groups as pendant arms, 1,4,8,11-tetrakis(2-
aminoethyl)-1,4,8,11-tetraazacyclodecane (taec) [9-16]. The taec ligand forms unique dinuclear metal complexes, where 
the two metal ions are bound by the four pendant groups outside the cyclam ring. Substitution of the 2-aminoethyl 
pendant groups by other groups such as salicylideneaminoethyl groups also afforded similar dinuclear metal complexes 
[17-20]. Concerning these cyclam-based ligands with four pendant groups, the corresponding tacn-based hexadentate 
ligands with three pendant groups are of interest [21-23]. Especially, 1,4,7-tris(2-aminoethyl)-1,4,7-triazacyclononane 
(taetacn), as shown in Figure 1, is interesting for us due to the comparison with the taec ligand. However, there are 
still only few reports on metal complexes with taetacn [21,22]. Therefore, we have been engaged in synthesis of metal 
complexes with taetacn and found out that a mononuclear nickel(II) complex with octahedral geometry is formed by 
reactions of taetacn and nickel(II) salt [24].

Figure 1. The hexadentate macrocyclic ligand taetacn.
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In this study, we synthesized new metal complexes with taetacn from reactions of copper(II) salts and taetacn 
and characterized the isolated complexes. Herein we report on the synthesis, variable temperature magnetic moments, 
and electronic spectra of [Cu(taetacn)](ClO4)2·H2O (1) and [Cu(Htaetacn)](ClO4)3·H2O (2), where taetacn denotes 
1,4,7-tris(2-aminoethyl)-1,4,7-triazacyclononane. We also report on the crystal structure and electrochemical properties 
of [Cu(Htaetacn)](ClO4)3·H2O (2). 

Experimental
Synthesis. The ligand taetacn was synthesized by a reaction of tacn with N-(p-tosylsulfonyl)aziridine according 

to the method described in the literature [24]. Other reagents and solvents were obtained from commercial sources and 
were used without further purifi cation. 

[Cu(taetacn)](ClO4)2·H2O (1)
Copper(II) perchlorate hexahydrate (31.5 mg, 0.086 mmol) dissolved in methanol (1 cm3) was added to a methanol 
solution of taetacn (22.4 mg, 0.087 mmol) in methanol (1 cm3). The resulting solution was kept at ambient temperature 
overnight to give blue crystals. The crystals were fi ltered, washed with small amount of methanol, and dried in vacuo. 
Yield: 19.7 mg (43%). Anal. Found: C, 26.80; H, 6.33; N, 15.78%. Calcd for C12H32Cl2CuN6O9: C, 26.75; H, 5.99; N, 
15.60%. IR (KBr): (OH) 3569;  (NH) 3328, 3279; (CH) 2954, 2876; (NH) 1595; (ClO) 1088, 625 cm–1. Diffuse 
refl ectance spectrum: λmax 292, 694 nm.  

[Cu(Htaetacn)](ClO4)3·H2O·CH3OH (2)
Copper(II) perchlorate hexahydrate (27.2 mg, 0.073 mmol) dissolved in methanol (1 cm3) was added to a magnetically 
stirred solution of taetacn (9.5 mg, 0.037 mmol) in methanol (1 cm3). The resulting solution was kept at ambient 
temperature overnight to give purple crystals. The crystals were fi ltered, washed with small amount of methanol, and 
dried in vacuo. Yield: 7.9 mg (32%). Anal. Found: C, 23.16; H, 5.12; N, 12.84%. Calcd for C13H37Cl3CuN6O14: C, 23.26; 
H, 5.55; N, 12.52%. IR (KBr):(OH) 3546; (NH) 3323, 3280; (NH3

+) 3178; (CH) 2944, 2884; (NH) 1596; (ClO) 
1099, 624 cm–1. Diffuse refl ectance spectrum: max 287, 572, 638sh, 845 nm.

Complex 2 was also prepared by reaction of taetacn and copper(II) perchlorate hexahydrate in the 1:3 mole 
ratio instead of the 1:2 ratio. Yield: 10.5 mg (15%). Anal. Found: C, 22.60; H, 4.81; N, 12.97%. Calcd  for [Cu(Htaetacn)]
(ClO4)3·H2O (C12H33Cl3CuN6O13): C, 22.54; H, 5.20; N, 13.15%. IR (KBr):(OH) 3585; (NH) 3322, 3280; (NH3

+) 
3180; (CH) 2988, 2943, 2883; (NH) 1596; (ClO) 1102, 625 cm–1. Diffuse refl ectance spectrum: max 290, 574, 640sh, 
828 nm.

[Cu(Htaetacn)](BF4)3·H2O·CH3OH (3)
Copper(II) tetrafl uoroborate hexahydrate (31.5 mg, 0.091 mmol) dissolved in methanol (1 cm3) was added to a methanol 
solution of taetacn (22.4 mg, 0.087 mmol) in methanol (1 cm3). The resulting solution was kept at ambient temperature 
overnight to give a deep blue precipitate. The precipitate was fi ltered, washed with small amount of methanol, and dried 
in vacuo. Yield: 40.0 mg (73%). Anal. Found: C, 24.47; H, 5.61; N, 13.24%. Calcd for C13H37B3CuF12N6O2: C, 24.65; 
H, 5.89; N, 13.27%. IR (KBr):(NH) 3323, 3279; (NH3

+) 3181; (CH) 2955, 2884; (NH) 1604; (BF) 1053, 624. 
Diffuse refl ectance spectrum: max 288, 578, 640sh, 840 nm. 

Complex 3 was also prepared by reaction of taetacn and copper(II) tetrafl uoroborate hexahydrate in the 1:2 
and 1:3 mole ratio instead of the 1:1 ratio. Yield: 19.3 mg (36%); 22.5 mg, (42%). Anal. Found: C, 23.48; H, 5.60; N, 
13.30%. Calcd for [Cu(Htaetacn)](BF4)3·2H2O (C12H35B3CuF12N6O2): C, 23.27; H, 5.70; N, 13.57%. IR (KBr):(NH) 
3341, 3285; (NH3

+) 3182; (CH) 2954, 2884; (NH) 1603; (BF) 1082, 625 cm–1. Diffuse refl ectance spectrum: max 
282, 577, 640sh, 840 nm.

Measurements. Elemental analyses for carbon, hydrogen, and nitrogen were done using a Thermo-Finnigan 
FLASH EA1112 series CHNO-S analyzer. Infrared spectra were measured with a JASCO MFT-2000 FT-IR 
Spectrometer in the 4000—600 cm–1 region. Electronic spectra were measured with a Shimadzu UV-vis-NIR Recording 
Spectrophotometer (Model UV-3100). Cyclic voltammetric measurements were performed using a BAS ALS-Model 
1200B Electrochemical analyzer. A three-electrode cell consisting of a glassy carbon electrode, a platinum-wire counter 
electrode and a non-aqueous Ag/Ag+ electrode was used. Ferrocene (Fc) was used as the internal standard (for Fc/Fc+, 
E1/2 = 0.054 V vs. Ag/Ag+). Magnetic susceptibilities were measured with a Quantum Design MPMS-XL7 SQUID 
susceptometer operating at a magnetic fi eld of 0.5 T over a range of 4.5—300 K. The susceptibilities were corrected 
for the diamagnetism of the constituent atoms using Pascal’s constants [25]. The effective magnetic moments were 
calculated from the equation eff = 2.828MT, where M is the molar magnetic susceptibility per mole of copper(II) unit. 

X-Ray crystallography. X-Ray diffraction data for 2 were collected on a Bruker SMART APEX CCD 
diffractometer (Mo K radiation) at 293 K and indexed using the SMART software. Crystal data and details concerning 
data collection are given in Table 1. The cell parameters were refi ned by full-matrix least-squares on F2. Integrated 
intensity information for each refl ections was obtained and corrected using the SAINT+ program package including the 
reduction program SAINT and the empirical absorption correction program SADABS. The structure was solved using 
the SHELXTL program. The structure was solved by direct methods, and the residual non-hydrogen atoms were located 
by D-Fourier synthesis. All of non-hydrogen atoms were refi ned by full-matrix least-squares on F2. The hydrogen atoms 
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except for those of water molecules were inserted at their ideal positions and fi xed there. All of the calculations were 
carried out on a Windows 7 Core i5 computer utilizing the SHELXTL software package [26] and SHELXL-2014/7 
[27]. CCDC 1417656 for 2 contains supplementary crystallographic data for this paper. The data can be obtained free of 
charge at www.ccdc.cam.ac.uk/conts/retrieving.html [or from the Cambridge Crystallographic Data Centre, 12 Union 
Road, Cambridge CB12 1EZ, UK; fax: (internet.) +44 1223 336033; e-mail: deposit@ccdc.cam.ac.uk].

Table 1
Crystal and experimental data.

Parameter Value
Chemical formula C12H31Cl3CuN6O12
Formula weight 621.32
Temperature, (K) 293
Crystal system Orthorhombic
Space group Pnma
Z 4
a, (Å) 20.605(3)
b, (Å) 12.7944(18)
c, (Å) 9.8972(14)
V, (Å3) 2609.2(6)
Dx, (g/cm3) 1.582
Radiation: Mo Ka, , (Å) 0.71073
μ (Mo Ka), (mm-1) 1.208
F (000) 1284
Crystal size, (mm3) 0.60 x 0.30 x 0.30
No. of refl ections collected 15491
No. of independent refl ections 3253
 range for data collection, (°) 1.977 - 28.528
Data/Restraints/Parameters 3253/0/167
Goodness-of-fi t on F2 0.955
R indices [I>2σ(I)] R1 = 0.0723, wR2 = 0.2199
R indices (all data) R1 = 0.0990, wR2 = 0.2389
()max 0.023
()max, (eÅ–3) 0.826
()min, (eÅ–3) –0.411
Measurement Bruker Smart APEX CCD diffractometer
Program system SHELXTL
Structure determination Direct methods (SHELXS-97)
Refi nement full matrix least-squares (SHELXL-2014/7)
CCDC deposition number 1417656

Results and discussion
The taetacn ligand was reacted with copper(II) perchlorate in a molar ratio of 1:1, 1:2, and 1:3 in methanol. 

Only the 1:1 ratio case afforded a 1:1 complex, [Cu(taetacn)](ClO4)2 (1), whereas a protonated complex, [Cu(Htaetacn)]
(ClO4)3 (2), was isolated for the 1:2 and 1:3 cases. Single crystals suitable for the X-ray structure analysis were 
obtained from the methanol solution of 2, and the crystal structure was determined by the X-ray diffraction method. 
The formulation of mononuclear species of 1 and 2 was confi rmed by the elemental analysis, infrared and electronic 
absorption spectroscopies, and magnetic susceptibility measurements (4.5—300 K). 

In the infrared spectra of the perchlorate complexes, 1 and 2, two N-H stretching vibration bands of the 
2-aminoethyl pendant groups were observed at 3328—2323 cm−1 and 3280—3279 cm–1. These two bands can be assigned 
to the antisymmetric as(NH2) and symmetric s(NH2) vibrations, respectively. In the case of 2, another N-H stretching 
band due to NH3

+ was observed at 3178—3180 cm–1, in accordance with the presence of the protonated 2-aminoethyl 
pendant group. Stretching band of the perchlorate ion appeared as a strong broad band at around 1088-1102 cm–1. Small 
splitting of the band suggests no coordination of the perchlorate ions to the copper center [28]. The infrared spectrum 
of the tetrafl uoroborate complex 3 shows a similar spectral feature to that of the perchlorate 2 with as(NH2) at 3323—
3341 cm–1, s(NH2) at 3279—3285 cm–1, (NH3

+) at 3181—3182 cm–1 and (BF4
–) at 1053—1082 cm–1.

The diffuse refl ectance spectra of 1 and 2 are shown in Figure 2. In the spectra of 1, one absorption band 
appeared at around 694 nm in the visible region. This band may be attributed to d-d transition (2Eg→

2T2g) of an octahedral 
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copper(II) ion. On the other hand, three bands appeared in the visible region of the spectra of 2. The band at 572 nm may 
be assigned to spin-allowed 2B1→

2E transition, a shoulder at 638 nm to a spin-allowed 2B1→
2B2 transition, and a band 

at around 845 nm to spin-allowed 2B1→
2A1 transition [29]. The spectral feature is in harmony with a square-pyramidal 

copper(II) ion. The electronic spectra of 1 and 2 in H2O become a little similar to each other, although keeping the 
difference between 1 and 2 in the solid state to some extent in the visible region [1: 275 nm ( = 4600 mol–1dm3cm–1), 
606 nm ( = 130 mol–1dm3cm–1); 2: 275 nm ( = 4300 mol–1dm3cm–1), 578 nm ( = 160 mol–1dm3cm–1), and 802 nm 
(78 mol–1dm3cm–1)]. The diffuse refl ectance spectrum of 3 is similar to that of 2, suggesting the similar square-pyramidal 
geometry of the copper(II) ion in 3.

Figure 2. Diffuse refl ectance spectra of 1 and 2.

In the crystal, the asymmetric unit consists of one half of [Cu(Htaetacn)]3+ cation, and one and a half of ClO4
– 

ions. The complex cation structure drawn by ORTEP program is shown in Figure 3. The molecule has a crystallographic 
mirror plane intersecting the Cu1, N1, C4, C5, and N4 atoms. In the cation, the copper(II) atom is coordinated by three 
amino nitrogen atoms of tacn moiety and two amino nitrogen atoms of the pendant groups in a distorted square pyramid. 

Figure 3. ORTEP drawing of the structure of the copper complex 
showing the 50% probability level thermal ellipsoids.

Selected bond lengths (Å) and angles (°): Cu1-N1 2.242(5), Cu1-N2 2.015(4), Cu1-N3 2.012(4); N1-Cu1-N2 
83.52(17), N1-Cu1-N3 112.73(17), N2-Cu1-N3 85.4(2), N2-Cu1-N2i 84.9(3), N2-Cu1-N3i 160.0(2), N3-Cu1-N3i 
98.1(3). Symmetry code: (i) x, 1/2 – y, z.
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It is to be noted that one pendant arm is protonated and does not take part in coordination to the metal atom. 
This is in contrast with the case for [Ni(taetacn)](ClO4)2·H2O, where the metal atom takes an octahedral geometry with 
three pendant amino groups [24]. The axial Cu1-N1 distance (2.242(5) Å) is considerably longer than those with the 
basal Cu-N distances (2.012(4) and 2.015(4) Å). The  value is 0.0, showing the square-pyramidal geometry around the 
copper atom [30]. In the crystal, the protonated amino nitrogen atom N4 is surrounded by four perchlorate-oxygen atoms 
by hydrogen bonds [N4···O3 (x, y, 1 + z) 2.965 Å, N4···O7 (x, y, 1 +z) 3.065 Å] (Figure 4).

a

b

c

Figure 4. Packing diagram of 2 viewed along the c axis. Hydrogen atoms are omitted for clarity.

The magnetic moment of 1 is 1.96 μB at 300 K. This value is larger than the spin-only value of copper(II) 
(1.73 μB, S = 1/2), being typical for the octahedral copper(II) complexes due to spin-orbital coupling with the excited 
T state [18]. The moment decreases slightly with the lowering of temperature, reaching a value of 1.86 μB at 4.5 K. 
In Figure 5, magnetic susceptibilities and inverses of magnetic susceptibilities of 1 were plotted versus temperature. 
As can be seen in Figure 5, the magnetic data obey the Curie-Weiss law,  = C/(T – ), with a small Weiss constant 
( = –2.4 K, C = 0.481 cm3Kmol–1). This result shows that magnetic interaction between copper(II) ions is weak. 
The magnetic moments of 2 and 3 are 2.02 and 2.04 μB, respectively, at 300 K and decrease to 1.78 and 1.81 μB, 
respectively, at 4.5 K, with the lowering of temperature. The magnetic data obey the Curie-Weiss law (2:  = –5.2 K, 
C = 0.527 cm3Kmol–1; 3:  = –7.2 K, C = 0.515 cm3Kmol–1), similarly to 1.

Figure 5. Temperature dependence of magnetic susceptibilities and inverse magnetic susceptibilities 
for 1 (circles), 2 (triangles) and 3 (diamonds).

M. Mikuriya et al. / Chem. J. Mold. 2015, 10(2), 40-47



45

The cyclic voltammogram of 2 was measured in DMF containing tetrabutylammonium perchlorate (0.1 M), 
(Figure 6). In the –0.6 to –1.5 V versus Fc/Fc+ region, two reduction waves are observed. Both the reduction waves have 
the characteristic of an electrochemically quasi-reversible couples (Epc = –0.98, Epa = –0.92, E1/2 = 0.95 V versus Fc/Fc+; 
Epc = –1.30, Epa = –1.22, E1/2 = –1.26 V versus Fc/Fc+). The former may be assigned to the Cu(II)/Cu(I) couple for the 
square-pyramidal copper(II) and the latter may be due to the Cu(II)/Cu(I) couple for the octahedral copper(II) center, 
suggesting the existence of the two species in solution as found in solution spectra. This is in contrast with the case for 
the nickel(II) complex with taetacn, which shows only one species in solution [24].

Figure 6. Cyclic voltammogram of 2 in DMF: [complex] = 0.001 M, [TBAP] = 0.2 M 
(TBAP = tetrabutylammonium perchlorate), scan rate = 100 mV S−1.

Conclusions
By using taetacn ligand, synthesis of mononuclear copper(II) complexes, [Cu(taetacn)](ClO4)2·H2O, 

[Cu(Htaetacn)](ClO4)3·H2O, and [Cu(Htaetacn)](BF4)3·H2O, was accomplished in this study. The analytical data, infrared 
spectra, UV-vis-NIR spectra, and temperature dependence of magnetic susceptibilities are consistent with mononuclear 
structures with octahedral and square-pyramidal geometries for these systems.
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Abstract. Mixed-metal complexes constructed from dinuclear ruthenium(II,III) carboxylates and 
tetracyanidoplatinate(II), [{Ru2(O2CCH3)4}2Pt(CN)4]·2H2O (1) and [{Ru2{O2CC(CH3)3}4}2Pt(CN)4]·2H2O (2), 
were synthesized and characterized by elemental analysis and IR and UV-vis spectroscopies. These data are in 
accordance with the formulation of the PtRu4 complexes with two lantern-type dinuclear Ru2 and Pt(CN)4 units. A 
broad band at near-IR and a distinctive band at visible region (1088 and 443 nm for 1 and 1090 and 446 nm for 2), 
which can be ascribed to a δ(Ru2)→δ*(Ru2) and a π(RuO, Ru2)→π*(Ru2) transitions, respectively, were observed 
in the diffused refl ectance spectra. Temperature-dependence of magnetic susceptibilities (4.5—300 K) showed that 
antiferromagnetic interaction between the two 3/2 spins of the Ru2 units through tetracyanidoplatinate(II) is weak 
(zJ = −0.1 cm−1) with zero-fi eld-splitting values of 45 and 65 cm−1 for 1 and 2, respectively.

Keywords: dinuclear ruthenium(II,III) carboxylate, magnetic property, mixed-metal complex, tetracyanidoplatinate(II).
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Introduction
Dinuclear metal carboxylates with a lantern-type (or paddlewheel-type) dinuclear core are interesting compounds 

and have attracted much attention over the past fi ve decades because of the unique dinuclear core [1-5]. It is known 
that most of these compounds have metal-metal bonds between the two metal atoms, giving diamagnetic property 
for these systems. In this context, dinuclear ruthenium carboxylates are unique compounds, showing paramagnetic 
properties irrespective of the lantern-type (or paddlewheel-type) dinuclear core with metal-metal bonding. Especially, 
interesting features are that mixed-valent ruthenium(II,III) carboxylates [Ru2(O2CR)4]

+ have three unpaired electrons on 
the π*2δ*1 orbitals in the metal-metal bonds and show various functional properties such as liquid crystalline properties 
as well as magnetic properties [3-42]. These ruthenium carboxylates are useful as building block for constructing 
magnetic materials. We reported on some metal-assembled complexes such as one-dimensional chain compounds 
prepared by application of bidentate linking ligands to dinuclear ruthenium carboxylates. Most of these compounds are 
antiferromagnetic between the dinuclear ruthenium units through the linking ligands and the strength of the magnetic 
interaction depends on the linking ligands [17-32]. Dinuclear ruthenium carboxylates form polymeric mixed-metal 
complexes by reaction with octacyanidometalate [M(CN)8]

4– (M = W), hexacyanidometalate ion [M(CN)6]
3– (M = Fe, 

Co, and so on) and some of them show an antiferromagnetic interaction between the dinuclear ruthenium units through 
the diamagnetic cyanidometalate ion and a ferrimagnetic interaction among the hetero metal ions [33-42]. 

Recently, our continuing study on these systems led us to obtain mixed-metal complexes with dicyanidoargentate(I) 
and tetracyanidonickelate(II) ions [41,42]. In these mixed-metal systems, it was diffi cult to obtain single crystals 
to elucidate the polymeric structures. In this study, we extended these systems to mixed-metal complexes with 
tetracyanidoplatinate(II) ion [Pt(CN)4]

2– in the hope of obtaining new mixed-metal systems of ruthenium(II,III) 
carboxylates. The isolated complexes were characterized based on elemental analysis, infrared and UV-vis spectra, and 
temperature dependence of magnetic susceptibilities (4.5—300 K).

Experimental
Synthesis: Unless otherwise specifi ed, commercial chemicals were used as supplied. Tetrafl uoroborate salts of 

dinuclear ruthenium(II,III) acetate and pivalate, [Ru2{O2CCH3}4(H2O)2]BF4 and [Ru2(O2CC(CH3)3)4(H2O)2]BF4, were 
synthesized according to the literature methods [6,7].

[{Ru2(O2CCH3)4}2Pt(CN)4]·2H2O (1)
Potassium tetracyanidoplatinate(II) (30 mg, 0.080 mmol) was dissolved in 5 mL of H2O. To an aqueous solution (5 mL) 
of [Ru2{O2CCH3}4(H2O)2]BF4 (50 mg, 0.089 mmol) was added this solution, stirred overnight. The resulting precipitate 
was fi ltered, washed with small amount of water, and dried in vacuo. Yield: 34 mg (35%). Anal. Found: C, 20.12; H, 
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2.34; N, 4.73%. Calcd. for C20H28N4O18PtRu4: C, 19.82; H, 2.33; N, 4.62%. IR (KBr): ν(CH) 2934; ν(CN) 2150, 2138; 
νas(CO2

−) 1443; νs(CO2
−) 1401 cm–1. Diffuse refl ectance spectrum: λmax 250, 290sh, 443, 1088 nm.

[{Ru2{O2CC(CH3)3}4}2Pt(CN)4]·2H2O (2)
Potassium tetracyanidoplatinate(II) (14 mg, 0.037 mmol) was dissolved in 5 mL of H2O. To an aqueous solution 
(5 mL) of [Ru2{O2CC(CH3)3}4(H2O)2]BF4 (28 mg, 0.038 mmol) was added this solution, stirred overnight. The resulting 
precipitate was fi ltered, washed with small amount of water, and dried in vacuo. Yield: 24 mg (42%). Anal. Found: C, 
34.35; H, 4.75; N, 3.73%. Calcd. for C44H80N4O17PtRu4: C, 34.39; H, 5.25; N, 3.65%. IR (KBr): ν(CH) 2967, 2936, 2910, 
2876;ν(CN) 2137; νas(CO2

−) 1488; νs(CO2
−) 1421 cm–1. Diffuse refl ectance spectrum: λmax 262, 304, 446, 1090 nm.

Measurements: Elemental analyses for carbon, hydrogen, and nitrogen were conducted using a Thermo-
Finnigan FLASH EA1112 series CHNO-S analyzer. Infrared spectra were measured with a JASCO MFT-2000 FT-IR 
Spectrometer in the 4000—600 cm–1 region. Electronic spectra were measured with a Shimadzu UV-vis-NIR Recording 
Spectrophotometer (Model UV-3100). Magnetic susceptibilities were measured with a Quantum Design MPMS-XL7 
SQUID susceptometer operating at a magnetic fi eld of 0.5 T over a range of 4.5—300 K. The susceptibilities were 
corrected for the diamagnetism of the constituent atoms using Pascal’s constants. The effective magnetic moments 
were calculated from the equation μeff = 2.828√χMT, where χM is the molar magnetic susceptibility per mole of dinuclear 
ruthenium(II,III) unit.

Results and discussion
Reaction of the mixed-valent dinuclear ruthenium(II,III) acetate and ruthenium(II,III) pivalate with 

tetracyanidoplatinate(II) ion gave orange and brown precipitates, respectively. Formulation of the mixed-metal systems of 
two dinuclear ruthenium(II,III) carboxylate units with one tetracyanidoplatinate(II) unit, [{Ru2(O2CCH3)4}2Pt(CN)4]·2H2O 
(1) and [{Ru2{O2CC(CH3)3}4}2Pt(CN)4]·2H2O (2),was confi rmed by the elemental analyses, infrared and electronic 
spectra, and temperature dependence of magnetic susceptibility data (4.5—300 K). 

The infrared spectra of the present complexes are shown in Figure 1. In the infrared spectra, C-H stretching 
vibrations were observed at 2934 cm−1 for 1 and at 2967, 2936, 2910, and 2876 cm−1 for 2, respectively, in agreement 
with the presence of the methyl or t-butyl groups. Distinctive sharp bands were observed at 2150 and 2138 cm–1 in 1 
and 2137 cm−1 in 2. These bands may be assigned to ν(CN) stretching band of tetracyanidoplatinate(II) ion. These bands 
appeared at a little higher energy region compared with that of K2[Pt(CN)4] (ν(CN): 2134 and 2121 cm–1), suggesting the 
bridging of the tetracyanidoplatinate(II) to the dinuclear ruthenium carboxylate units [43-45]. Two strong bands were 
observed at 1443 and 1401 cm−1 assignable to asymmetrical and symmetrical stretching vibrations of the syn-syn acetate 
bridges, respectively, for 1, where as two strong bands observed at 1488 and 1421 cm−1 assignable to asymmetrical and 
symmetrical stretching vibrations of the syn-syn pivalate bridges, respectively, for 2. 

Diffused refl ectance spectra of 1 and 2 are shown in Figure 2. A weak broad absorption band, which is 
typical for ruthenium(II,III) carboxylate and can be attributed to a δ(Ru2)→δ*(Ru2) transition, was observed at around 
1088 nm in solid of 1 [8]. A distinctive band at 443 nm in 1 may be due to π(RuO, Ru2)→π*(Ru2) transition [11,12]. 
From these spectral feature, we can consider that the lantern-type dinuclear structure of the mixed-valent dinuclear 
ruthenium(II,III) carboxylate is maintained in the present mixed-metal complexes, because the spectra contain the 
characteristic bands of dinuclear ruthenium(II,III) carboxylate. The spectra contain another feature due to the presence 
of tetracyanidoplatinate(II) moiety. The bands at 250 and 290 nm in 1 can be assigned to the 1A1g → 1Eu and 1A1g → 1B1u 
transitions, respectively, of the tetracyanidoplatinate(II) moiety [46]. Similar spectral feature was observed for 2: 1090 
(δ(Ru2)→δ*(Ru2)), 446 (π(RuO, Ru2)→π*(Ru2), 304 (1A1g(Pt) → 1B1u(Pt)), 262 (1A1g(Pt) → 1Eu(Pt)) nm.
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Figure 1. Infrared spectra: 1 (a), 2 (b), and K2Pt(CN)4 (c).
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Figure 2. Diffused refl ectance spectra of 1 (a) and 2 (b).

Temperature dependence of effective magnetic moments is shown in Figure 3. The magnetic moments per 
dinuclear ruthenium(II,III) unit of 1 and 2 are 4.30 and 4.41 μB, respectively, at 300 K. These values are a little higher 
than the spin-only value of S = 3/2 (3.87 μB). The magnetic moments gradually decrease with lowering of temperature and 
reach the minimum values, 3.20 and 3.28 μB, respectively, at 4.5 K. These magnetic behaviors are typical for dinuclear 
ruthenium(II,III) carboxylates having a large zero-fi eld-splitting (ZFS) with a weak antiferromagnetic interaction [3-5]. 
The magnetic data were analyzed by a molecular fi eld approximation [47] considering the ZFS effect to estimate the 
magnitude of the antiferromagnetic interaction [9, 10], using the following equations:  

χ’ = χ/ {1 − (2zJ/ Ng2μB
2)c}                                                                                                                                           (1)

χ = (χ + 2χ) / 3                                                                                                                                                             (2)
χ = (Ng2μB

2 / kT)[1 + 9exp(−2D / kT)] / 4{1 + exp(−2D / kT)}                                                                                    (3)
χ= (Ng2μB

2 / kT)[4 + (3kT / D){1 – exp(−2D / kT)}] / 4{1 + exp(−2D / kT)}                                                              (4)

where zJ - is the exchange integral multiplied by the number of interacting neighbors, 
χ - is the magnetic susceptibility of the individual dinuclear unit, 
D- is the ZFS parameter.  

The g value was treated isotropic. Best fi tting curve was obtained with the parameters: zJ = –0.10 cm−1, g = 2.10, 
D= 45 cm–1 for 1. The similar parameter values zJ = –0.10 cm−1, g = 2.10, D = 60 cm–1 were obtained for 2. These results 
show that a weak antiferromagnetic interaction is operating between the two dinuclear ruthenium 3/2 spins through 
the diamagnetic tetracyanidoplatinate(II) bridge, being consistent with a long separation of the Ru2 units through the 
Pt(CN)4 bridge for the present complexes.
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Figure 3. Temperature dependence of the magnetic moments of 1 (a) and 2 (b).
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Figure 4. Proposed structure for the present complexes.

From the above results, we can assume a pentanuclear structure with a linear arrangement of two dinuclear 
ruthenium units and one tetracyanidoplatinate(II) ion shown in Figure 4 for 1 and 2.  

Conclusions
By using tetracyanidoplatinate(II), the preparation of the mixed-metal complexes of dinuclear ruthenium(II,III) 

carboxylate, [{Ru2(O2CCH3)4}2Pt(CN)4]·2H2O(1) and [{Ru2{O2CC(CH3)3}4}2Pt(CN)4]·2H2O (2), was achieved. The 
elemental analysis, infrared spectra, UV-vis-NIR spectra, and temperature dependence of magnetic susceptibilities are 
consistent with pentanuclear structures composed of two dinuclear ruthenium units bridged by one tetracyanidoplatinate(II) 
ion. In accordance with the structural feature, a weak antiferromagnetic interaction through the tetracyanidoplatinate(II) 
ion was observed for the present complexes.
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Abstract. The accumulated waste fat as production from Faraon quail breeds has been investigated for the fi rst time 
by using GC-MS technique, preventively converting it via methanolysis to fatty acid methyl esters. The test results, 
regarding the content of unsaturated fatty acids having a favorable to human body cis-confi guration (77.8%), confi rm 
their nutritional value and the possibility of using this fat in cosmetic, pharmaceutical and food industries.
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Introduction
The value and chemical composition of quail meat, which contains monounsaturated fatty acids at the amount 

of about 50%, polyunsaturated acids at the amount of 15%, and trans-confi gured acids at the amount of 3 % is known [1]. 
The unique composition of quail carcass products determines their nutritional and healing qualities. The antimicrobial 
activity of fatty acids and their esters against pathogenic microorganisms in the oral cavity is renowned [2]. In Republic 
of Moldova there are six individual companies that cultivate quails. We have analyzed the accumulated fat at “Antoni 
Cristina” company, collected from quail carcasses as waste, applying the most effi cient method of GC-MS [3], to study 
whether the quail fat could be used as the raw material for manufacturing solid soap.

This investigation was aimed at pioneering analysis of the fatty acids of the Japanese quail fat accumulated as 
production waste, for new applications in cosmetics, pharmaceuticals or food industry. 

Experimental
The research materials were collected from the poultry of Faraon breed at the age of 60 days and included 

the grease surrounding their entrails. The nutritional priorities, chemical composition, and production advantages of 
Faraon breed are described [4, 5]. For the analysis, the fat was subjected to the catalyzed by potassium hydroxide 
transesterifi cation by methanolysis, according to the previously described by us methodology [6]. Control of the progress 
of the methanolysis reaction was performed on Sorbfi l silicagel thin-layer plates by eluting the components with an 
EtOAc-Hexane mixture of solvents (1:5.7).

The analysis of the obtained by methanolysis fatty acids methyl esters was performed by using the GC-MS 
system Agilent Technologies 7890A with 5975C Mass-Selective Detector(GC-MSD) equipped with split-splitless 
injector (split, 250 ºC, split ratio 1:50, 1 μL) and HP-5ms capillary calibrated column (30m×0.5mm, 0.25μm); Carrier: 
Helium 1.1 mL/min; Oven: 60 oC - 5 min, 15 oC/min - 300 oC - 10 min; MSD in scan 30-300, 15 min, 30-550 amu, 
solvent delay 3 min.

For transesterifi cation fat (3.176 g) was placed into a glass fl ask equipped with a cooler, and a solution of 0.102 
g of KOH in 1 mL of MeOH (anh.) was added; the resulting mixture was continuously stirred for 3 hours at 40°C on 
a magnetic Hotplate Stirrer. After cooling 50 mL of Et2O was added and the mixture was neutralized with an aqueous 
solution of 10 % H2SO4. The ether extract of fatty acid methyl ethers was rinsed with distilled water to neutral medium 
and then dried by using anhydrous Na2SO4.

Results and discussion
GC-MS analysis of the methyl esters derived from quail fat has demonstrated the presence of 35 organic 

components in the reaction product (chromatogram, Figure 1), from which the following have been identifi ed by 
comparison with the mass spectra from the device database (Figures 2 and 3), which constitute 98.97% of total mass 
(Table 1). 

Analysis of the obtained results (Table 2) that are compared with the literary data, regarding the composition 
and the ratio of fatty acids of meat from 35-days-old Japanese quails [4], demonstrates a higher content of unsaturated 
acids with cis- (Z) confi guration representing 77.8 %. The SFA/UFA (saturated fatty acids/unsaturated fatty acids) ratio 
amounts to 0.27:1 for fat, as compared to 0.52:1 for quail meat. The SFA/PUFA (saturated fatty acids/ polyunsaturated 
fatty acids) ratio obtained for quail fat is 1.6:1, as compared to 0.73:1 for meat. The absence of Omega-3 acids should be 
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mentioned: only some traces of alpha-linolenic acid have been detected in quail fat. These results demonstrate nutritive 
and curative properties of quail fat.

On the basis of the obtained results an inventory patent application has been registered, regarding the preparation 
of high-quality soap [7].

Figure 1. Chromatogram of the reaction product.

Figure 2. Mass-spectrum of major component of the reaction product, 9-octadecenoic acid, methyl ester, (Z)-.
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Figure 3. Mass-spectra of linoleic-(Z,Z) acid, methyl ester.

Table 1
The results of GC-MS analysis of the methyl esters of fatty acids 

(% from total mass).
No. Rt, min Components of analysis %
1 15.045 Methyl myristoleate 0.10
2 15.124 Methyl tetradecanoate 0.42
3 15.845 Pentadecanoic acid, methyl ester 0.05
4 16.339 Methyl 7,10-hexadecadienoate 0.15
5 16.419 9-Hexadecenoic acid (Z), methyl ester 5.82
6 16.559 n-Hexadecanoic acid methyl ester 16.85
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Continuation of Table 1
Rt, min Components of analysis %

7 16.779 n-Hexadecanoic acid 0.46
8 17.686 9,12-Octadecadienoic acid(Z,Z) methyl ester 33.05
9 17.727 9- Octadecenoic acid(Z), methyl ester 36.78
10 17.828 Octadecanoic acid, methyl ester 3.00
11 17.923 Cis-13- Octadecenoic acid 1.92
12 18.859 Cis-11- Eicosenoic acid methyl ester 0.23
13 18.652 Arachidonic acid 0.14

Table 2
Fatty acids content of fat from Faraon breed of Japanese Quails.

Carbon chain Fatty acids % from total lipids
14 : 0 Miristic 0.42
14 : 1 Miristoleic 0.10
15 : 0 Pentadecanoic 0.05
16 : 0 Palmitic 17.31
16 : 1 Palmitoleic 5.82
16 : 2 7,10-Hexadecadienoic 0.15
18 : 0 Stearic 3.00
18 : 1 Oleic(Z) 36.78
18 : 1 Cis-13-Octadecenoic 1.92
18 : 2 Linoleic(Z,Z), Omega-6 33.05
20 : 1 Cis-11- Eicosenoic 0.23
20 : 4 Arachidonic, Omega-6 0.14

Total Saturated fatty acids (SFA) 20.78
Total Unsaturated fatty acids (UFA) 78.19
Total Monounsaturated fatty acids (MUFA) 44.85
Total Polyunsaturated fatty acids (PUFA) 33.34
Ratio : SFA / UFA 0.27 : 1
Ratio : PUFA / SFA 1.60 : 1

Conclusions
Analysis of fatty acid methyl esters using a GC-MS high-performance system has demonstrated a high content 

(77.8%) of Z-confi guration acids, in particular, oleic Z (18:1), linoleic-Z,Z (18:2), and palmitoleic-Z (16:1), which 
confi rm the curative and nutritional value of Faraon quail fat and the possibility of its use in cosmetic, pharmaceutical 
and food industries.

Investigation of the collected Faraon quail fat as production waste has allowed its capitalization by manufacturing 
high-quality soap that was registered as inventory patent application (Patent MD, No. 932).
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Abstract. The synthesis of new nitrogen-containing drimane and homodrimane sesquiterpenoids in cycle B is 
reported. A comparative study of the microwave (MW) assisted synthesis of drimenone versus classical conditions has 
been done. The drimanic and homodrimanic oximes were prepared on the base of ketones derived from commercially 
available sclareolide. The drimanic amine was obtained by reduction of corresponding oxime with LiAlH4. The 
structure of novel compounds was confi rmed using IR, 1H and 13C NMR analyses.
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Introduction
Drimane and homodrimane sesquiterpenoids are classes of natural products with a broad spectrum of biological 

activities, including antifungal, antibacterial, antiviral, cytotoxic, antifeedant, and others [1]. The presence of nitrogen in 
a molecule is usually accompanied either by the appearance of new activities or by intensifi cation of the original activity 
characteristic for the native terpenoids.

So far, some drimanic and homodrimanic amines have been synthesized. Urones et al. [2] prepared 
dihydroxyamine 1 and its derivatives, Barrero et al. [3] – hydroxylamine 2 and products of amino and/or hydroxy group 
derivatization (Figure 1). Later, 11-aminodrim-7-ene 3 was synthesized from drimenol 4 [4-6]. Recently, 12-amino-11-
dihomodrim-8-ol 5 and products 6 and 7 of its dehydration have been synthesized from sclareolide 8 [7] and 13-amino-
14,15-dinorlabd-8(9)-ene 9 from sclareol 10 [8] (Figure 1).

In scientifi c literature there are few examples about syntheses of cycle B functionalized drimanic and 
homodrimanic amines [2]. Thus, the aim of this research is the synthesis of drimanic and homodrimanic compounds 
with nitrogen containing functional groups in cycle B.
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Figure 1. Norlabdanic amines and their precursors.

Results and discussion
Herein we report the preparation of new nitrogen-containing drimane and homodrimane sesquiterpenoids in 

cycle B (Scheme 1).
As starting material for the synthesis of the reported compounds methyl 7-oxo-13,14,15,16-tetranorlabd-8-

en-12-oate 11 was used, obtained in two steps in 76% overall yield from the commercially available sclareolide 8 [9] 
(Scheme 1). Drim-8-en-7-one 12 can be obtained from ketoester 11 by known method as depicted in Scheme 1(a) as in 
[10]. We prepared compound 12 from the same ester 11 using MW irradiation (Scheme 1(b)) in the same 98% yield but 
two times faster.

Drimene oxime 13 was prepared by the reaction of drim-8-en-7-one 12 with hydroxylamine hydrochloride in a 
mixture of ethanol:pyridine (1:1) in 98% yield as in [11].
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Scheme 1. Synthesis of nitrogen-containing drimane and homodrimane sesquiterpenoids.

Reagents and conditions: a) KOH, EtOH, refl ux, 3h, 98%; b) KOH, EtOH, MW, 1.5h, 98%.; 
c) NH2OH.HCl, EtOH, Py, 24h, 96-98%; d) LiAlH4, THF, 5h-24h, 51-60%; e) KOH, MeOH, 95%.

The desired product, 7-amino-drim-8(9)-ene 14, was obtained in 51% yield by refl uxing oxime 13 with LiAlH4 
in anhydrous THF as in [8]. The structure of compound 14 was confi rmed by IR, 1H, and 13C NMR data.

In another case, ketoester 11 was treated with hydroxylamine hydrochloride in a mixture of ethanol:pyridine 
(1:1), giving ester oxime 15 described in [11], which was subsequently saponifi cated with KOH in methanol into the 
oxime 16 in 95% yield. 

Oximes 15 and 16 were reduced with LiAlH4 in anhydrous THF as in [8], giving two compounds: hydroxy 
oxime 17, in 55% and 60% yield and hydroxy ketone 18, in 10% and 12% yield. The structure of compound 17 was 
confi rmed by IR, 1H, and 13C NMR data. 

Several attempts to reduce oximic functions from molecules of compounds 15 and 16 were unsuccessful, 
probably because of steric impediments which appear in the molecules of the mentioned homodrimanic oximes 15 and 
16, but not in the molecules of drimanes.

Conclusion
Novel nitrogen-containing drimane and homodrimane sesquiterpenoids in cycle B were synthesized. They are 

of scientifi c interest as compounds with potential biological activity.

Experimental
General experimental procedure

Melting points (m.p.) were taken on a Boetius hot stage apparatus. Optical rotations were determined on a Jasco 
DIP 370 polarimeter with a 1dm microcell, in CHCl3. IR spectra were obtained on Spectrum-100FT-IR spectrometer 
(Perkin-Elmer) with ATR technique.

1H and 13C NMR spectra were recorded in CDCl3 on Bruker Avance DRX 400 spectrometer. Chemical shifts 
are given in ppm in δ scale and referred to CHCl3 (δH at 7.26 ppm) and to CDCl3 (δC 77.00 ppm), respectively. Coupling 
constants (J) are reported in Hertz (Hz). The H, H-COSY, H, C-HSQC and H, C-HMBC experiments were recorded 
using standard pulse sequences, in the version with z-gradients, as delivered by Bruker Corporation. Carbon substitution 
degrees were established by the DEPT pulse sequence. 

The microwave assisted (MW) transformations were carried out using a monomode reactor (800W, STAR 
SYSTEM-2, under a constant irradiation power, but at varying temperature. The best results were obtained when 30% 
of the full power of the magnetron was used. 
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For analytical TLC, Merck silica gel plates 60G in 0.25 mm layers were used. The TLC plates were sprayed 
with conc. H2SO4 and heated at 80°C. Column chromatography was carried out on Across silica gel (60–200 mesh) using 
petroleum ether (PE) (b.p. 40–60°C) and the gradient mixture of PE and EtOAc or the gradient mixture of methanol and 
CHCl3. 

All solvents were purifi ed and dried by standard techniques before use. Solutions in organic solvents were dried 
over anhydrous Na2SO4, then fi ltered and evaporated under a reduced pressure.

General procedure of drimenone 12 preparation under microwave irradiation
Caution! It is hazardous to rapidly heat reactions under microwave irradiation. Therefore, caution should be 

exercised when conducting reactions of this type.
A solution of ketoester 11 (1g, 3.6 mmol) and potassium hydroxide (4.17g, 74.3 mmol) in ethanol (36 mL) was 

prepared as described in [10] and placed in the reaction vessel (quartz). The tube was then placed in the microwave cell 
and irradiated at 240 W for 1.5 h. Once the heating cycle was complete, the tube was cooled to ambient temperature and 
removed from the reactor. The 2/3 of the solvent volume were removed under a reduced pressure, then the residue was 
diluted with water (15 mL), extracted with Et2O (3 x 10 mL), and the organic layer was washed with water (2 x 20 mL) 
and dried. After the solvent removal, drim-8(9)-en-7-one 12 (0.776 mg, 98 %) was obtained, as white crystals m.p. 51-
52°C. The spectral data of compound 12 are in accordance with those mentioned in [10]. 

General procedure of drimanic and homodrimanic oximes preparation
A solution of 11 (0.57 g, 2.5 mmol), or 12 (0.7 g, 2.5 mmol) in EtOH (5 mL) and Py (5 mL) was treated with 

NH2OH.HCl (0.2 g). The resulted mixture was stirred for 24 h at room temperature, then diluted with water (20 mL) and 
extracted with Et2O (3 x 10 mL). The organic layer was washed with 10% HCl (10 mL), NaHCO3 solution (10 mL) and 
water (15 mL), dried over anhydrous Na2SO4 and fi ltered. The solvent removal under a reduced pressure as in [11] led 
to oximes 13 (0.59 g, 98%) or 15 (0.72 g, 98%), as white solids.

7-Hydroxyimino-drim-8(9)-ene (13), 98% yield, as a white solid (EtOH), m.p. 183-184 °C, [α]D
20 = -35.5° 

(c 13.5, CHCl3). IR (ATR) : 3257, 2930, 1626, 1614, 1439, 950, 928, 772 cm-1. 1H NMR (CDCl3, 400 MHz, ppm): 
δ 9.85 (1H, s, N-OH); 1.37 (1H, d, J 14.0 Hz, H-5); 1.86 (3H, s, H-12); 1.81 (3H, s, H-13), 0.98 (9H, s, H-13, H-14, 
H-15). 13C NMR (CDCl3, 100 MHz, ppm): δ 158.44 (C-7), 151.13 (C-9), 122.36 (C-8), 48.26 (C-5), 41.73 (C-3), 39.02 
(C-10), 36.60 (C-1), 33.31 (C-4), 32.76 (C-14), 21.25 (C-13), 20.90 (C-6), 18.84 (C-2), 17.78 (C-15), 13.78 (C-11), 
13.25 (C-12).

Methyl-7-hy droxyimino-homodrim-8(9)-en-12-oate (15), 98% yield, as a white solid (EtOH), m.p. 130-
131˚C, [α]D

20 = +27.9o (c 8.5, CHCl3). IR (ATR) : 3257, 2928, 1739, 1725, 1629, 1435, 1322, 1247, 1161, 955, 762 
cm-1; 1H NMR (CDCl3, 400 MHz, ppm): δ 9.39 (1H, s, N-OH); 3.29 (1H, d, J 16.8 Hz, H-11); 3.19 (1H, d, J 16.8 Hz, 
H-11); 1.44 (1H, d, J 14.4 Hz, H-5); 3.69 (3H, s, CO2Me); 1.82 (3H, s, H-13), 0.95 (9H, s, H-14, H-15, H-16). 13C NMR 
(CDCl3, 100 MHz, ppm): δ 171.93 (C-12), 158.17 (C-7),146.57 (C-9), 127.10 (C-8), 51.99 (C-17), 48.12 (C-5), 41.54 
(C-3), 39.21 (C-10), 35.18 (C-1), 33.60 (C-11), 33.31 (C-4), 32.66 (C-15), 21.27 (C-14), 20.83 (C-6), 18.71 (C-2), 18.38 
(C-16), 13.59 (C-13).

Synthesis of 7-amino-drim-8(9)-ene (14). A solution of oxime 13 (0.5 g, 2.1 mmol) in anhydrous THF (40 
mL) was treated with LiAlH4 (0.84 g). The resulted mixture was refl uxed and stirred for 10 h, then it was diluted with 
water (20 mL), and treated dropwise with HCl (10%, 20 mL) until the acidic level of pH is reached. The aqueous layer 
was extracted with Et2O (2x 20 mL), neutralized with the aqueous saturated Na2CO3 solution (20 mL) and extracted 
with EtOAc (3 x 15 mL). The organic layer was washed with water (20 mL) and dried. After the solvent removal, the 
crude product (0.35 g) was purifi ed by column chromatography on silica gel (10 g, eluent: methanol/CHCl3 1:9) to give 
7-amino-drim-8(9)-ene (8) (0.24 g, 51%), as an oil, [α]D

20 = +17.6° (c 2.7, CHCl3).
IR (ATR) : 3279, 2924, 1569, 1459, 1442, 1383, 1367 cm-1.
1H NMR (CDCl3, 400 MHz, ppm): δ 3.16 (1H, s, H-7); 2.07 (2H, s, NH2); 1.59 (3H, s, H-12); 1.49 (3H, s, 

H-11), 0.96 (3H, s, H-15), 0.86 (3H, s, H-13), 0.82 (3H, s, H-14). 13C NMR (CDCl3, 100 MHz, ppm): δ 139.17 (C-9), 
127.97 (C-8), 54.40 (C-7), 50.38 (C-5), 41.53 (C-3), 38.96 (C-10), 36.89 (C-1), 33.05 (C-14), 32.95 (C-4), 30.37 (C-6), 
21.50 (C-13), 19.58 (C-15), 18.93 (C-2), 16.11 (C-12), 13.14 (C-11).

Saponifi cation of methyl 7-hydroxyimino-homodrim-8(9)-en-12-oate (15). To a solution of ester oxime 15 
(0.3 g, 1.02 mmol) in EtOH (10 mL) solid KOH (1.2 g) was added. The resulted reaction mixture was refl uxed for 3 
hrs, then 2/3 of alcohol were distilled. The remained mixture was diluted with water (10 mL) and extracted with Et2O 
(3x10 mL). The organic layer was washed with water (20 mL), dried on anhydrous sodium sulfate, concentrated, and 
the title compound 16 (0.27g, 95% yield) was obtained, as a white solid (EtOH), m.p. 197-199°C, [α]D

20 = +7.4° (c 2.3, 
CHCl3). 

IR (ATR) : 3239, 2931, 1689, 1620, 1422, 1334, 1241, 1216, 973, 723 cm-1. 
1H NMR (CDCl3, 400 MHz, ppm): δ 12.15 (1H, s, OH); 10.78 (1H, s, N-OH); 3.17 (1H, d, J 16.8 Hz, H-11); 

3.10 (1H, d, J 16.8 Hz, H-11); 1.30 (1H, d, J 3.6 Hz, H-5); 1.72 (3H, s, H-13), 0.88 (9H, s, H-14, H-15, H-16). 13C NMR 
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(CDCl3, 100 MHz, ppm): δ 172.50 (C-12), 155.54 (C-7),145.03 (C-9), 126.38 (C-8), 48.04 (C-5), 41.18 (C-3), 38.55 
(C-10), 35.15 (C-1), 33.48 (C-11), 32.86 (C-4), 32.56 (C-15), 21.03 (C-14), 20.30 (C-6), 18.22 (C-2), 18.07 (C-16), 
13.07 (C-13).

Reduction of methyl 7-hydroxyimino-homodrim-8(9)-en-12-oate (15) and 7-hydroxyimino-homodrim-
8(9)-en-12-oic acid (15). A solution of oximes 15 (0.109 g, 0.37 mmol) or 16 (0.103 g, 0.36 mmol) in anhydrous THF 
(10 mL) was treated with LiAlH4 (0.14 g). The resulted mixture was refl uxed and stirred for 10 h, then it was diluted 
with water (10 mL), and treated dropwise with HCl (10%, 5 mL) until the acidic level of pH is reached. The aqueous 
layer was extracted with Et2O (2 x 5 mL), neutralized with saturated aqueous Na2CO3 solution (10 mL), and extracted 
with EtOAc (3 x 5 mL). The organic layer was washed with water (10 mL) and dried. After the solvent removal, 
the crude product (305 mg and 325 mg) was purifi ed by column chromatography on silica gel (0.070 g and 0.076 g, 
eluent: methanol/CHCl3 2:9) to give 7-hydroxyimino-homodrim-8(9)-en-12-ol 17 (0.054 g, 55% and 0.058 g, 60%), and 
12-hydroxi-homodrim-8(9)-en-7-one 18 (0.009 g, 10% and 0.011 g, 12%), respectively. 

7-hydroxyimino-homodrim-8(9)-en-12-ol 17, as a white solid, m.p. 111-113°C, [α]D
20 = -15.07° (c 0.5, CHCl3).

IR (ATR) : 3280, 2927, 1611, 1452, 1442, 1388, 1375, 1028, 955, 757 cm-1.
1H NMR (CDCl3, 400 MHz, ppm): δ 10.72 (1H, s, N-OH); 4.66 (1H, t, J 5.26 Hz OH); 1.77 (3H, s, H-13); 0.88 

(6H, s, H-14, H-16), 0.87 (3H, s, H-15). 13C NMR (CDCl3, 100 MHz, ppm): δ 156.08 (C-7), 148.95 (C-9), 125.34 (C-8), 
60.96 (C-12), 48.50 (C-5), 41.73 (C-3), 39.00 (C-10), 36.32 (C-1), 33.45 (C-4), 33.11 (C-15), 32.81 (C-11), 21.64 (C-
14), 20.83 (C-6), 18.98 (C-16), 18.85 (C-2), 13.39 (C-13).

12-hydroxy-homodrim-8(9)-en-7-one 18, as a white solid, m.p. 97-98°C, [α]D
20 = +58.0° (c 0.4, CHCl3).

IR (ATR) : 3456, 2979, 1664, 1455, 1392, 1380, 1145, 1074 cm-1.
1H NMR (CDCl3, 400 MHz, ppm): δ 1.78 (3H, s, H-13); 1.07 (3H, s, H-16); 0.90 (3H, s, H-14). 0.86 (3H, s, 

H-15), 13C NMR (CDCl3, 100 MHz, ppm): δ 200.05 (C-7), 163.59 (C-9), 131.56 (C-8), 61.28 (C-12), 50.11 (C-5), 40.61 
(C-10), 41.24 (C-3), 36.14 (C-1), 35.23 (C-6), 33.11 (C-4), 32.98 (C-11), 32.45 (C-15), 21.27 (C-14), 18.87 (C-2), 18.10 
(C-16), 17.75 (C-13).
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NEW N-GLUCOSYLATED SUBSTITUTED ANILINES

Vsevolod Pogrebnoi 

Institute of Chemistry of the Academy of Sciences of Moldova, 3, Academiei str., Chisinau MD-2028, Moldova 
e-mail: seva.antivirus@gmail.com; phone: (+373 22) 739 754; fax: (+373 22) 739 954

Abstract. The reaction of (+)-D-glucose 1 with 4-chloroaniline 6b or 3,5-dibromoaniline 12 leads almost 
exclusively to the β-confi guration of N-glucosylated anilines 7b and 13. Acetylated derivatives 8b, 14 and 
15 were obtained by dissolving/suspending substances 7b and 13 in Ac2O/Py mixture. The acetylation of 
2-(3,5-dibromophenylamino)-6-(hydroxymethyl)tetrahydro-2H-pyran-3,4,5-triol 13 is less selective than in the 
case of the 2-(4-chlorophenylamino)-6-(hydroxymethyl)tetrahydro-2H-pyran-3,4,5-triol 7b and leads to compounds 
2-(acetoxymethyl)-6-(3,5-dibromophenylamino)tetrahydro-2H-pyran-3,4,5-triyl triacetate 14 and 2-(acetoxymethyl)-
6-(3,5-dibromophenylamino)-5-hydroxytetrahydro-2H-pyran-3,4-diyl diacetate 15 in a 2:1 ratio. The product 14 is 
formed with greater selectivity and in a higher yield (up to 80%) when the reaction is catalyzed by DMAP and stored 
for one week at +4oC. 

Keywords: N-glucosylated anilines, (+)-D-glucose, 4-chloroaniline, 3,5-dibromoaniline, Convolutamydines A-E. 
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Introduction
N-Glycosylated anilines represent an important product scaffold cluster by virtue of their bioactivity and as 

intermediates for generating further molecular complexity including natural compounds [1], for example some natural 
alkaloids. The vital roles played by sugars in biological systems continue to be unravelled. It is known that, various 
drugs, amino acids, sugars and many other chiral natural compounds show different infl uence on human organism, their 
biological properties being directly dependent on chirality. That is why the “structure-property” relationship should be 
studied very well. From the other side, properties are determined by the structure. It means, construction of chemically 
pure and defi ned molecule is an interesting and important goal in synthetic chemistry.

Langer et al. [1,2] has shortly offered the opinion that the preparation of analogues of N-glycosylated 
indolinones in high yields remains an important problem of carbohydrate and medicinal chemistry. This challenge 
also applies to the related problem of synthesis of N-linked alkaloids. For example, Kamano, Y. et al. [3], reported the 
isolation of the alkaloids - Convolutamydines A, B, and C from bryozoan Amathia convoluta, see Figure 1. In contrast 
to the pharmacologically inactive non-glycosylated indigo, N-glycosylated indigo demonstrate a considerable growth 
inhibitory activity toward various human tumor cell lines [4,5]. 

Our approaches to N-glucosylated indoline-2,3-dione 4 from (+)-D-glucose 1 and N-glucosylated 
3-hydroxy-2-oxindole 5 are presented below. They show benefi t from the rapid advances in mainstream carbohydrate 
chemistry, allowing for convenient integration in glucosylated Convolutamydine A-E and analogues of structure 5 
preparation (see Figure 1). 
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Figure 1. Synthesis of N-glucosylated indoline-2,3-dione (4).
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The main purpose of the present research was to test the effectiveness of this approach for the synthesis of halogen 
phenylamino-6-(hydroxymethyl)tetrahydro-2H-pyran-3,4,5-triyl triacetates from the corresponding intermediates 3 (see 
Figure 1). It has already been demonstrated that such type compounds are suitable building units for the synthesis of a 
variety of non-halogenated isatin-N-glucosides [1,2]. We also report in this paper the preparation of 3,5-dibromoaniline 12.  

Results and discussion 
It was reported [1], that similar aniline-N-glucosides 7a were prepared from corresponding anilines (R=H, Me, 

i-Pr, t-Bu) and (+)-D-glucose 1. The formed product 7a was directly used for the next step (see Scheme 1). However, 
some of the derivatives of glycosides can be isolated as pure β-anomers 8a, whereas the others contain a small amount 
of the corresponding α-anomer [1,2].
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Scheme 1. Syntheses of N-glucosylated 4-substituted anilines 8a and 8b [1].

In the course of our studies the (2R,3R,4S,5S,6R)-2-(4-chlorophenylamino)-6-(hydroxymethyl)tetrahydro-2H-
pyran-3,4,5-triol 7b was prepared according to the reported method [1] primarily by reason of convenience: medium 
solubility of (+)-D-glucose 1 in MeOH and easy removal from the excess of aniline by fi ltration and washing with 
cool MeOH, provides ready access to the solid aminoglycoside, which is slightly soluble in MeOH. A mixture of 
(+)-D-glucose 1 and 4-chloroaniline 6b was refl uxed for 12 hours (see Scheme 1). TLC of the reaction mixture indicated 
the disappearance of the starting glucose 1 and an increase in the intensity of the neighbouring spot. On keeping the 
solution overnight in the refrigerator an adduct precipitated that was easily isolated by fi ltration, being then identifi ed as 
compound 7b. It had m.p. 154-156 oC and characteristic IR absorption bands νOH at 3271 and 3209 cm-1, the primary (C-
6) and secondary (C-2, C-3 and C-4) nature of the alcohol functions being confi rmed by the 1H NMR spectrum (triplet at 
δН 4.44-4.47 ppm with a splitting constant J=5.8 Hz and three doublets at δН 4.88-4.90, 4.92-4.9 and 5.00-5.02 ppm with 
splitting constants J=5.4 Hz, J=5.2 Hz and J=4.7 Hz. NH group shows doublet at δН 6.46-6.48 ppm. Moreover, 1H NMR 
spectrum has resonances at δН 6.67-6.69 ppm (C-2’-H and C-6’-H, doublet, J=8.8 Hz) and δН 7.10-7.12 ppm (C-3’-H 
and C-5’-H, doublet, J= 8.8 Hz), indicating that compound 7b is an anilide. Additionally, absorption in the low-fi eld 
region of its 13C NMR spectrum confi rmed the presence of aromatic carbons at δC 115.06 ppm (C-2’ and C-6’), 120.7 
ppm (C-4’), 128.92 ppm (C-3’ and C-5’) ppm and 146.7 ppm (C-1’). 

In fact compound 7b shows in the 1H NMR spectrum a clear triplet at δН 4.30-4.34 ppm with the magnitude of 
a spin-spin coupling constant J=8 Hz and an important peak at 883.8 cm-1 in its IR-spectrum, which is  characteristic 
for a β-anomer. 

The reaction of compound 7b with (+)-D-glucose 1 was slow and only after 48 hrs provided a solid compound 
with m.p. 146-1490C. The substance 8b was obtained in 97% yield, being identifi ed as (2R,3R,4S,5S,6R)-2-(4-
chlorophenylamino)-6-(hydroxymethyl)tetrahydro-2H-pyran-3,4,5-triol 8b on the basis of its NMR spectroscopic data. 
Thus, the 1H NMR spectrum of it showed in the low-fi eld region two singlets and a doublet at δН 1.95, 1.97, 2.00 ppm 
characterizing four acetate groups, according to the integral. The 1H NMR spectrum of compound 8b also contains 
two doublets of aromatic protons, centered at δН 6.75 ppm (2H, C-2’-H and C-6’-H, J=8.9 Hz) and δН 7.14 ppm (2H, 
C-3’-H and C-5’-H, J=8.8Hz) and a doublet of NH group at δН 6.71 ppm with the spin-spin coupling constant J=9.8 
Hz. The 13C NMR spectroscopic data totally confi rm the structure 8b, see experimental part. Thus, the preparation 
of (2R,3R,4S,5S,6R)-2-(4-chlorophenylamino)-6-(hydroxymethyl)tetrahydro-2H-pyran-3,4,5-triol 8b via aniline-N-
glucoside 7b has been successfully reproduced by us. 

It was found that the 4,6-dibromohydroxyoxindole nucleus exhibit a potent activity in the differentiation of 
HL-60 human promyelocytic cells [3,6]. Therefore, as a part of the program aimed at developing new N-glucosylated 
oxindoles, we supposed, that the 3,5-dibromoaniline 12 scaffold has potential to enhance the selectivity. As obvious 
precursor for the synthesis of glucosylated Convolutamydines A-E 5, 3,5-dibromoaniline 12 was prepared by initial 
bromination of 4-nitroaniline 9, followed by deamination of aniline 10, to form 3,5-dibromonitrobenzene 11. SnCl2 
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reduction of the latter was found to proceed with diffi cultly, but when 5 equivalents of SnCl2 were used, 3,5-dibromoaniline 
12 has been produced in good yield (see Scheme 2 and experimental part).
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Scheme 2. Synthesis of 3,5-dibromoaniline (12) and its N-glucosylated derivatives 13, 14 and 15.

As it can be seen from Scheme 2, the reaction of 12 with (+)-D-glucose 1 was slow and only after 24 hrs provided 
a solid compound with m.p. 169-1700C. The substance obtained in 97% yield was identifi ed as (2R,3R,4S,5S,6R)-2-
(3,5-dibromophenylamino)-6-(hydroxymethyl)tetrahydro-2H-pyran-3,4,5-triol 13 on the basis of its 1H NMR spectrum, 
which showed in the low-fi eld region signals at δН 6.86 ppm and δН 6.95 ppm (aromatic), δН 6.89 ppm (NH), δН 4.52 ppm,  
δН 4.96 ppm, δН 4.97 ppm and δН 5.05 ppm (С-6-ОН,  С-4-ОН, С-2-ОН and C-3-OH, respectively). Moreover, in its 1H 
spectrum the multiplets at δН 3.10-3.24 ppm (С-2-Н, С-3-Н, С-4-Н, С-5-Н, С-6-Н) and triplet centred at δН 4.36 ppm 
(С-1-Н) are present. The IR-spectrum showed a low intensity band at 892.4 cm-1 assigned to the C-1-H scissoring of the 
protons in the β-anomer. Similarly, the 1H NMR spectrum indicated the presence of C-1-H (a triplet at δН 4.36 ppm with 
a splitting constant J=8 Hz. However, 1H NMR spectrum shows two additional signals: a doublet attributable to three 
protons for methanol at δН 3.17 ppm and a quartet of one proton at δН 6.95 ppm (OH), shielded by an additional carbon, 
which appears in 13C NMR spectrum at δС 49.10 ppm. Finally, the structure of the product is considered to be 13 on the 
basis of its elemental analysis, as well. The formation of intermolecular complex 13 has been rationalized by considering 
the participation of the hydroxyl, as well as NH groups in the addition of 12 with (+)-D-glucose in MeOH medium.

The acetylation reaction of 13 was performed with acetic anhydride in pyridine and lead to esters 14. The 
reaction was very slow (one week) and after work-up two main products in the obtained mixture were then separated by 
column chromatography over silica gel. 

As a result, pure 14 was isolated as the least polar product with m.p. 72-730C in 35% yield and its structure has 
been proved by NMR. The 1H NMR spectrum of it contains singlets at δН 2.03 ppm, δН 2.06 ppp, δН 2.07 ppm, δН 2.11 
ppm (AcO groups), a doublet centered at  δН 5.04 ppm (J=9.7 Hz) (NH group), multiplets at δН 3.86, 4.68, 5.00, 5.04, 
5.37 ppm (С2-Н, С3-Н, С4-Н, С5-Н, C6-H, correspondingly), multiplets at δН 4.14 and 4.23 ppm (CH2), and doublet of 
aromatic protons at δН 6.74 ppm (2H, J=1.5, C-2’-H, C-6’-H) and δН 7.11 ppm (1H, t, J=1.5, C-4’-H).  
Moreover, its formulation as an ester has been sustained by peaks in higher fi eld 13C NMR spectrum at δC 72.7 ppm (С-
5), 68.9 (С-4), 72.5 (С-3), 71.0 (С-2), 83.6 (С-1) and 146.7 ppm (С-1’) and peaks in lower fi eld at δC 62.3 (С-6), 115.9 
(С-2’, С-6’), 123.2 (С-3’, С-5’) and 125.1 ppm (С-4’). This resonance pattern differs markedly from that observed for 
the initial compound 13. The comparative examination also suggests that four acetyl group functions should have eight 
peaks as well. This is consistent with the observation of signals at δC 20.6 (СН3), 20.65 (СН3), 20.7 (СН3), 20.8 (СН3), 
170.7 (C=O), 169.6 (C=O), 169.9 (C=O) and 171.3 (C=O). The IR-spectrum showed bands at 1740 cm-1, 1588 cm-1, 
3371 cm-1, 915 cm-1 and 671 cm-1 assigned to the COO, aromatic, NH, β-glucopyranoside and C-Br, respectively. 

Additionally, another product was isolated, which presumably corresponded to the structure 15. According 
to NMR data, the isolated product is a mixture of compounds 14 and 15 in 2:1 ratio, which has been determined by 
integration of the signals belonging to the acetate groups. It could be easily identifi ed according to 13C NMR spectrum 
by the double set of signals: four C=O groups at δC 169.6, 169.9, 170.7 and 171.3 ppm for compound 14, and three C=O 
groups for compound 15 at δC 169.1, 169.5 and 170.4 respectively. Similarly, double set of signals has been noted for 
pyranic (δC 60-83 ppm) and aromatic (δC 115-147 ppm) parts of molecules of the discussed derivative (see experimental 
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part). Thus, the 1H NMR spectrum shows multiplets at δН 3.85-3.90, 4.01-4.30, 4.99-5.07, 5.16-5.20 and 5.30-5.46 ppm, 
which are characteristic for pyranic part (CH and OH), two doublets at δН 6.74 and 7.00 ppm and two triplets centered at 
δН 7.10 and 7.14 ppm (aromatic), four singlets at δН 2.04, 2.05, 2.06 and 2.07 ppm for compound 14, a singlet at δН 2.03 
ppm and a doublet centered at δН 2.08 ppm for compound 15, respectively.

Catalysis by pyridine is of the nucleophilic type and it is known that 4-(N,N-dimethylamino)pyridine is a better 
catalyst when pyridine fails. Indeed, compound 13 readily undergoes reaction with acetic anhydride under analogues 
conditions in presence 4-(N,N-dimethylamino)pyridine to yield up to 90% compound 14. 

Conclusions
The present work demonstrates that interaction of 4-chloro- and 3,5-dibromo- substituted anilines with 

(+)-D-glucose affords N-glycosylated adducts 7b and 13 as β-anomers. The position and steric course of further 
estherifi cation are catalytically dependent. We confi rmed that in the case of 4-chloro substituted aniline reaction with 
Ac2O in Py occurs mainly to give tetra-acetate 8b. On the contrary, reaction of 3,5-dibromo substituted aniline gives 
a mixture of adducts 14 and 15 in a 2:1 ratio with overall yield 65%. In the case when the reaction was catalysed 
by 4-(N,N-dimethylamino)pyridine only compound 14 was obtained in 80% overall yield. The structures of all new 
compounds 13, 14 and 15, including confi gurations of anomeric carbon atoms, were characterized through IR and NMR 
spectroscopic methods. 

Experimental 
All used solvents were of reagent quality, and all commercial reagents were used without additional purifi cation. 

Removal of all solvents was carried out under reduced pressure. Analytical TLC plates Silufol® UV-254 (Silpearl on 
aluminum foil, Czecho-Slovakia) were used and spots were detected under UV-lamp with wavelength 254 nm. 

M. p.s (uncorrected) were determined on a Boetius apparatus.
IR spectra were recorded on a Spectrum 100 FT-IR spectrophotometer (Perkin - Elmer) using the universal ATR 

sampling accessory. 1H and 13C NMR spectra were registered in CDCl3 and DMSO-d6 2-% solution on a “Bruker-Avance 
III” (400.13 and 100.61 MHz) spectrometer.

General procedure for the synthesis of N-glucosylated anilines 7b and 13.
To a solution of (+)-D-glucose 1 (2g, 0.011 mol) in 25 mL of absolute methanol corresponding aniline (6b or 12) (0.013 
mol) was added. The mixture was refl uxed for 24 hours. After completion of the reaction (TLC control, solvent system 
2% MeOH in CH2Cl2) the mixture was stored in refrigerator at sub-zero temperature so long, as white volume is being 
precipitated. The precipitate was fi ltered and washed with methanol and dried at room temperature. 

(2R,3R,4R,5R,6R)-2-(4-chlorophenylamino)-6-(hydroxymethyl)tetrahydro-2H-pyran-3,4,5-triol 7b. White solid. 
Yield 95 %. M. p. 154-156оС (MeOH). [α] D

20-41.0(с  0 .068,  DMSO). IR-spectra (ν/cm-1): 3271.5, 3209.1 (OH), 
1523.4 (NH), 883.8 (C-1-H), 683.3 (C-Cl). 1Н NMR (400 MHz, DMSO- d6, δ, ppm,  J/Hz): 3.07-3.27 (4Н, m, C-2-H, 
C-3-H, C-4-H, C-5-H), 3.39-3.45 (1H, m, C-6-H), 3.61-3.66 (1H, m, C-6-H), 4.30-4.34 (1H, t, C-1-H, J=8), 4.44-4.47 
(1H, t, C-6-OH, J=5.8), 4.88-4.90 (1H, d, C-4-OH, J=5.4), 4.92-4.93 (1H, d, C-2-OH, J=5.2), 5.00-5.02 (1H, d, C-3-
OH, J=4.7), 6.46-6.48 (1H, d, NH, J=7.5), 6.67-6.69 (2H, d, C-2’-H, C-6’-H, J=8.8), 7.10-7.12 (2H, d, C-3’-H, C-5’-H, 
J=8.8). 13C NMR (100.6 MHz, DMSO-d6): 61.4 (C-6), 70.6 (С-4), 73.5 (С-2), 77.8 (С-3), 78.1 (С-5), 85.3 (С-1), 115.0 
(С-2’, С-6’), 120.7 (С-4’), 128.9 (С-3’, С-5’), 146.8 (С-1’). Calculated, %: C 49.75; H 5.57; N 4.83. C12H16ClNO5. 
Found, %: C 49.80; H 5.60; N 4.80.

(2R,3R,4S,5S,6R)-2-(3,5-dibromophenylamino)-6-(hydroxymethyl)tetrahydro-2H-pyran-3,4,5-triol 13. White 
solid. Yield 97 %. M. p. 169-170оС (MeOH). [α] D

20-62.40(с  0 .05,  DMSO). IR-spectra (ν/cm-1): 3367.5, 3210.1, 
3073.2 (OH); 1518.0 (NH); 892.4 (C-1-H), 668.2 (C-Br), 1574.5 (aromatics), 3367-3073 (ОН). 1Н NMR (400 MHz, 
DMSO- d6, δ, ppm, J/Hz): 3.40-3.65 (1H, ddd, J=11.8, 5.8, 1.9, C-6-H), 3.1 (2H, m, C-4-H, C-2-H), 3.24 (2H, m, C-5-H, 
C-3-H), 3.17 (3Н, d, J=5.2, CH3OH), 4.18 (1H, q, J=5.2, CH3OH), 4.36 (1H, t, J=8, C-1-H), 4.52 (1H, t, J=5.8, C-6-OH), 
4.96, (1H, d, J=1.7, C-4-OH), 4.97 (1H, d, J=1.4, C-2-OH), 5.05 (1H, d, J=4.8, C-3-OH), 6.89 (1H, d, J=7.8, NH), 6.86 
(2H, d, J=7.6, C-2’-H, C-6’-H), 6.95 (1H, t, J=1.6, C-4’-H). 13C NMR (100.6 MHz, DMSO-d6): 49.1 (МеOH), 61.3 (С-
6), 70.7 (С-4), 73.5 (С-2), 77.8 (С-3), 77.9 (С-5), 84.5 (С-1), 115.1 (С-2’and С-6’), 121.5 (С-4’), 123.1 (С-3’and С-5’), 
150.7 (С-1’). Calculated, %: C 34.89; H 3.66; N 3.39. C12H15Br2NO5. Found, %: C 34.94; H 3.64; N 3.41.

Procedure for the synthesis of compound 8b.
The anilide 7b is maximally dissolved in dry pyridine under stirring (for every hydroxyl group 1.8-2.0 eq. of pyridine 
are used) and cooled in an ice bath to 00C. Then, freshly distillated acetic anhydride is rapidly added (for every hydroxyl 
group 1.5-1.6 eq. of acetic anhydride are used). Stirring is continued at the same temperature until a homogeneous solution 
appeared (about 3 hours). The mixture was hold for 24-48 hours in a refrigerator without stirring. After completion of the 
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reaction (TLC control, system hexane-ethyl acetate 4:1), the mixture was poured into ice-water (1:2) and extracted with 
ethyl acetate (4x30 mL). The combined organic phases were washed with sodium hydrogen carbonate solution, water 
and brine, dried over anhydrous sodium sulfate and the solvent was removed under reduced pressure. The resulting 
white solid mass was recrystallised from methanol. The bittern was evaporated and recrystallised again. The obtained 
product is white solid.

(2R,3R,4S,5R,6R)-2-(acetoxymethyl)-6-(4-chlorophenylamino)tetrahydro-2H-pyran-3,4,5-triyl triacetate 8b. 
White solid. Yield 97 %. M. p. 146-149оС (MeOH). [α ] D

20-48.6(с  0 .076,  СНCl3) . IR-spectra (ν/cm-1): 1059.5, 
1180.7 (C-O-C), 1511.7 (NH), 878.9 (C-1-H), 688.4 (C-Cl). 1Н NMR (400 MHz, DMSO-d6, δ, ppm, J/Hz): 1.95 (3H, 
s, CH3CO), 1.95 (3H, s, CH3CO), 1.97 (3H, s, CH3CO), 2.00 (3H, s, CH3CO), 4.08-4.18 (2H, m, C-6), 4.88-4.93 (2H, 
ddd, C-5-H and C-4-H, J=0.9; 1.6; 2.1), 3.93-3.97 (1H, dd, C3-H, J=1.8; 1.8), 5.18-5.22  (1H, t, C-3-H, J=9.4), 5.32-5.36 
(1H, t, C-1-H, J=9.5), 6.71 (1H, d, NH, J=9.8), 6.75 (2H, d, C-2’-H and C-6’-H, J=8.9), 7.14 (2H, d, C-3’-H and C-5’-H, 
J=8.8). 13C NMR (100.6 MHz, DMSO-d6): 20.8 (СН3), 20.8 (СН3), 20.9 (СН3), 20.9 (СН3), 62.3 (С-6), 68.7 (С-4), 71.2 
(С-3), 71.5 (С-5), 73.7 (С-2), 82 (С-1), 115.8 (С-2’ and С-6’), 122.0 (С-4’), 129 (С-3’and С-5’), 145.5 (С-1’), 169.6 
(C=O), 169.8 (C=O), 170.1 (C=O), 170.4 (C=O). Calculated, %: C 52.46; H 5.28; N 3.06. C20H24ClNO9. Found, %: C 
52.52; H 5.30; N 3.10.

General procedure for the synthesis of compounds 14 and 15.
Method A: The anilide 13 is maximally dissolved in dry pyridine under stirring (for every hydroxyl group 1.8-2.0 eq. of 
pyridine are used) and cooled in an ice bath to 00C. Then, freshly distillated acetic anhydride is rapidly added (for every 
hydroxyl group 1.5-1.6 eq. of acetic anhydride are used). Stirring is continued at the same temperature until a homogeneous 
solution appeared (about 3 hours). The mixture was hold for 24-48 hours in a refrigerator without stirring. After completion 
of the reaction (TLC control, system hexane-ethyl acetate 4:1), the mixture was poured into ice-water (1:2) and extracted 
with ethyl acetate (4x30 mL). The combined organic phases were washed with sodium hydrogen carbonate solution, water 
and brine, dried over anhydrous sodium sulfate and the solvent was removed under reduced pressure. The resulting oily 
mass was purifi ed by column chromatography on silica gel, using as eluent hexane-ethyl acetate (6:1 to 3:1).

Method B: The anilide 13 is maximally dissolved in dry pyridine under stirring. For every hydroxyl group is used 1.8-
2.0 eq. of pyridine, and cooled in an ice bath to 00C. Then, freshly distillated acetic anhydride is added rapidly. For every 
hydroxyl group is used 1.5-1.6 eq., of acetic anhydride. Then 10 mol% of DMAP (catalyst) was added and stirring was 
continued at the same temperature until a homogeneous solution (about 3 hours). The mixture was hold for one week 
in a refrigerator without stirring. After completion of the reaction (TLC control, system hexane-ethyl acetate 4:1), the 
mixture was poured into ice-water (1:2) and extracted with ethyl acetate (4x30 mL). The combined organic phases were 
washed with sodium hydrogen carbonate solution, water and brine, dried over anhydrous sodium sulfate and the solvent 
was removed under reduced pressure. The resulting oily was purifi ed by column chromatography on silica gel, using as 
eluent hexane-ethyl acetate (6:1 to 3:1).

(2R,3R,4R,5R,6R)-2-(Acetoxymethyl)-6-(3,5-dibromophenylamino)tetrahydro-2H-pyran-3,4,5-triyl triacetate 
14. White solid. Yield 60 %. M. p. 72-73о С (MeOH). [α ] D

16 -38.45 (с  0 .098,  СНCl3) . IR-spectra (ν/cm-1): 
1083.8, 1059.5 (C-O-C); 1517.3 (NH); 915.3 (C6-H), 671.2 (C-Br). 1Н NMR (400 MHz, CDCl3, δ, ppm, J/Hz): 2.03 
(3H, s, CH3CO), 2.06 (3H, s, CH3CO), 2.07 (3H, s, CH3CO), 2.11 (3H, s, CH3CO), 3.86 (1H, ddd, J=10.1, 6.3, 2.1, 
C-5-H), 4.14 (1H, dd, J=12.1, 2.1, C-6-H), 4.23 (1H, dd, J=12.1, 6.3, C-6-H), 4.68 (1H, t, J=8.8, C-1-H), 5.00 (1H, 
t, J=9.1, C-2-H), 5.04 (1H, t, J=9.7, C-4-H), 5.04 (1H, d, J=8.8, NH), 5.37 (1H, т, J=9.1, C-3-H), 6.74 (2H, d, J=1.5, 
C-2’-H, C-6’-H), 7.11 (1H, т, J=1.5, C-4’-H). 13C NMR (100.6 MHz, CDCl3): 20.6 (СН3), 20.6 (СН3), 20.7 (СН3),  20.8 
(СН3), 62.3 (С-6), 68.8 (С-4), 71 (С-2), 72.5 (С-3), 72.7 (С-5), 83.6 (С-1), 115.9 (С-2’, С-6’), 125.1 (С-4’), 123.2 (С-3’, 
С-5’), 146.7 (С-1’), 169.6 (C=O), 169.9 (C=O), 170.7 (C=O), 171.3 (C=O). Calculated, %: C 41.33; H 3.99; N 2.41. 
C20H23Br2NO9. Found, %: C 41.40; H 4.01; N 2.39.

Mixture of (2R,3R,4R,5R,6R)-2-(Acetoxymethyl)-6-(3,5-dibromophenylamino)tetrahydro-2H-pyran-3,4,5-triyl 
triacetate 14 and (2R,3R,4R,5R,6R)-2-(Acetoxymethyl)-6-(3,5-dibromophenylamino)-5-hydroxytetrahydro-2H-
pyran-3,4-diyl diacetate 15 in ratio 2:1. [α] D

16 -29.44 (с  0 .119,  СНCl3) . White solid. Yield 32 %.
Minor compound has been identifi ed as 15. 1Н NMR (400 MHz, CDCl3, δ, ppm, J/Hz): 2.03 (s, CH3CO), 2.04 (s, 
CH3CO), 2.05 (s, CH3CO), 2.06 (s, CH3CO), 2.07 (s, CH3CO), 2.08 (d, CH3CO), 3.85-3.90 (m), 4.04-4.10 (m), 4.11-
4.13 (d, J=8), 4.15-4.16 (t, J=4), 4.21-4.30 (m), 5.01-5.02 (d, J=4.5), 5.03-5.04 (d, J=4.7), 5.16-5.20 (kv), 5.30-5.32 (d, 
J=5.2), 5.37 (t, J=9.4), 6.74 (2H, d, J=1.6). 6.99 (2H, d, J=1.6), 7.10 (2H, d, J=1.6), 7.14 (1H, d, J=1.6). 13C NMR (100.6 
MHz, CDCl3): 20.6-20.8 (СН3), 61.9, 62.2, 66.4, 68.5, 68.7, 69.5, 70.2, 71.1, 72.6, 72.6, 79.7, 83.5, (C1-C6), 115.9, 
116.1 (C-2’, C-6’), 123.4, 123.4 (С-4’), 125.1, 125.4 (С-3’, С-5’), 146.7 147.2 (С-1’), 169.1, 169.5, 169.6, 169.9, 170.4, 
170.7, 171.3 (C=O). 
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2,6-Dibromo-4-nitroaniline 10
To a heated solution (up to 650C) of 4-nitroaniline 9 (11 g, 0.08 mol) in 100 mL of glacial acetic acid under stirring is 
added drop wise a solution of bromine (26 g, 0.16 mol) in 60 mL of glacial acetic acid for 2 hours. After dropping of all 
bromine, the mixture was stirred for another 1.5 hours at the same temperature. The mixture was allowed to cool up to 
room temperature, next it was poured into a mixture, consisting of 500 mL of water and 250 g of ice and hold for 1.5 
hours. The precipitate was fi ltered and washed 3 times with water to remove residual of acetic acid and dried at 1000 C, 
getting 22 g of product (melting at 199-2000C). Yield 95%. Further recrystallization from ethylene glycol monomethyl 
gives yellow-green crystals (prisms). Yellow-green prisms. M. p. 201-2020 C. IR-spectra (ν/cm-1): 3417, 1564 (NH2), 
1525, 1389 (NO2), 1599 (aromatics), 695 (C-Br). 1Н NMR (400 MHz, DMSO-d6, δ, ppm, J/Hz): 6.69 (2H, s, NH2), 8.22 
(2H, s, C3-H and C5-H). 13C NMR (100.6 MHz, CDCl3): 105.77 (C-Br), 128.3 (C-3 and C-5), 136.9 (C-4), 149.5 (C-1). 
Calculated, %: C 24.35; H 1.36; N 9.47. C6H4Br2N2O2. Found, %: C 24.42; H 1.34; N 9.51.

3,5-Dibromonitrobenzene 11
To a heated up to 700C solution of 2,6-dibromo-4-nitroaniline 10 (20 g, 0.067 mol) in 160 mL of ethanol, concentrated 
sulfuric acid (11 mL) is slowly added under stirring until the mixture become a homogeneous system.  Next, sodium 
nitrite (10 g, 0.14 mol) is added in small portions, and the mixture is stirred at the same temperature about an hour, until 
precipitation. After that, the heating was stopped and the mixture was stirred before room temperature. Then 300 mL of 
water was added, the precipitate was fi ltered and washed 3 times with water to remove residual sodium nitrite. Further 
recrystallization from ethanol gives 14 g of product 11. The product is an orange solid. Yield 80%. M. p. 1100 C (EtOH). 
IR-spectra (ν/cm-1): 1528, 1336 (NO2), 650 (C-Br). 1Н NMR (400 MHz, CDCl3, δ, ppm, J/Hz): 7.98-7.99 (1H, t, J=1.6), 
8.31 (2H, d, J=1.6). 13C NMR (100.6 MHz, CDCl3): 123.47 (С-2 and С-6), 125.58 (С-Br), 140.05 (С-4), 149 (C-1). 
Calculated, %: C 25.65; H 1.08; N 4.99. C6H3Br2NO2. Found, %: C 25.72; H 1.06; N 5.02.

3,5-Dibromoaniline 12
To a solution of 3,5-dibromonitrobenzene 11 (10g, 0.035 mol) in a 1:1 mixture of ethanol and THF (200 mL) tin(II) 
chloride dihydrate (40g, 0.175 mol) was added portionwise under stirring. The mixture was stirred at room temperature 
for 20 hours. After reaction solvents were removed in vacuo, 250 mL of water was added into remained orange liquid 
and dry alkali is added under stirring. Stirring was continued for 2 hours in strongly alkaline medium (pH 11-12). 
Next, the mixture was poured into separatory funnel, extra 150 mL of water was added. The reaction was extracted 
with diethyl ether (4x40 mL), the combined organic phases were washed with water to remove residues of alkali, 
dried over anhydrous sodium sulfate and the solvent was removed. The resulting brown mass was purifi ed by column 
chromatography on silica gel, using as eluent system petroleum ether-ethyl acetate (12:1). As a result, 7.5 g of product 
12 have been obtained. Light brown solid. Yield 80 %. M. p. 55-56 оС. IR-spectra (ν/cm-1): 3417, 1624 (NH2), 1581 
(aromatics), 670 (C-Br). 1Н NMR (400 MHz, CDCl3, δ, ppm, J/Hz): 3.78 (2H, s, NH2), 6.75 (2H, d, C2-H, C6-H, J=1.5), 
7.02 (1H, t, C4-H, J=1.5). 13C NMR (100.6 MHz, CDCl3): 116.51 (С-2 and С-6), 123.36 (С-Br), 123.70 (С-4), 148.64 
(С-1). Calculated, %: C 28.72; H 2.01; N 5.58. C6H5Br2N. Found, %: C 28.77; H 2.00; N 5.60.
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Abstract. Tyramine sulfamate was linked to the trityl chloride resin and this polymeric solid support used to 
introduce two levels of molecular diversity by formation of peptide bonds. A dual cleavage strategy next generated 
in a sequential way (without resin split) two different types of compounds (phenol and arylsulfamate derivatives), 
which are therapeutically attractive types of compounds. Here, we used tyramine as a general scaffold, but other 
arylsulfamate derivatives could be judiciously used to extend the nature of synthesized compounds.
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Introduction
Sulfamate derivatives have been known for several years as artifi cial sweeteners (cyclamates) [1], but 

therapeutic applications are numerous and have signifi cantly broadened in recent years [2,3]. They were fi rst known 
as anticonvulsants and the drug topimarate, discovered in 1980, is still used in clinical settings for the treatment of 
refractory epilepsy [4]. Sulfamate derivatives were also found to be potent inhibitors of carbonic anhydrases (CAs) [5,6]. 
This could explain the high oral availability of these drugs since they were shown to bind reversibly to CA II in red blood 
cells, which allows them to avoid degradation in the liver. This property could lead to new therapeutic approaches against 
cancer because CA IX and CA XII are highly expressed in tumours which need them to maintain pH and eliminate CO2. 
Arylsulfamates have shown high potency as inhibitors of steroid sulfatase (STS) [7-10], an important therapeutic target 
for the treatment of hormone-sensitive diseases such as breast, endometrium and prostate cancers [11,12] in addition 
to acne and alopecia [13]. STS inhibitors could also have potential in the treatment of Alzheimer’s disease through an 
increase in the level of dehydroepiandrosteronesulfate, a substrate of STS in the brain [14]. 

( HOOCR2 )( HOOCCH(R1)NH2

a) R1 = CH3 (L-Alanine)
b) R1 = CH(CH3)2 (L-Valine) 
c) R1 =  CH2CH(CH3)2 (L-Leucine) 
d) R1 = CH(CH3)CH2CH3 (L-Isoleucine) 
e) R1 = CH2Phenyl (L-Phenylalanine)

a) R2 = CH2CH3

b) R2 = CH(CH3)2

c) R2 = CH2C(CH3)3

d) R2 = CH2Phenyl
e) R2 = (CH2)2Cyclopentyl

HO

NH2

6-30 (Z = OH; Phenol derivatives)
31-55 (Z = OSO2NH2; Arylsulfamate derivatives)

Z

H
N

X
Y

Tyramine (1)

X = Amino Acids Y = Carboxylic Acids

Building Blocks

Solid-Phase
  Synthesis

Figure 1. Building blocks (amino acids and carboxylic acids) used in the elaboration of libraries of diversifi ed 
phenol derivatives 6-30 and arylsulfamate derivatives 31-55.

On the other hand, phenol derivatives are present in many biologically active molecules. For example, many 
natural antioxidants, such as fl avonoids and polyphenols, contain the phenol moiety. These compounds are known to exert a 
protective effect on cardiovascular health through the lowering of low-density lipoproteins. Many similar compounds were 
synthesized with the hope of optimizing such properties [15]. Phenols are also very abundant in essential oils, contributing 
to their aroma and antimicrobial properties [16]. Small phenolic molecules have shown potential as analgesics [17] and 
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some have been tested as non-steroidal anti-infl ammatory drugs [18] for their potential anti-rejection properties. Moreover, 
the phenolic group is essential in selective-estrogen receptor modulator drugs [19], which are used in the treatment of 
hormone-sensitive breast cancer and osteoporosis. Phenol derivatives are also known as inhibitors of 17β-hydroxysteroid 
dehydrogenases [20-22] and reversible inhibitors of STS [23,24] (although less potent than sulfamate derivatives). 

The ability to generate libraries of phenol and arylsulfamate derivatives from the same resins, through rapid 
parallel synthesis, is thus of high interest for medicinal chemists. Herein, we describe a strategy (Figures 1 and 2) to 
generate two different kinds of compounds (sulfamate and phenol derivatives) from commercially available building 
blocks (amino acids and carboxylic acids) and the multidetachablesulfamate linker [25]. 
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Figure 2. Solid-phase chemical synthesis of libraries of phenol and arylsulfamate derivatives using the 
sequential approach of cleavage. See Figure 1, Table 1 and Table 2 for the building blocks used in the 

preparation of libraries and the representation of all library members.

Results and discussion
Synthesis of libraries

The solid-phase strategy providing two types of diversifi ed molecules, the phenol and sulfamate derivatives, 
was represented in Figure 2. The primary amine of tyramine (1) was fi rst protected as a 9-fl uorenylmethoxycarbonyl 
(Fmoc) derivative, whereas the phenol group was next transformed by the sulfamoyl chloride in N,N-dimethyacetamide 
(DMA) used as base and solvent [26] to provide 2. This arylsulfamate was linked to a polystyrene solid support by 
a reaction with trityl chloride resin in presence of diisopropylethylamine (DIPEA), thus providing the resin 3. The 
mass increase suggested a quantitative yield for the coupling reaction. The characteristic band of Fmoc (1696 cm-1) 
and sulfamoyl (1350 and 1156 cm-1) groups were observed in FTIR spectra. A gel-phase 13C NMR analysis of resin 3 
showed all carbon signals associated with tyramine moiety. Finally, a micro-cleavage under acid conditions released the 
sulfamate 2. All these results confi rmed the presence of a tyramine residue linked on the trityl resin and consequently the 
formation of 3, the precursor of all library members.

The synthesis of libraries started by removing the Fmoc protecting group of 3 to generate the corresponding free 
primary amine, which was submitted to a coupling reaction using benzotriazol-1-yl-oxy-tris-pyrrolidino-phosphonium 
hexafl uorophosphate (PyBOP), 1-hydroxybenzotriazole (HOBt) and an amino acid. A series of fi ve amino acids (Figure 
1) protected as N-Fmoc derivative was the key element used to introduce the fi rst level of molecular diversity. The 
formation of resins 4a-4e was supported by the presence in FTIR spectra of a new amide (NC=O) band in the range 
of 1656-1660 cm-1. To introduce the second level of diversity, the fi ve resins 4a-4e were split in 5 groups (25 samples) 
and submitted to a sequence of two steps, the cleavage of Fmoc group and the coupling of fi ve carboxylic acids using 
PyBrOP and HOBt, thus producing resins 5aa-5ee.
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Cleavage strategy (recovering the fi nal compounds)
The sequential dual cleavage consisted in performing, on the same resin sample, fi rst a partial release of a 

phenol derivative with a nucleophile, and next a cleavage of the remaining linked material with an acid to obtain an 
arylsulfamate derivative. This approach avoids the step of splitting the resin, which is time-consuming.

The type of cleavage we call «nucleophilic» here is not strictly speaking nucleophilic, but this type of reaction 
was studied in detail by Spillane et al. [27-30]. The mechanism is a two-step base-catalysed E1cb-type mechanism that 
probably involves a bimolecular complex between a base and the sulfamate NH as intermediate, which is then attacked by 
a nucleophile to release the phenol. In this case, we carried out an incomplete nucleophilic cleavage at room temperature 
with 30% of diethylamine (DEA), which released about 50% of the linked material as the phenol derivatives 6-30 (Table 1).

Table 1
Representation of all library members (phenol derivatives 6-30).

General 
structure

HO

H
N

N
H

R2
O

OH R1

           R2**

R1*

CH2CH3
(Propionic Acid)
a

CH(CH3)2
(i-Butyric Acid)
b

CH2C(CH3)3
( t -Butylace t ic 
Acid)
c

CH2-Phenyl
(Pheny lace t i c 
Acid)
d

(CH2)2-
Cyclopentyl
(3-Cyclopentyl- 
propionic Acid)
e

CH3
(Alanine)
a

# 6
C14H20N2O3
W: 8.9 mg
CY: 59%
P: 48%

# 7
C15H22N2O3
W: 9.0 mg
CY: 56%

# 8
C17H26N2O3
W: 16.7 mg
CY: 98%

# 9
C19H22N2O3
W: 12.2 mg
CY: 64%

# 10
C19H28N2O3
W: 10.4 mg
CY: 55%
P: 60%

CH(CH3)2
(Valine)
b

# 11
C16H24N2O3
W: 10.5 mg
CY: 62%

# 12
C17H26N2O3
W: 9.7 mg
CY: 57%
P: 82%

# 13
C19H30N2O3
W: 18.4 mg
CY: 97%

# 14
C21H26N2O3
W: 12.9 mg
CY: 64%

# 15
C21H32N2O3
W: 10.9 mg
CY: 55%
P: 81%

CH2CH(CH3)2
(Leucine)
c

# 16
C17H26N2O3
W: 11.9 mg
CY: 70%
P: 39%

# 17
C18H28N2O3
W: 14.8 mg
CY: 82%

# 18
C20H32N2O3
W: 15.9 mg
CY: 80%
P: 47%

# 19
C22H28N2O3
W: 15.5 mg
CY: 74%

# 20
C22H34N2O3
W: 13.1 mg
CY: 77%

CH(CH3)CH2CH3
(Isoleucine)
d

# 21
C17H26N2O3
W: 8.7 mg
CY: 51%

# 22
C18H28N2O3
W: 10.2 mg
CY: 57%
P: 79%

# 23
C20H32N2O3
W: 19.3 mg
CY: 96%

# 24
C22H28N2O3
W: 17.5 mg
CY: 83%
P: 48%

# 25
C22H34N2O3
W: 10.9 mg
CY: 52%

CH2-Phenyl
(Phenylalanine)
e

# 26
C20H24N2O3
W: 14.4 mg
CY: 76%

# 27
C21H26N2O3
W: 16.7 mg
CY: 84%

# 28
C23H30N2O3
W: 19.7 mg
CY: 90%
P: 52%

# 29
C25H26N2O3
W: 15.9 mg
CY: 69%
P: 68%

# 30
C25H32N2O3
W: 14.4 mg
CY: 63%

W: Weight of released compound; CY: crude yield; P: purity determined by quantitative 1H NMR.
(*) R1: The residue of amino acids used as building blocks.
(**) R2: The residue of carboxylic acids used as building blocks.

The acidic cleavage probably proceeds through protonation of the sulfamate NH and subsequent formation of a 
trityl anion on the resin (which takes on an intense red color). In the fi rst assays, the acidic cleavage used to produce the 
arylsulfamate derivative was done using a 5% trifl uoroacetic acid (TFA) solution in CH2Cl2, which gave better yields with 
shorter reaction times, but lower purity. Since we intended our solid-phase synthesis products for screening purposes, 
and thus wanted rapid production with no purifi cation step, milder acid conditions (30% hexafl uoroisopropanol (HFIP) 
in CH2Cl2) were preferred to generate the arylsulfamate derivatives 31-55 (Table 2).

After we generated two libraries of phenol derivatives (Table 1) and arylsulfamate derivatives (Table 2), all 
the library members were analysed by thin-layer chromatography and showed a good homogeneity (mostly one spot). 
A sampling of both libraries (10 members by library) was performed and the compounds tested by NMR analysis. We 
chose quantitative NMR over HPLC for purity assessment because it allows the detection of the real quantity of the 
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desired product in a given mass even if an impurity is insoluble or invisible to NMR. On the contrary, since purity 
assessment with HPLC depends on what is visible to the detector, insoluble or detector-invisible material is not taken 
into account, and thus artifi cially high purity values are read.

It should be noted that no purifi cation steps whatsoever are used in the procedure described above. Nonetheless, 
we think the average purity of the products (phenol derivatives: 39 to 82%, average 60%; arylsulfamate derivatives: 
38 to 66%, average 53%) could be increased by optimizing the coupling steps. Moreover, we noticed that some resins 
developed a red-brownish color after an amino-acid coupling cycle, and this color could not be washed away. After 
cleavage, the products showed low purity. Impurities were sometimes visible on 1H NMR spectra as direct capping 
(resulting from incomplete amino-acid coupling) or phosphorus derivatives (from PyBOP and PyBrOP coupling agents). 
These results do not seem to be systematic since different amino acids are affected in different trials. They were not 
observed in two compounds previously generated as models, as in those cases average purity of the crude product 
was 80% and excellent purity and yields were obtained after chromatography. The lower purities could have many 
causes. For example, it is known that PyBOP and PyBrOP produce deleterious esters when left in solution in DMF for 
long periods (more than one hour). These esters probably form a large part of the impurities and could be avoided by 
shortening coupling cycles (one hour each), by choosing other coupling reagents, or by using DMA instead of DMF 
(PyBOP and PyBrOP are stable for several days in DMA). The low purity could also result from cross-contamination 
when using the synthesizer, which was not used in the preparation of the two model compounds. However, products with 
higher purity could be obtained by performing a silica gel fi ltration or a fl ash chromatography [31]. Libraries of steroidal 
sulfamates have also been successfully generated in high yields and purities [31-33].

Table 2
Representation of all library members (arylsulfamate derivatives 31-55).

General 
structure O

H
N

N
H

R2
O

OH R1

SH2N
O

O
            R2**

R1*

CH2CH3
(Propionic Acid)
a

CH(CH3)2
(i-Butyric Acid)
b

CH2C(CH3)3
( t -Bu ty l ace t i c 
Acid)
c

CH2-Phenyl
( P h e n y l a c e t i c 
Acid)
d

(CH2)2-
Cyclopentyl
(3-Cyclopentyl- 
propionic Acid) 
e

CH3
(Alanine)
a

# 31
C14H21N3O5S
W: 15.5 mg
CY: 78%
P: 52%

# 32
C15H23N3O5S
W: 10.5 mg
CY: 52%

# 33
C17H27N3O5S
W: 15.2 mg
CY: 69%

# 34
C19H23N3O5S
W: 16.1 mg
CY: 70%

# 35
C19H29N3O5S
W: 13.5 mg
CY: 59%
P: 48%

CH(CH3)2
(Valine)
b

# 36
C16H25N3O5S
W: 10.3 mg
CY: 49%

# 37
C17H27N3O5S
W: 13.0 mg
CY: 59%
P: 46%

# 38
C19H31N3O5S
W:13.7 mg
CY: 57%

# 39
C21H27N3O5S
W: 15.7 mg
CY: 63%

# 40
C21H33N3O5S
W: 12.2 mg
CY: 49%
P: 38%

CH2CH(CH3)2
(Leucine)
c

# 41
C17H27N3O5S 
W: 16.2 mg
CY: 74%
P: 66%

# 42
C18H29N3O5S
W: 16.6 mg
CY: 72%

# 43
C20H33N3O5S
W: 16.1 mg
CY: 67%
P: 53%

# 44
C22H29N3O5S
W: 16.9 mg
CY: 65%

# 45
C22H35N3O5S
W: 14.8 mg
CY: 57%

CH(CH3)
CH2CH3
(Isoleucine)
d

# 46
C17H27N3O5S
W: 11.1 mg
CY: 50%

# 47
C18H29N3O5S
W:11.7 mg
CY: 51%
P: 65%

# 48
C20H33N3O5S
W: 14.1 mg
CY: 59%

# 49
C22H29N3O5S
W: 13.8 mg
CY: 53%
P: 54%

# 50
C22H35N3O5S
W: 12.2 mg
CY: 47%

CH2-Phenyl
(Phenylalanine)
e

# 51
C20H25N3O5S
W: 14.5 mg
CY: 60%

# 52
C21H27N3O5S
W: 15.8 mg
CY: 63%

# 53
C23H31N3O5S 
W: 14.8 mg
CY: 57%
P: 50%

# 54
C25H27N3O5S 
W: 16.2 mg
CY: 60%
P: 57%

# 55
C25H33N3O5S
W: 13.7 mg
CY: 49%

W: Weight of released compound; CY: crude yield; P: purity determined by quantitative 1H NMR.
(*) R1: The residue of amino acids used as building blocks.
(**) R2: The residue of carboxylic acids used as building blocks.
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Conclusions
The multidetachablesulfamate linker used herein allowed the preparation of both phenol and arylsulfamate 

derivatives, which are therapeutically attractive types of compounds. The loading step on trityl chloride resin is 
quantitative and the peptide coupling reactions are compatible with this linker. The dual cleavage strategy allowed 
us to generate two different types of compounds in a sequential way (without resin split). Here, we used the Fmoc-
tyramine sulfamate (2) as a general scaffold to introduce two levels of diversifi cation, but other arylsulfamates could 
be judiciously used to extend the nature of the synthesized compounds. The sulfamate linker thus represents a valuable 
addition to the chemical tools available to the medicinal and organic chemists.

Experimental
General remarks

9-Fluorenylmethyl succinimidyl carbonate (FmocOSu) and Fmoc-protected amino-acids were purchased from 
Advanced ChemTech, (Louisville, KY, USA). PyBOP, PyBrOP, anhydrous DMF and trityl resin were purchased from 
Novabiochem (EMD Biosciences, San Diego, CA, USA). Other reagents were purchased from Aldrich (Milwaukee, 
WI, USA). The sulfamoyl chloride (moisture sensitive) was prepared from chlorosulfonyl isocyanate and concentrated 
HCl according to a known procedure [34]. All reagents were used as provided. A Jouan RC1010 SpeedVac apparatus 
(Winchester, VA, USA) was used for the solvent evaporation of the fi nal library compounds. FTIR spectra were obtained 
on a Perkin-Elmer 1600 spectrophotometer (Norwalk, CT, USA). 13C NMR spectra were recorded at 75.5 MHz on 
a Bruker AC/F 300 spectrometer (Billerica, MA, USA). 1H NMR spectra with and without internal reference were 
recorded at 400 MHz on a Bruker Avance 400 Spectrometer (Billerica, MA, USA). The NMR purity of the cleaved 
products was determined using the external reference method. The reference compound (1,2,4-triazole) was dissolved 
in DMSO-d6 and placed in a WGS-5BL coaxial insert (WILMAD, Buena, NJ, USA). 

Synthesis of sulfamate derivative 2
To a stirred solution of tyramine (1) (1.80 g, 13.12 mmol) in THF/H2O (3:1, v/v) (225 mL) were added, 

successively, aqueous 1.0 N NaHCO3 (27 mL) and FmocOSu (4.47 g, 13.25 mmol). After 2 h at room temperature, water 
(200 mL) was added and the crude product extracted with EtOAc (200 mL) and CH2Cl2 (2 x 200 mL). The combined 
organic layer was dried over MgSO4, fi ltered, the solvent evaporated under reduced pressure and the product dried under 
a vacuum overnight. The crude Fmoc derivative was dissolved in DMA (22 mL) and the solution cooled to 0C in an ice 
bath. A fi rst portion of sulfamoyl chloride (3.71 g, 32.11 mmol) was gradually added over 15 min and the mixture was 
allowed to react at room temperature. After 1 h, the same amount of sulfamoyl chloride was added as described above, 
and the mixture stirred at room temperature for 3 additional hours. The mixture was then poured in a cool solution of 
brine and extracted with EtOAc (3 x 200 mL). The combined organic layer was washed with brine (1 x 500 mL), dried 
over MgSO4, and evaporated to dryness. Purifi cation by fl ash chromatography with hexanes/acetone (7:3 to 6:4) yielded 
4.05 g (72%) of 2. 1H NMR (acetone-d6) δ, ppm: 2.04 – 2.07 (m, 2H), 3.35 – 3.38 (m, 2H), 4.21 (t, J = 6.9 Hz, 1H), 4.35 
(d, J = 6.9 Hz, 2H), 6.62 (bt, 1H, NH), 7.14 – 7.45 (m, 8H), 7.68 (d, J = 7.4 Hz, 2H), 7.87 (d, J = 7.6 Hz, 2H). 13C NMR 
(acetone-d6) δ, ppm: 148.1, 141.0, 136.1, 133.1, 130.0, 121.8, 119.5, 118.9, 117.0, 114.0, 111.8, 57.7, 39.1, 34.0, 27.0.

Synthesis of resin 3 (loading of sulfamate 2 on trityl resin)
Trityl chloride resin (2.51 g) (1.10 mmol/g loading) and sulfamate 2 (1.45 g) were added in a 50 mL peptide fl ask 

equipped with a three-way stopcock and swollen under argon in dry CH2Cl2 (24 mL). Diisopropylethylamine (DIPEA) 
(4.81 mL) was then added and the mixture was stirred overnight at room temperature. The resin was fi ltered and washed 
with CH2Cl2 (3 x 25 mL), MeOH (3 x 25 mL), THF (3 x 25 mL) and again with CH2Cl2 (3 x 25 mL), then dried overnight 
under a vacuum to afford 3.84 g of resin 3. The coupling yield calculated by means of the mass increase was quantitative. 
Resin 3: FTIR (KBr matrix) υ, cm-1: 1696 (C=O, Fmoc group), 1350 and 1156 (sulfonamide). Gel-Phase 13C NMR (150 
mg resin swelled in CD2Cl2/benzene-d6 with the following conditions: d1 – 1.0 s, p1 = 30° (3.0 μs), aq = 430 ms, RG 800 
SI = 32 K) δ, ppm: 156.1, 144.0, 141.3, 137.7, 132.1, 125.0, 122.0, 119.9, 73.5, 66.2, 47.2, 40.8, 35.9.

Library synthesis: Introducing the fi rst level of molecular diversity
A 96-well Tefl on reaction vessel from Advanced ChemTechLabtech Manual Organic Synthesizer-Platform IV 

was used for the solid-phase synthesis. Small-volume peptide fl asks or PD-10 columns (Amersham Biosciences, Upsala, 
Sweden) fi tted with a three-way stopcock (Bio-Rad, Hercules, CA, USA) could alternatively be used. In 25 wells of a 
96-well reaction block loaded with resin 3 (25 x 120 mg) was added a solution of 20% piperidine in CH2Cl2 (1.5 mL) 
and the mixture was stirred at room temperature to hydrolyze the Fmoc. After 1 h, the resins were fi ltered to remove the 
solvent, washed with CH2Cl2 (5 x 2 mL) and dried under a vacuum for 2 h. Five stock solutions, each containing PyBOP 
(450 mg, 0.870 mmol) and HOBt (120 mg, 0.870 mmol), as well as one of the Fmoc-protected amino acids from the L 
series (alanine, valine, leucine, isoleucine or phenylalanine) (0.870 mmol), were prepared in DMF (7.5 mL) and reacted 
2 min with DIPEA (0.3 mL, 1.74 mmol). Next, one of the stock solutions was added (in equal proportions of 1.5 mL) in 
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each of the 25 reaction vessels (fi ve wells for each amino acid) containing the resin with the tyramine. The resins were 
stirred under argon for 3 h, then fi ltered, washed with DMF (3 x 2 mL) and CH2Cl2 (5 x 2 mL), and dried overnight 
under a vacuum to afford fi ve groups (5 x 5) of resins 4a-4e. FTIR (KBr matrix) υ, cm-1: 1708-1709 (C=O, Fmoc group), 
1656-1662 (C=O, amide) and 1350 and 1156 (sulfonamide).

Library synthesis: Introducing the second level of molecular diversity
To the fi ve groups of resins 4a-4e (25 wells) obtained above was added a solution of 20% piperidine in CH2Cl2 

(1.5 mL) and the block was stirred at room temperature. After 1 h, the resins were fi ltered, washed with CH2Cl2 (5 x 3 
mL) and dried under vacuum (2 h). Each of the fi ve resins with distinct aminoacid diversity was reacted with a solution 
(1.5 mL) of carboxylic acid (propionic, isobutyric, t-butyl acetic, phenyl acetic or 3-cyclopentyl propionic) (0.870 
mmol) activated with PyBrOP (405 mg, 0.870 mmol), HOBt (120 mg, 0.870 mmol) and DIPEA (0.85 mL, 0.30 mmol) 
in DMF (7.5 mL). The 25 resins (5 x 5) were stirred for 3 h at room temperature, then fi ltered and washed with DMF (3 
x 2 mL), CH2Cl2 (5 x 2 mL), THF (3 x 2 mL), THF/H2O (3 x 2 mL), H2O (3 x 2 mL), H2O/MeOH (3 x 2 mL) and MeOH, 
and were dried overnight under vacuum to afford 25 different resins 5aa-5ee. FTIR (KBr matrix) υ, cm-1: 1640-1658 
(C=O, amides).

Cleavage strategy providing phenol derivatives (Nucleophilic cleavage)
To each of the 25 resins 5aa-5ee in their reaction vessels was added a solution of 30% diethylamine (DEA) in 

THF (1 mL) and the resins were stirred under argon. After 24 h at room temperature, 1 mL of 30% DEA/THF solution 
was added and the resins were stirred for 24 additional hours. The resins were then fi ltered under vacuum, washed with 
30% DEA in THF (2 x 1.5 mL), and the fi ltrates were collected in pre-weighted glass tubes. The solvent was evaporated 
in a SpeedVac apparatus, THF (3 mL) was then added to each tube and the solutions were evaporated again (2x). 
The procedure was repeated with Et2O. The crude products were dried for 48 h under vacuum pump to afford phenol 
derivatives 6-30. A sampling of 10 compounds from the 25 library members was characterized by 1H NMR and MS. 
Purity was also assessed by quantitative 1H NMR (Table 1).

N-[2-(4-hydroxyphenyl)-ethyl]-2-propionylamino-propionamide (6): 1H NMR (DMSO-d6) δ, ppm: 9.20 (s, 1H, OH), 
7.90 - 7.86 (m, 2H, NH), 6.98 (d, 2H, J = 8.4 Hz), 6.66 (d, 2H, J = 8.5 Hz), 4.23 – 4.16 (m, 1H), 3.24 – 3.13 (m, 2H), 
2.57 (t, 2H, 7.4 Hz), 2.11 (q, 2H, J = 7.6 Hz), 1.15 – 1.12 (m, 1H), 0.97 (t, 3H, 7.6 Hz). MS/EI (C14H20N2O3) calculated: 
264.1; observed: 265.1 (M+H)+.

3-Cyclopentyl-N-{1-[2-(4-hydroxyphenyl)-ethylcarbamoyl]-ethyl}-propionamide (10): 1H NMR (DMSO-d6) δ, ppm: 
9.20 (s, 1H, OH), 7.92 (bd, 1H, NH, J = 7.6 Hz), 7.85 (bt, 1H, NH, J = 5.6 Hz), 6.97 (d, 2H, J = 8.4 Hz), 6.66 (d, 2H, J 
= 8.4 Hz), 4.23 – 4.16 (m, 1H), 3.26 – 3.11 (m, 2H), 2.56 (t, 2H, J =  7.3 Hz), 2.11 (t, 2H, J = 7.6 Hz), 1.74 – 1.42 (m, 
9H), 1.12 (d, 3H, J = 7.1 Hz), 1.10 – 1.00 (m, 2H). MS/EI (C19H28N2O3) calculated: 332.2; observed: 333.1 (M+H)+. 

N-[2-(4-hydroxyphenyl)-ethyl]-2-isobutyrylamino-3-methyl-butyramide (12): 1H NMR (DMSO-d6) δ, ppm: 9.21 (s, 
1H, OH), 7.99 (bt, 1H, NH, J = 5.5 Hz), 7.72 (bd, 1H, NH, J = 9.1 Hz), 6.98 (d, 2H, J = 8.4 Hz), 6.65 (d, 2H, J = 8.4 Hz), 
4.07 (dd, 1H, J = 7.4 Hz and J = 9.0 Hz), 3.31 – 3.14 (dm, 2H), 2.60 – 2.55 (m, 2H), 1.93 – 1.83 (m, 1H), 1.24- 1.22 (m, 
1H), 0.98 (q, 6H, J = 6.8 Hz), 0.78 (d, 6H, J = 6.8 Hz). MS/EI (C17H26N2O3) calculated: 306.2; observed: 307.1 (M+H)+.

2-(Cyclopentylpropionylamino)-N-[2-(4-hydroxyphenyl)-ethyl]-3-methyl-butyramide (15): 1H NMR (DMSO-d6) δ, 
ppm: 9.19 (s, 1H, OH), 7.97 (bt, 1H, NH, J = 5.5 Hz), 7.79 (bd, 1H, NH, J = 9.0 Hz), 6.98 (d, 2H, J = 8.4 Hz), 6.66 
(d, 2H, J = 8.4 Hz), 4.08 (dd, 1H, J = 7.3 Hz and J = 8.9 Hz), 3.26 – 3.15 (m, 2H), 2.57 (t, 2H, J = 6.5 Hz), 2.23 – 2.09 
(m, 2H), 1.73 – 1.43 (m, 9H), 1.24 – 1.22 (m, 1H),  1.10 – 1.01 (m, 2H), 0.78 (d, 6H, J = 6.7 Hz). MS/EI (C21H32N2O3) 
calculated: 360.2; observed: 361.2 (M+H)+.

4-Methyl-2-propionylaminopentanoic acid [2-(4-hydroxyphenyl)-ethyl]-amide (16): 1H NMR (DMSO-d6) δ, ppm: 9.20 
(s, 1H, OH), 7.93 (bt, 1H, NH, J = 5.6 Hz), 7.85 (bd, 1H, NH, J = 8.4 Hz), 6.97 (d, 2H, J = 8.4 Hz), 6.66 (d, 2H, J = 
8.4 Hz), 4.25 – 4.19 (m, 1H), 3.25- 3.14 (m, 2H), 2.56 (t, 2H, J = 7.3 Hz), 2.11 (qd, 2H, J = 2.0 Hz and J = 7.5 Hz), 
1.53 – 1.46 (m, 1H), 1.25 – 1.21 (m, 2H), 0.97, (t, 3H, J = 7.6 Hz), 0.83 (dd, 6H, J = 6.6 Hz and J = 18.2 Hz). MS/EI 
(C17H26N2O3) calculated: 306.2; observed: 307.1 (M+H)+.

2-(3,3-Dimethylbutyrylamino)-4-methylpentanoic acid [2-(4-hydroxyphenyl)-ethyl]-amide (18): 1H NMR (DMSO-d6) 
δ, ppm: 9.20 (s, 1H, OH), 7.90 (bt, 1H, NH, J = 5.4 Hz), 7.80 (bd, 1H, NH, J = 8.3 Hz), 6.97 (d, 2H, J = 8.4 Hz), 6.66 
(d, 2H, J = 8.5 Hz), 4.26 - 4.20 (m, 1H), 3.26 – 3.14 (m, 2H), 2.58 – 2.54 (m, 2H), 2.04 – 1.91 (m, 2H), 1.55 – 1.51 (m, 
1H), 1.26 - 1.21 (m, 2H), 0.94 (s, 9H), 0.83 (dd, 6H, J = 6.6 Hz and J = 19.0 Hz). MS/EI (C20H32N2O3) calculated: 348.5; 
observed: 349.3 (M+H)+.
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2-Isobutyrylamino-3-methylpentanoic acid [2-(4-hydroxyphenyl)-ethyl]-amide (22): 1H NMR (DMSO-d6) δ, ppm: 9.18 
(s, 1H, OH), 8.00 (bd, 1H, NH, J = 9.1 Hz), 7.72 (bt, 1H, NH, J = 5.5 Hz), 6.98 (d, 2H, J = 8.5 Hz), 6.65 (d, 2H, J = 8.5 
Hz), 4.10 (t, 1H, 8.8 Hz), 3.24 – 3.16 (m, 2H), 2.59 – 2.55 (m, 2H), 1.70 – 1.60 (m, 1H), 1.38 – 1.32 (m, 1H), 1.07 – 1.00 
(m, 2H), 0.97 (dd, 6H, J = 6.8 Hz and J = 11.0 Hz), 0.78 (t, 3H, J = 7.3 Hz), 0.75 (d, 3H, J = 6.8 Hz). MS/EI (C18H28N2O3) 
calculated: 320.2; observed: 321.1 (M+H)+.

3-Methyl-2-phenylacetylaminopentanoic acid [2-(4-hydroxyphenyl)-ethyl]-amide (24): 1H NMR (DMSO-d6) δ, ppm: 
9.19 (s, 1H, OH), 7.99 (bd, 1H, NH, J = 9.0 Hz), 7.81 (bt, 1H, NH, J = 5.5 Hz), 7.31 – 7.17 (m, 5H), 6.98 (d, 2H, J = 8.2 
Hz), 6.65 (d, 2H, J = 8.4 Hz), 4.10 (m, 1H), 3.25 – 3.17 (m, 2H), 2.57 (bt, 2H), 2.20 – 2.08 (m, 2H), 1.37 – 1.30 (m, 1H), 
1.09 – 0.99 (m, 2H), 0.79 (d, 3H, J = 7.1 Hz), 0.74 (t, 3H, J = 6.5 Hz). MS/EI (C22H28N2O3) calculated: 368.2; observed: 
369.3 (M+H)+.

N-{1-[2-(4-hydroxyphenyl)-ethylcarbamoyl]-2-phenylethyl}-3,3-dimethylbutyramide (28): 1H NMR (DMSO-d6) δ, 
ppm: 9.22  (s, 1H, OH), 7.98  (bt, 1H, NH, J = 5.4 Hz), 7.92  (bd, 1H, NH, J = 8.5 Hz), 7.26 – 7.14  (m, 5H), 6.97 (d, 2H, 
J = 8.5 Hz), 6.66 (d, 2H, J = 8.4 Hz), 4.50 – 4.44  (m, 1H), 3.26 – 3.15  (m, 2H), 2.73 – 2.67 (m, 2H),  2.57 – 2.50  (m, 
2H), 1.92 (s, 2H), 0.80 (s, 9H). MS/EI (C23H30N2O3) calculated: 382.2; observed: 383.2 (M+H)+.

N-[2-(4-hydroxyphenyl)-ehtyl]-3-phenyl-2phenylacetylaminopropionamide (29): 1H NMR (DMSO-d6) δ, ppm: 9.19 (s, 
1H, OH), 8.33 (bd, 1H, NH), 8.08 (bt, 1H, NH), 7.26 – 7.06 (m, 10H), 6.97 (d, 2H, J = 8.4 Hz), 6.66 (d, 2H, J = 8.3 
Hz), 4.45 – 4.42 (m, 1H), 3.26 – 3.14 (m, 2H), 2.75 – 2.66 (m, 2H),  2.56 – 2.50 (m, 2H), 2.04 – 1.99 (m, 2H). MS/EI 
(C25H26N2O3) calculated: 402.2; observed: 403.3 (M+H)+.

Cleavage strategy providing sulfamate derivatives (Acidic cleavage)
To each of the 25 resins 5aa-5ee previously submitted to nucleophilic cleavage was added a solution of 30% 
hexafl uoroisopropanol (HFIP) in CH2Cl2 (1.5 mL) and the resins were stirred under argon. After 6 h at room temperature, 
the resins were fi ltered under vacuum, washed with 30% HFIP in CH2Cl2 (2 x 1 mL) and THF (2 x 1 mL), and the fi ltrate 
was collected in pre-weighted tubes. The solvent was evaporated in a SpeedVac apparatus, THF (2 x 3 mL) was then 
added to each tube and the solutions were evaporated again. The procedure was repeated with Et2O. The crude products 
were dried 48 h under vacuum pump to afford sulfamate derivatives 31-55. A sampling of 10 compounds from the 25 
library members was characterized by 1H NMR and MS. Purity was also assessed by quantitative 1H NMR (Table 2).

Sulfamic acid 4-[2-(2-propionylamino-propionylamino)-ethyl]-phenyl ester (31): 1H NMR (DMSO-d6) δ, ppm: 7.98 – 
7.86 (m, 3H, NH and NH2), 7.31 – 7.17 (m, 4H), 4.23 – 4.17 (m, 1H), 3.33 – 3.21 (m, 2H), 2.72 (t, 2H, J = 7.3 Hz), 2.11 
(q, 2H, J = 7.6 Hz), 1.15 – 1.12 (m, 3H), 0.97 (t, 3H. J = 7.6 Hz). MS/EI (C14H21N3O5S) calculated: 343.2; observed: 
344.1 (M+H)+.

Sulfamic acid 4-{2-[2-(3-cyclopentylpropionylamino)-propionylamino]-ethyl}-phenyl ester (35): 1H NMR (DMSO-d6) 
δ, ppm: 7.98 – 7.92 (m, 3H, NH and NH2), 7.31 – 7.17 (m, 4H), 4.23 – 4.16 (m, 1H), 3.30 – 3.22 (m, 2H), 2.71 (t, 2H, J = 
7.3 Hz), 2.10 (t, 2H, J = 7.2 Hz), 1.79 – 1.42 (m, 9H), 1.13 (d, 3H, J = 7.1 Hz), 1.09 – 0.99 (m, 2H). MS/EI (C19H29N3O5S) 
calculated: 411.2; observed: 412.1 (M+H)+.

Sulfamic acid 4[2-(2-isobutyrylamino-3-methylbutyrylamino)-ethyl]-phenyl ester (37): 1H NMR (DMSO-d6) δ, ppm: 
8.08 (bt, 1H, NH, J = 5.4 Hz),  7.97 (bs, 1H, NH2), 7.74 (bd, 1H, NH, J = 8.9 Hz), 7.31 – 7.16 (m, 4H), 4.07 (dd, 1H, J = 
7.6 Hz and J = 9.1 Hz), 3.33 – 3.19 (m, 2H), 2.73 (t, 2H, J = 5.9 Hz), 1.93 – 1.83 (m, 1H), 1.25 –1.22 (m, 1H), 0.98 (q, 
6H, J = 6.8 Hz), 0.79 (d, 6H, J = 6.6 Hz). MS/EI (C17H27N3O5S) calculated: 385.2; observed: 386.1 (M+H)+. 

Sulfamic acid 4-{2-[2-(3-cyclopentylpropionylamino)-3-methylbutyrylamino]-ethyl}-phenyl ester (40): 1H NMR 
(DMSO-d6) δ, ppm: 8.06 (bt, 1H, NH, J =  4.9 Hz),  7.96 (bs, 1H, NH2), 7.81 (bd, 1H, NH, J = 8.9 Hz), 7.33 – 7.16 (m, 
4H), 4.08 – 4.02 (m, 1H), 3.32 – 3.19 (m, 2H), 2.72 (t, 2H, J = 7.2 Hz), 2.23 – 2.08 (m, 2H), 1.76 – 1.41 (m, 9H), 1.26 
– 1.21 (m, 1H), 1.11 – 1.01 (m, 2H), 0.78 (dd, 6H, J = 2.1 Hz and J = 6.6 Hz). MS/EI (C21H33N3O5S) calculated: 439.2; 
observed: 440.2 (M+H)+.

Sulfamic acid 4-[2-(4-methyl-2-propionylaminopentanoylamino)-ethyl]-phenyl ester (41): 1H NMR (DMSO-d6) δ, ppm: 
8.02 (bt, 1H, NH, J = 5.8 Hz), 7.96 (bs, 1H, NH2), 7.86 (bt, 1H, NH, J = 8.2 Hz), 7.30 – 7.16 (m, 4H), 4.29 – 4.19 (m, 1H), 
3.31 – 3.20 (m, 2H), 2.71 (t, 2H, J = 7.4 Hz), 2.14 – 2.07 (m, 2H), 1.54 – 1.44 (m, 1H), 1.25 – 1.13 (m, 2H), 0.97 (t, 3H, 
J = 7.6 Hz), 0.83 (dd, 6H, J = 6.5 Hz and J = 17.6 Hz). MS/EI (C17H27N3O5S) calculated: 385.2; observed: 386.1 (M+H)+.
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Sulfamic acid 4-{2-[2-(3,3-dimethylbutyrylamino)-4-methylpentanoylamino]-ethyl}-phenyl ester (43): 1H NMR 
(DMSO-d6) δ, ppm: 8.01 (bt, 1H, NH), 7.97 (bs, 1H, NH2), 7.83 (bd, 1H, NH, J = 8.0 Hz), 7.31 – 7.16 (m, 4H), 4.29 – 
4.20 (m, 1H), 3.32 – 3.21 (m, 2H), 2.71 (t, 2H, J = 7.0 Hz), 2.05 – 1.95 (m, 2H), 1.58 – 1.47 (m, 1H), 1.25 – 1.14 (m, 
2H), 0.94 (s, 9H), 0.84 (q, 6H, J = 6.4 Hz). MS/EI (C20H33N3O5S) calculated: 427.2; observed: 428.1 (M+H)+. 

Sulfamic acid 4-[2-(2-isobutyrylamino-3-methylpentanoylamino)-ethyl]-phenyl ester (47): 1H NMR (DMSO-d6) δ, 
ppm: 8.09 (bt, 1H, NH, J = 5.3 Hz), 7.97 (bs, 1H, NH2), 7.75 (bd, 1H, NH, J = 9.1 Hz), 7.31 – 7.16 (m, 4H), 4.10 (t, 1H, 
J = 8.5 Hz), 3.33 – 3.19 (m, 2H), 2.72 (td, 2H, J = 2.9 Hz and J = 7.3 Hz), 1.71 – 1.61 (m, 1H), 1.39 – 1.32 (m, 1H), 
1.08 – 1.01 (m, 2H), 0.98 (q, 6H, J = 6.8 Hz), 0.78 (t, 3H, J = 7.3 Hz), 0.75 (d, 3H, J = 6.8 Hz). MS/EI (C18H29N3O5S) 
calculated: 399.2; observed: 400.1 (M+H)+.

Sulfamic acid 4-[2-(3-methyl-2-phenylacetylamino)-3-phenylpropionylamino)-ethyl]-phenyl ester (49): 1H NMR 
(DMSO-d6) δ, ppm: 8.08 (bt, 1H, NH, J = 4.9 Hz), 7.97 (bs, 1H, NH2), 7.83 (bd, 1H, NH, J = 8.9 Hz), 7.31 – 7.16 (m, 
9H), 4.10 (m, 1H), 3.32 – 3.19 (m, 2H), 2.71 (t, 2H, J = 7.0 Hz), 2.20 – 2.07 (m, 2H), 1.38 – 1.31 (m, 1H), 1.09 – 0.99 (m, 
2H), 0.78 (t, 3H, J = 7.4 Hz), 0.73 (d, 3H, J = 5.5 Hz). MS/EI (C22H29N3O5S) calculated: 447.2; observed: 448.2 (M+H)+. 

Sulfamic acid 4-{2-[2-(3,3-dimethylbutyrylamino)-3-phenylpropionylamino]-ethyl}-phenyl ester (53): 1H NMR 
(DMSO-d6) δ, ppm: 8.06 (bt, 1H, NH, J = 6.4 Hz), 7.96 (bs, 1H, NH2), 7.94 (bd, 1H, NH, J = 8.5 Hz), 7.29 – 7.15 (m, 
9H), 4.52 – 4.44 (m, 1H), 3.29 – 3.21 (m, 2H), 2.97 – 2.86 (m, 2H), 2.72 – 2.69 (m, 2H), 2.00 (s, 2H), 0.80 (s, 9H). MS/
EI (C23H21N3O5S) calculated: 461.2; observed: 462.1 (M+H)+.  

Sulfamic acid 4[2-(3-phenyl-2-phenylacetylaminopropionylamino)-ethyl]-phenyl ester (54): 1H NMR (DMSO-d6) δ, 
ppm: 8.37-7.94 (m, 3H, NH and NH2), 7.30 – 7.05 (m, 14H), 4.45 (td, 1H, J = 4.7 Hz and J = 9.1 Hz), 3.31 – 3.19 (m, 
2H), 2.96 – 2.71 (m, 2H), 2.71 – 2.64 (m, 2H), 2.05 – 1.99 (m, 2H). MS/EI (C25H27N3O5S) calculated: 481.2; observed: 
482.1 (M+H)+.

Acknowledgments
We are grateful to the Canadian Institutes of Health Research for their fi nancial support, to Mrs. Marie-Claude 

Trottier for NMR analyses and to Mrs. Micheline Harvey for careful reading of the manuscript.

References
1. Spillane, W.J.; Ryder, C.A.; Walsh, R.M., Curran, P.J., Concagh, D.G.; Wall, S.N. Sulfamate sweeteners. Food 

Chemistry, 1996, 56, pp. 255-261.
2. Spillane, W; Malaubier, J.F. Sulfamic acid and its N- and O-substituted derivatives. Chemical Reviews, 2014, 114, 

pp. 2507-2586.
3. Winum, J-Y.; Scozzafava, A.; Montero, J.-L.; Supuran, C.T. Therapeutic applications of sulfamate. Expert Opinion 

on Therapeutic Patents, 2004, 14, pp. 1273-1308.
4. Maryanoff, B.E.; Costanzo, M.J.; Nortey, S.O.; Greco, M.N.; Shank, R.P.; Schupsky, J.J.; Ortegon, M.P.; Vaught, 

J.L. Structure-activity studies on anticonvulsant sugar sulfamates related to topiramate. Enhanced potency with 
cyclic sulfate derivatives. Journal of Medicinal Chemistry, 1998, 41, pp. 1315-1343.

5. Pastorekova, S.; Parkkila, S.; Pastorek, J.; Supuran, C.T. Carbonic anhydrase: Current state of the art, therapeutic 
applications and future prospects. Journal of Enzyme Inhibition and Medicinal Chemistry, 2004, 19, pp. 199-229.

6. Winum, J.Y.; Scozzafava, A.; Montero, J.L.; Supuran C.T. Sulfamates and their therapeutic potential. Medicinal 
Research Reviews, 2005, 25, pp. 186-228.

7. Mostafa, Y.A.; Taylor, S.D. Steroid derivatives as inhibitors of steroid sulfatase. The Journal of Steroid Biochemistry 
and Molecular Biology, 2013, 137, pp. 183-198.

8. Purohit, A.; Foster, P.A. Steroid sulfatase inhibitors for estrogen-and androgen-dependent cancers. Journal of 
Endocrinology, 2012, 212, pp. 99-110.

9. Maltais, R.; Poirier, D. Steroid sulfates inhibitors: A review covering the promising 2000-2010 decade. Steroids, 
2011, 76, pp. 929-948.

10. Nussbaumer, P.; Billich, A. Steroid sulfatase inhibitors. Medicinal Research Reviews, 2004, 24, pp. 529-576.
11. Purohit, A.; Woo, L.W.L.; Chander, S.K.; Newman, S.P.; Ireson, C.; Ho, Y.; Grasso, A.; Leese, M.P.; Potter, 

B.V.L.; Reed, M.J. Steroid sulphatase inhibitors for breast cancer therapy. The Journal of Steroid Biochemistry and 
Molecular Biology, 2003, 86, pp. 423-432.

12. Selcer, K.W.; Kabler, H.; Sarap, J.; Xiao, Z.; Li, P.-K. Inhibition of steryl sulfatase activity in LNCaP human 
prostate cancer cells. Steroids, 2002, 67, pp. 821-826.

13. Hoffmann, R.; Rot, A.; Niiyama, S.; Billich, A. Steroid Sulfatase in the Human Hair Follicle Concentrates in the 
Dermal Papilla. Journal of Investigative Dermatology, 2001, 117, pp. 1342-1348.

D. Fournier et al. / Chem. J. Mold. 2015, 10(2), 68-76



76

14. Johnson, D.A.; Wu, T.-H.; Li, P.-K.; Maher, T.J. The effect of steroid sulfatase inhibition on learning and spatial 
memory. Brain Research, 2000, 865, pp. 286-290.

15. Parker, R.A.; Barnhart, R.L.; Chen, K.S.; Edwards, M.L.; Matt, J.E.; Rhinehart, B.L.; Robinson, K.M.; Vaal, M.J.; 
Yates, M.T. Antioxidant and cholesterol lowering properties of 2,6-di-t-butyl-4-[(dimethylphenylsilyl)methyloxy]
phenol and derivatives: a new class of anti-atherogenic compounds. Bioorganic & Medicinal Chemistry Letters, 
1996, 6, pp. 1559-1562. 

16. Davidson, P.M.; Naidu, A.S. Phyto-phenol. In: Natural Food Antimicrobial Systems. Naidu, A.S. Eds. CRC Press: 
Boca Raton, FL, 2000, pp. 265-294.

17. Wrigglesworth, R.; Walpole, C.S.J.; Bevan, S.; Campbell, E.A.; Dray, A.; Hugues, G.A.; James, I.; Masdin, K.J.; 
Winter, J. Analogues of capsaicin with agonist activity as novel analgesic agents: structure-activity studies. 4. 
Potent, orally active analgesics. Journal of Medicinal Chemistry, 1996, 39, pp. 4942-4951.

18. Murata, S.; Sundell, C.L.; Lijkwan, M.A.; Balsam, L.B.; Hammainen, P.; Coleman, C.; York, C.; Luchoomun, J.; Suen, 
K.-L.; Howard, R.; Somers, P.K.; Morris, R.E.; Robbins, R.C. Effects of AGI-1096, a novel antioxidant compound 
with anti-infl ammatory and antiproliferative properties, on rodent allograft arteriosclerosis. Transplantation, 2004, 
77, pp. 1494-1500.

19. Jordan, V.C. Antiestrogens and selective estrogen receptor modulators as multifunctional medicines. 2. Clinical 
considerations and new agents. Journal of Medicinal Chemistry, 2003, 46, pp. 1081-1111.

20. Poirier, D. 17β-Hydroxysteroid dehydrogenase inhibitors: a patent review. Expert Opinion on Therapeutic Patents, 
2010, 20, pp. 1123-1145.

21. Poirier, D. Inhibitors of 17β-hydroxysteroid dehydrogenases. Current Medicinal Chemistry, 2003, 10, 
pp. 453-477.

22. Marchais-Oberwinkler, S.; Henn, C.; Moller, G.; Klein, T.; Negri, M.; Oster, A.; Spadaro, A.; Werth, R.; Wetzel, 
M.; Xu, K.; Frotscher, M.; Hartmann, R.W.; Adamski, J. 17beta-Hydroxysteroid dehydrogenases (17beta-HSDs) 
as therapeutic targets: protein structures, functions, and recent progress in inhibitor development. The Journal of 
Steroid Biochemistry and Molecular Biology, 2011, 125, pp. 66-82.

23. Fournier, D.; Poirier, D. Chemical synthesis and evaluation of 17α-alkylated derivatives of estradiol as inhibitors of 
steroid sulfatase. European Journal of Medicinal Chemistry, 2011, 46, pp. 4227-4237.

24. Boivin, R.P.; Luu-The, V.; Lachance, R.; Labrie, F.; Poirier, D. Structure-activity relationships of 
17α-derivatives of estradiol as inhibitors of steroid sulfatase. Journal of Medicinal Chemistry, 2000, 43, 
pp. 4465-4478. 

25. Ciobanu, L.C.; Maltais, R.; Poirier, D. The sulfamate functional group as a new anchor for solid-phase organic 
synthesis. Organic Letters, 2000, 2, pp. 445-448.

26. Okada, M.; Iwashita, S.; Koizumi, N. Effi cient general method for sulfamoylation of a hydroxyl group. Tetrahedron 
Letters, 2000, 41, pp. 7047-7051.

27. Spillane, W.J.; Hogan, G.; McGrath, P.; King, J.; Brack, C.J. Aminolysis of sulfamate esters in non-aqueous solvents. 
Evidence consistent with a concerted E2-type mechanism. Journal of the Chemical Society, Perkin Transactions 2, 
1996, 10, pp. 2099-2104.

28. Spillane, W.J.; McHugh, F.A.; Burke, P.O. Aminolysis of sulfamate esters in chloroform – nonlinear kinetics. 
Journal of the Chemical Society, Perkin Transactions 2, 1998, 2, pp. 309-313.

29. Spillane, W.J. Novel change in rate-determining step within an E1cB mechanism during aminolysis of a sulfamate 
ester in acetonitrile. Chemical Communications, 1998, 9, pp. 1017-1018. 

30. Spillane, W.J.; McGrath, P.; Brack, O.; O’Byrne, A.B. Change in rate-determining step in an E1cB mechanism 
during aminolysis of sulfamate esters in acetonitrile. Journal of Organic Chemistry, 2001, 66, pp. 6313-6316.

31. Ciobanu, L.C.; Poirier, D. Solid-phase parallel synthesis of 17alpha-substituted estradiol sulfamate and phenol 
libraries using the multidetachablesulfamate linker. Journal of Combinatorial Chemistry, 2003, 5, pp. 429-440.

32. Ciobanu, L.C.; Poirier, D. Synthesis of libraries of 16β-aminopropyl estradiol derivatives for targeting two key 
steroidogenic enzymes. ChemMedChem, 2006, 1, pp. 1249-1259.

33. Bérubé, M.; Delagoutte, F.; Poirier, D. Preparation of libraries of 16β-estradiol derivatives as bisubstrate inhibitors 
of type 1 17β-hydroxysteroid dehydrogenase using the multidetachablesulfamate linker. Molecules, 2010, 15, pp. 
1590-1631.

34. Peterson, E.M.; Brownell, J.; Vince, R. Synthesis and biological evaluation of 5′-sulfamoylated purinyl carbocyclic 
nucleosides. Journal of Medicinal Chemistry, 1992, 35, pp. 3991-4000.

D. Fournier et al. / Chem. J. Mold. 2015, 10(2), 68-76



77

Chemistry Journal of Moldova. General, Industrial and Ecological Chemistry. 2015, 10(2), 77-88

OXAZIRIDINE (C-CH3NO), C-CH2NO RADICALS AND CL, NH2 
AND METHYL DERIVATIVES OF OXAZIRIDINE; 

STRUCTURES AND QUANTUM CHEMICAL PARAMETERS

Mohammad Taghi Taghizadeh*, Morteza Vatanparast, Saeed Nasirianfar

University of Tabriz, Faculty of Chemistry, 29, Bahman Blvd., Tabriz 51666-14766, Iran
*e-mail: mttaghizadeh1947@gmail.com, mttaghizadeh@tabrizu.ac.ir; phone: (+98) 41 33 393 137; fax: (+98) 41 33 340 191

Abstract. Oxaziridine [c-CH3NO (X1A)], c-CH2NO (X2A) radicals and Cl, NH2 and methyl derivatives of oxaziridine 
structures have been optimized via DFTB3LYP level of theory using 6-311++G (d, p) basis set. Population analysis 
had been carried out. Vertical ionization energy (VIE) and adiabatic ionization energy (AIE), Fukui indices and some 
quantum chemical parameters were calculated. N-O bond was determined as weakest bond in oxaziridine triangle. 
The effect of electron withdrawing and electron donating groups on stability of weakest bond were assessed.

Keywords: oxaziridine, DFT, Fukui function, vertical ionization energy, adiabatic ionization energy.
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Introduction
Oxaziridine [c-CH3NO (X1A)] (structure 1 in Figure 1) has a triangular heterocycle containing oxygen, nitrogen, 

and carbon. 

Figure 1. Structures have been investigated in this study:
(1) oxaziridine [CH3NO (1A)] (2) radical 1 [CH2NO (2A)] (3) radical 2 [CH2NO (2A)] (4) radical 3 [CH2NO 

(2A)] (5) CH2NOCl (1A) (6) CH2NOCl (1A) (7) CH2NOCl (1A) (8) CHNOCl2 (
1A) (9) CHNOCl2 (

1A) (10) 
CHNOCl2 (

1A) (11) CNOCl3 (
1A) (12) C2H5NO (1A) (13) C2H5NO (1A) (14) C2H5NO (1A) (15) C3H7NO (1A) (16) 

C3H7NO (1A) (17) C3H7NO (1A) (18) C4H9NO (1A) (19) CH4N2O (1A) (20) CH4N2O (1A) (21) CH4N2O (1A) (22) 
CH5N3O (1A) (23) CH5N3O (1A) (24) CH5N3O (1A) (25) CH6N4O (1A).
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Oxaziridine derivatives were fi rst discovered by Emmons [1]. A series of N-protected oxaziridines as electrophilic 
amination reagents were studied by Vidal et al. [2, 3] and Armstrong and Cooke [4]. Armstrong and Draffan researched 
on intramolecular epoxidation in oxaziridines [5]. Oxyfunctionalization of nonactivated sites were studied by Arnone et 
al. [6]. Research on synthesis and properties of 3, 3-disubstituted N-sulfonyloxaziridine [7] have been worked by Davis 
and et al. Also they investigated the kinetics and mechanism of the oxidation of oxaziridines [8] and their applications 
in organic synthesis [9].

Transition states of epoxidation and stereo selectivity in oxaziridines were investigated by Houk and et al. 
[10]. Oxaziridines have been studied as intermediate and their activation has been investigated [11, 12]. Oxygen and 
nitrogen typically act as nucleophiles due to their high electronegativity that lead to weak N-O bond. Unusual reactivity 
of oxaziridine is due to the highly strained three-membered ring and the relatively weak N-O bond. 

Because of unstable nature of oxaziridine structure, most of studies have been implemented on oxaziridine 
derivatives [13] and oxaziridine as intermediate [14]. Some theoretical studies have been carried out on oxaziridine 
[c-CH3NO (X1A)] [15, 16]. All structures have been showed in Figure 1. Optimized structures with B3LYP/6-
311++G(d,p) have been represented in Figure S1 (Supplementary material). 

Computational details
In this study oxaziridine [c-CH3NO (X1A)] (structure 1) reaction with fl uorine atom (F) has been presumed that 

produce HF and a radical [c-CH2NO (X2A)], and possible reactions are presented in Eq.(1), Eq.(2) and Eq.(3). One of the 
oxaziridine hydrogen atoms has been removed by F atom. Three probable cyclic radical have been produced.

  + F → HF + Radical 1 (structure 2)                                                                                    (1)

  + F → HF + Radical 2 (structure 3)                                                                              (2)

  + F → HF + Radical 3 (structure 4)                                                                              (3)

All geometries have been optimized by Density Functional B3LYP method with 6-311++G (d, p) basis set. Use 
of this basis set is ordinary for C, H, N, and O and obtained results are in good agreement with experimental ones [17].

Vertical Ionization Energy (VIE), Adiabatic Ionization Energy (AIE), global hardness (η), global softness (S), 
chemical potential (μ), electronegativity (χ) and electrophilicity (ω) have been calculated. Natural bond orbital (NBO) 
analysis has been used for study of oxaziridine and its radicals and derivatives. Changes in free energy and chemical 
potential for reactions (1)-(3) were calculated. It can be noted that results of calculations belong to the gas phase. Before 
this, MP2 and B3LYP have been used for ring opening study [18]; B3LYP has been used for study of interaction between 
chemical species [19] and for study of complex compounds [20]. The effect of substituted groups on bond strength in 
ring and vertical ionization energy has been studied. For fi nding weak bond in molecule and radicals, NBO charges, and 
population analysis have been used. Geometry and structure parameters have been used by Arnold and Carpenter [18] 
for study of ring opening in cyclopropyl radical and cyclopropyl cation.

In this study Cl has been used as electron withdrawing group, and NH2 and CH3 groups have been used as 
electron donor groups. All calculations were performed with the GAMESS program suite [21].

Results and discussion
Structures
Oxaziridine (c-CH3NO) Molecule and c-CH2NO radicals

Geometry of oxaziridine (structure 1) and three radicals were optimized. Optimized geometries are presented 
in Table S1 (Supplementary material) and Figure S1. Important structural parameters have been presented in Table 1. 
Results are in good agreement with the results of Turecek et al. [16]. Vibrational frequencies have been computed for 
all optimized structures to ensure that the local minima had no imaginary frequencies and the excited spices had one.

C-O bond in radical 1 (structure 2) is longer than this bond in oxaziridine, but in radicals 2 (structure 3) and 3 
(structure 4) this bond is smaller than molecule C-O. C-N-O angle is against C-O bond. This angle increased in radical 1 
but decreased in radicals 2 and 3. This evidence shows that C-O bond is weak in radical 1 in comparison with oxaziridine 
molecule and radicals 2 and 3. C-N bond decreased some deal in all radicals. N-O-C angle increased a little in radical 
1 and decreased a little in radicals 2 and 3. N-O bond length decreased in radical 1 and increased in radicals 2 and 3. 
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O-C-N angle that against N-O bond decreased in radical 1 and increased in radicals 2 and 3. In radical 1 N-O bond length 
is near to double bond and this bond can be viewed as N=O.

Table 1
Comparison of ring structure in compounds, calculated by B3LYP/6-311++G (d,p).

Structure
Bond lengths (Å) Bond angles (º)

C-O C-N O-N OĈ N CN̂O CÔ N
1 1.398 1.436 1.496 63.7 56.9 59.4
2 1.426 1.429 1.383 58.0 60.9 61.1
3 1.347 1.414 1.544 68.0 54.0 58.1
4 1.348 1.409 1.541 67.9 54.1 57.9
5 1.365 1.421 1.522 66.2 55.2 58.7
6 1.369 1.424 1.513 65.6 55.5 59.0
7 1.408 1.445 1.436 60.4 58.5 61.0
8 1.377 1.439 1.468 62. 8 56.5 60.7
9 1.378 1.448 1.481 63.2 56.1 60.7
10 1.350 1.419 1.530 67.0 54.3 58.6
11 1.359 1.450 1.498 64. 4 54.9 60.8
12 1.403 1.438 1.499 63.7 57.0 59.3
13 1.404 1.440 1.497 63.5 57.0 59.4
14 1.405 1.425 1.499 64.0 57.4 58.7
15 1.410 1.429 1.501 63.8 57.5 58.7
16 1.409 1.433 1.502 63.8 57.3 58.9
17 1.410 1.443 1.499 63.4 57.2 59.4
18 1.417 1.439 1.501 63.4 57.6 59.0
19 1.409 1.427 1.516 64.6 57.1 58.3
20 1.386 1.450 1.516 64.6 55.7 59.8
21 1.391 1.421 1.648 71.7 53.3 55.0
22 1.402 1.442 1.522 64.7 56.4 59.0
23 1.314 1.529 2.022 90.3 40.5 49.1
24 1.369 1.437 1.768 78.1 49. 3 52.7
25 1.310 1.530 2.038 91.4 40.0 48.6

H3-C-H4 angle in radicals are some larger than this angle in oxaziridine. Order of ring angles in oxaziridine is: 
OCN > CON > CNO. That depict O-N bond is weak.

Order of ring angles in radical 1 is: CON > CNO > OCN. The decreasing of N-O bond length in radical 1 and 
comparison of radical 1 ring angles with oxaziridine angles show that N-O bond in radical 1 strengthen.

Orders of ring angles in radicals 2 and 3 are: OCN > CON > CNO. Study on bond length and angles in these 
radicals and compare them with correspondent bonds and angles in oxaziridine show that N-O bond weaken and indeed 
this bond is broken and ring is opened. This result is in good agreement with other results [2-4, 15, 16, 18].

Cations structure
For calculation of adiabatic ionization energy (AIE) the geometry optimization has been carried out for cations. 

Optimized geometries of cations are presented in Table S1 (Supplementary material). Results are in good agreement 
with the Tureceket et al. work [16].
Oxaziridine in comparison with its positive ion:

H3-C-H4 angle in ion is larger than this angle in molecule. C-O bond and C-N-O angle increase in cation. 
In comparison with oxaziridine, C-N bond and C-O-N angle in ion have not important change. N-O bond in cation is 
shorter than this bond in oxaziridine and O-C-N angle is smaller than this angle in molecule. This evidence presents 
that N-O bond strengthen in cation in comparison with this bond in oxaziridine. This leads to decreasing of N-O bond 
cleavage probability, but C-O bond weaken.
Radical 1 in comparison with its positive ion:

H3-C-H4 in ion is larger than this angle in radical. C-O bond length and C-N-O angle in cation increase. C-N 
bond and C-N-O angle do not show important change in comparison with radical 1. N-O bond and N-C-O angle in cation 
decrease. This evidence shows that N-O bond in cation strengthen but C-O bond weaken.
Radical 2 in comparison with its positive ion:

C-O bond length and C-N-O angle in cation decrease. C-N bond length and C-N-O angle in cation decrease 
too. But N-O bond length and N-C-O angle in cation increase. In cation C-O and C-N bonds shortened, but N-O bond 
weaken and most probable bond breaking happen for N-O bond that leads to ring opening.
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Radical 3 in comparison with its positive ion:
C-O bond length and C-N-O angle decrease in cation. C-N bond and C-N-O angle in cation decrease too. 

But N-O bond length and N-C-O angle in cation increase. C-O and C-N bonds strengthen and N-O bond weaken and 
breaking in cation, that leads to ring opening. In comparison with C3H7

+ with C-C bond length 1.4 Å and 1.8 Å [22]; ring 
bonds in oxaziridine radical cations are small.

Cl, NH2 and methyl derivatives structures
For comparison, ring structure, C-O, C-N and N-O bond lengths and corresponding angles in oxaziridine ring 

were presented in Table 1. Cl acts as electron withdrawing group and NH2 and CH3 act as electron donating groups. 
In c-CH2NOCl (structures 5, 6 and 7) Cl acts as electronegative atom. In these compounds C-N bond do not show 
important change in comparison with oxaziridine (structure 1). C-O bond strengthen in structures 5 and 6 but do not has 
important change in structure 7. N-O bond length in structures 5 and 6 are longer than bond length in structure 1, but 
decrease of this bond in structure 7 shows that N-O bond strengthen in this structure. Because of Cl electronegativity, 
negative charge on N atom decrease and repulsion between N and O decrease. No important changes have been seen in 
c-CHNOCl2 (structures 8, 9 and 10) and c-CNOCl3 (structure 11) bond lengths and bond angles.

Also, c-CH2NOCH3 (structures 12, 13 and 14), c-CHNOC2H6 (structures 15, 16 and 17) and c-CNOC3H9 
(structure 18) do not show important changes in bond lengths and bond angles. 

In c-CH2NONH2 (structures 19, 20 and 21) C-O bond do not have important change, C-N bond shortened and 
strengthen, but N-O bond can be larger than structure 1. This means that N-O bond are weak in structures 19, 20 and 21 
in comparison with structure 1. In c-CHNON2H4 (structures 22, 23 and 24) C-O bond length in 22 is near to C-O bond 
length in 1 but in 23 and 24 this bond length decrease and bond strengthen. C-N bond in 23 in comparison with 1 is large 
and weak. This bond length in 22 and 24 is near to 1 amount. N-O bond length in 22, 24 and special in 23 is longer than 
1. Bond lengths and angles in structure 25 are similar to 23. In both of them NN linkage are double bond and do not exist 
N-O bond. This means that structures 23 and 25 do not exist. Optimum geometry of them was presented in Figure 2.

Figure 2. Optimum geometry of (23) CH5N3O and (25) CH6N4O with double bond and cleavage ring.

It should be noted that bond lengths 1.492 Å for N-O, 1.420 Å for C-O and 1.460 Å for C-N have been seen 
in almost stable structure (CHPhNCOOCH3O) [2]. But 2.02 Å and 1.035 Å for N-O, 1.47 Å and 1.801 Å for C-O and 
1.39 Å and 1.357 Å for C-N have been reported for transition states [10, 23]. In a work on photochemical and thermal 
rearrangement of oxaziridines bond lengths of N-O, C-O and C-N is 1.535Å, 1.428 Å and 1.456 Å respectively [24]. 
Furthermore in theoretical study of the mechanisms of iron-catalyzed amino hydroxylation reactions, 1.48 Å, 1.41 Å and 
1.46 Å have been reported for N-O, C-O and C-N bond length respectively in N-sulfonyloxaziridine [12]. 

Atomic charge
It is possible to note that the values of Mulliken charges on atoms are substantially different from those obtained 

in the NBO analysis. Along with this, it should be noted that it is diffi cult to judge about the orders of the corresponding 
bonds by the overlap population values [25].

Atomic charges are presented in Table S2 (Supplementary material). N, O and C atoms make ring. N and O 
atoms have negative charge but carbon atom has positive charge. Negative charge on O atom in three radical deal some 
decreases in comparison with oxaziridine. Positive charge on C atom decreases in radical 1 but increase in radicals 2 and 
3. Considering charges on N atom in oxaziridine molecule and radicals depict that nitrogen charge in radical 1 decreases, 
but in radicals 2 and 3 increases a little.

Severe decrease of negative charge on nitrogen atom in radical 1 shows that most of this charge share with 
neighboring atoms and strengthen C-N and O-N bonds. Dipole moment shows the molecular charge distribution and 
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is given as a vector in three dimensions. It can depict the charge movement across the chemical species depends on the 
center of charges [26]. In oxaziridine dipole moment vector is oriented to C-H bond, in radical 1 is oriented to C atom, 
in radicals 2 and 3 is oriented to C-N bond. In radical 1 negative charge contributed with neighbouring atoms and dipole 
moment oriented to carbon. But in radicals 2 and 3, dipole moment is oriented to C-N bond. Decreasing of negative 
charge on O and N atoms in radical 1 (structure 2) cause the N-O bond strengthen.

Molecular electrostatic potential (MEP) gives many data about the electrostatic effect produced by total 
charge distribution of the chemical space [27]. It also depicts the relative polarity of the molecule [28]. An electronic 
density isosurface mapped with electrostatic potential surface show the size, shape, charge density and reactive sites 
of the molecules [27]. MEP and the electronic density are related together; it is a useful descriptor to indicate sites for 
electrophilic and nucleophilic reactions [29-31].

To study on reactive sites for electrophilic and nucleophilic attack the molecular electrostatic potential (MEP) 
were calculated using DFTB3LYP method and 6-311++G(d,p) basis set for optimum geometry of compounds. The 
negative part of MEP was related to electrophilic reactivity (presented by red and yellow), the positive part to nucleophilic 
reactivity (shown by blue) and green represents regions of zero potential [27] (Figure 3). In oxaziridine (structure 1) the 
negative regions are on oxygen and nitrogen atoms, at the same time the hydrogen atoms are positive. In structures 2, 
3 and 4, the negative charge on O and N atoms is weaker than in structure 1, but they are obedient of structure 1 charge 
order. In Cl derivatives of oxaziridine (structures 5-11) the chlorine atom contribute to decreasing of negative charge 
on O and N in molecules and the most of negative regions are presented in green (zero potential), but hydrogen remain 
positive. In structure 11 chlorine atoms give some positive charge.

Figure 3. Molecular electrostatic potential map calculated by B3LYP/6-311++G(d,p) method. 
Only structures 1, 2, 3, 4, 11, 18 and 25 have been shown.

In the methyl derivatives of oxaziridine (structures 12-18), the methyl group have been amplifi ed negative 
charge on O and N atoms, in comparison with Cl derivatives. In the NH2 derivatives of oxaziridine (structures 19-25) the 
negative charge mostly are on oxygen atom and nitrogen atom in ring, but when the number of NH2 groups is increasing 
the negative charge on the nitrogen ring is decreasing. In all cases the positive charge are on hydrogen atoms (when 
exist).

HOMO–LUMO 
HOMO is defi ned as the outer occupied orbital, containing electrons that can donate electrons and LUMO is 

defi ned as the inner unoccupied orbital, containing free places to accept electrons. Considering HOMO coeffi cients in 
oxaziridine molecule and radicals depict that O and N atomic orbitals have important contribution in HOMO. Also in 
radical 1 O and N atoms are important, but in radicals 2 and 3 C and O atoms have important contribution in HOMO. 
This evidence shows that N atomic orbitals contribution decreases in radicals 2 and 3, and N-O bonds weaken. 

In oxaziridine cation the most important orbitals for produce HOMO are O and N atomic orbitals; that show 
N-O bond strengthen in ion in comparison with this bond in oxaziridine. This leads to decrease probability of N-O bond 
cleavage, but C-O bond weaken.
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In radical 1 the atomic orbitals of O and N atoms have important contribution in HOMO, but in its cation 
furthermore O and N atoms, atomic orbitals of carbon have important role in HOMO producing. With considering 
foregoing cases, N-O bond in cation strengthen but C-O bond weaken in cation. In radical 2 and its cation in optimum 
geometry, the most important atomic orbitals in radical 2 that make HOMO are C and O atomic orbitals. But in cation, 
O and N atomic orbitals are important. In this case C-O and C-N bonds in ion are shortened, but N-O bond is weaken 
and most probability for ring opening is produced by break of N-O bond. In radical 3 the atomic orbitals of O and C 
are important in HOMO, but in its cation atomic orbitals of O and N are important in HOMO. In this case C-O and C-N 
bonds strengthen and N-O bond weaken in ion and ring opening probably happen because of N-O bond breaking.

The energy gap of HOMO and LUMO shows the chemical activity of the molecule. A chemical species with 
a larger HOMO–LUMO gap have less reactivity than one having a smaller gap [32]. Large HOMO-LUMO energy gap 
means high excitation energies for many of excited states [29]. The value of the HOMO-LUMO energy separation are 
7.14 eV, 7.02 eV, 5.44 eV and 5.42 eV for oxaziridine, radicals 1, 2 and 3, respectively, for α spin orbitals radicals and 
6.63 eV, 5.63 eV and 5.76 eV for β spin orbitals in radicals 1, 2 and 3, respectively, (values from B3LYP/6-311++G (d, 
p)). Oxaziridine and radical 1 have large HOMO-LUMO energy gap in comparison with radicals 2 and 3. Oxaziridine 
and radical 1 are relatively stabler than radicals 2 and 3. Difference between HOMO-LUMO energies are presented in 
Table 2. More data can be fi nding in Table S3 (Supplementary material).

Isodensity plots of the frontier molecular orbitals and energy levels of the HOMO and LUMO orbitals computed 
by B3LYP/6-311++G (d,p) method for Oxaziridine and for radicals 1, 2 and 3 are presented in Figure 4 and Figures S2, 
S3 and S4 (Supplementary material), respectively. Energy gap for chlorinated oxaziridines in structures 5, 6 and 10 is 
higher than oxaziridine (structure 1) and in structures 7, 8, 9 and 11 is smaller than of structure 1.

Table 2
Difference between HOMO and LUMO energy (eV) calculated using B3LYP/6-311++G(d,p).

Structure Spin | ɛHOMO- ɛLUMO | Structure | ɛHOMO- ɛLUMO |
1 7.14 12 7.01
2 α 7.02 13 7.05

β 6.63 14 6.93
3 α 5.44 15 6.81

β 5.63 16 6.54
4 α 5.42 17 6.82

β 5.76 18 6.40
5 7.34 19 6.53
6 7.54 20 6.42
7 5.90 21 6.58
8 6.07 22 6.54
9 5.91 23 4.12
10 7.20 24 5.49
11 5.98 25 4.04

Figure 4. Isodensity plots of the frontier molecular orbitals of oxaziridine.
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For methyl derivatives of oxaziridine, HOMO-LUMO energy gap are near and some deal smaller than structure 1 energy 
gap. Energy gap in NH2 derivatives decreases in comparison with structure 1. Specially 23 and 25 structures energy gap are 
smaller than energy gaps in radicals 1, 2 and 3. Structures 23 and 25 have not ring and N=N is a double bond (Figure 2).

NBO analysis
The NBO analysis have been carried out using B3LYP level of theory with 6-311++G (d,p) basis set. Selected 

natural bond orbital occupancies of oxaziridine and related radicals are presented in Table S4 (Supplementary material). 
Also these results for other compounds have been presented in Table S5 (Supplementary material). NBO results have 
been reported for both α and β spin for radicals [33, 34]. NBO occupancies have been used for identifi ed π character of 
bonds. NBO occupancies show that in radical 1 N-O bond have π character and this bond strengthen in comparison with 
oxaziridine N-O bond, but C-O bond in radical 1 weaken, and similar to oxaziridinyl methyl radical ring opening of 
radical 1 by C-O bond cleavage favoured over other bonds in ring [35]. In radicals 2 and 3 C-O bond has π character and 
strengthened, but N-O bond weaken. This highlights the ring cleavage in radical 1 due to C-O bond breaking, but in radicals 
2 and 3 because of N-O bond breaking ring opened. In other structures the bonds that make ring have single bond, except 
structures 23 and 25. In these structures N-O bond is broken and NN connection is double bond. Table S6 (Supplementary 
material) shows selected second order perturbation theory analysis of Fock Matrix in NBO Basis for structures 1-25 that 
calculated by B3LYP/6-311++G (d, p) method. Interaction between different parts has been studied by them.

According to this data, O2-N5 has been weaken by C1-O2 as in structures. Interactions between them in 
structure 2 have been weakened and leads to N-O bond strengthen. In structures 5-11 lone pair on Cl atom interacts with 
bonds that chlorine connect to one of the bond composer atom in ring. When methyl group connects to nitrogen on of 
C-H bond as donor NBO can affect the bonds in ring while the carbon of methyl connect to composer atom and weaken 
it some deal. For example in structures 14, 15, 16 and 18 C-H bond as donor impress on N-O bond in ring. Look like 
above, NH2 impress on neighbouring bonds. In 23 and 25 lone pair of nitrogen atom in NH2-C as donor in cis position 
of N=N has been weaken N-H bond in N=N. Furthermore, interaction between BD*(2) N=N and BD*(1) N=N cause 
the N=N bond strengthen.

Quantum chemical parameters
Vertical ionization energy (VIE) and adiabatic ionization energy (AIE) were calculated for oxaziridine and three 

radicals. The vertical ionization energy is defi ned as the energy difference between the molecule in its ground state and 
the ion in a particular electronic state, but with the nuclei in the same positions as they had in the neutral molecule. 

According to Franck-Condon principle, a vibronic transition happen so fast that nuclear positions don’t change. 
The most intense vibrational component is said to be due to a vertical ionization, because it most closely corresponds 
to the vertical transition in a classical picture of the Franck–Condon principle [36]. It is to be noted that not in all cases 
the Franck-Condon transition is the most intensive one. The Jahn-Teller effect can bring some essential complications 
so that the Franck-Condon transition manifests itself as a deep well in the band shape, for example in the singlet-doublet 
transition [37].

Adiabatic transitions are often seen in photoelectron spectra as the fi rst vibrational lines in the different bands 
[38]. AIE is the energy of the thermal transition between the neutral molecule in its electronic, vibrational and rotational 
ground state and the ion in the lowest vibrational and rotational level of a particular electronic state.

VIE has been calculated as the difference between the total energies of the neutral molecule or radical and the 
cation at same structure with parent molecule or radical (cation without geometry optimization). AIE has been computed 
as the total energy differences between the neutral molecule or radical and the cation at the optimum geometry.

VIE = Etotal (Ion in radical Z-matrix) - Etotal (molecule or radical in optimum Z-matrix)                                                  (4)

AIE = Etotal (Ion in optimum Z-matrix) - Etotal (molecule or radical in optimum Z-matrix)                                              (5)

VIE and AIE of the oxaziridine and three radicals are presented in Table S7 (Supplementary material). Turecek 
et al. [16] results are in good agreement with the DFT results in this work. The difference between VIE and AIE is a crude 
measure of the degree of distortion of the molecule caused by ionization. The stabilization energy is equivalent to the 
difference between the vertical and adiabatic ionization energy for a normal band [38].

The difference between VIE and AIE is 0.92 eV, 0.64 eV, 1.45 eV and 1.50 eV for oxaziridine and radicals 1, 2 
and 3, respectively. This result reveals that radical 1 cation has most likeness with parent radical (radical 1) among four 
structures and don’t have many distortions by ionization. After radical 1 cation, cations from oxaziridine and radicals 2 
and 3 have less different between cation and parent chemical species. VIEs have been calculated and presented in Table 
S8 (Supplementary material). In radicals 2 and 3 (structures 3 and 4) VIE decreases in comparison with oxaziridine and 
radical 1 (structures 1 and 2), because of less electronegativity in carbon atom.
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In Cl substituted oxaziridines, chlorine acts as electron-withdrawing group and increases the VIE, but NH2 
and CH3 act as electron donor groups that decrease the VIE. NH2 is more powerful electron donor than methyl and the 
decreasing of VIE in NH2 derivatives is more severe than of methyl derivatives (Figure 5).

Figure 5. Effects of substituted groups (Cl, CH3 and NH2) on VIE (eV).

Furthermore, some quantum chemical parameters are calculated: ionization potential (Eq.(6)), electron affi nity 
((Eq.(7)), absolute electronegativity (Eq.(8)), global hardness (Eq.(9)) and global softness, S or σ, (Eq.(10)) [39].

                                                                                                                                                                        (6) 

                                                                                                                                                                      (7) 

                                                                                                                                                                        (8) 

                                                                                                                                                                        (9) 

                                                                                                                                                                             (10)  

VIE (vertical ionization energy) and VAE (vertical electron affi nity) have been used for ionization potential and 
electron affi nity, respectively. VAE was calculated as the difference between the total energies of the neutral molecule or 
radical and the anion at same structure with parent molecule or radical (anion without optimization geometry).

Chemical potential (Eq.(11)) is defi ned as the negative of the electronegativity [40]. The propensity of an 
electrophile to accept electrons is measured in terms of the electrophilicity within a relative scale, which is generally 
considered to be a kinetic quantity. Global electrophilicity index (Eq.(12)) was introduced by Parret et al. [38].

 Or                                                                                                                                                (11) 

                                                                                                                                                                           (12) 

The electrophilicity index encompasses both, the propensity of the electrophile to acquire an additional 
electronic charge driven and the resistance of the system to exchange electronic charge with the environment [41]. 
Jaque et al. [42] related the electrophilicity to electron population. The electrophilicity values follow the hardness trend. 
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The quantum chemical parameters of the oxaziridine and of three radicals are presented in Table S9 (Supplementary 
material).

The values of softness and hardness show that radicals 2 and 3 are softer than oxaziridine and radical 1. The 
changes in free energies were calculated through difference between reactants and products [43] for oxaziridine reaction 
with F atom (reactions 1-3). Results are presented in Table 3. Free energies were obtained from vibrational frequency 
calculations. These results show that reaction 1 is thermodynamically most probable than reactions 2 and 3.

Table 3
Free energy change (kJ mol-1) of the reactions (1), (2) and (3), B3LYP method and 6-311++G (d, p) basis set have 

been used, (1Hartree = 627.5095 kcal/mol = 2625.499748 kJ/mol).
Free energy changes

Reaction 1 -232/16
Reaction 2 -138/68
Reaction 3 -133/30

Fukui functions
Fukui functions are one of the local reactivity descriptors that explain the chemical reactivity at a particular 

site of chemical species [44]. Fukui indices are reactivity indices and give information about which atoms in a chemical 
system have a larger tendency to either loose or accept an electron that means nucleophilic or electrophilic attack, 
respectively. The Fukui function is defi ned as (Eq.(13)):

                                                                                                                                                               (13) 

where ρ(r) is the electronic density, N is the number of electrons, r is the external potential that rooted from the nucleus. 

The Fukui function indicates the preferred regions where a chemical species will change its density when the 
number of electrons is modifi ed [45]. Therefore, it indicates the desire of the electronic density to deform at a certain 
position upon accepting or denoting electrons [46, 47]. Atomic Fukui functions on the kth atom site is defi ned as [45]: 

 

                                                                                               (14) 

                                                                                              (15) 

                                                                                           (16) 

Where +, - and 0 represent nucleophilic, electrophilic and radical attack, respectively. Also qk is the atomic 
charge (calculated from Mulliken population analysis) at the kth atomic site is the neutral (N), anionic (N + 1) or cationic 
(N-1) chemical species. To calculate the Fukui function, the atomic charges have been calculated by Mulliken population 
analysis (MPA). Molecular geometry has been optimized by DFTB3LYP/6-311++G(d,p) method for molecule and used 
for MPA in molecule, cation and anion; with respect of charge and multiplicity. Fukui functions have been represented 
in Table 4 for oxaziridine (structure 1). This table shows negative values of the Fukui function. 

Table 4
Values of the Fukui function calculated by B3LYP/6-311++G(d,p) according to Eq.(14-16).
Atom fk(+) fk(-) fk(0)

C 1 2.7895 0.0472 1.4183

O 2 -0.0852 -0.4051 -0.2451

H 3 -1.6041 -0.1270 -0.8656

H 4 -0.9829 -0.1209 -0.5519

N 5 -0.3508 -0.2786 -0.3147

H 6 -0.7664 -0.1157 -0.4411
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Negative Fukui function value means that when adding an electron to the molecule, in some spots, the electron 
density is reduced. Alternatively, when removing an electron from the molecule, in some spots, the electron density 
is increased [48]. In order to solve the negative value of Fukui functions some attempts have been made by different 
researchers [49-51].

Kolandaivel et al. [52] introduced the atomic descriptor to characterize the local reactive sites of the chemical 
system. In the present study, the optimized molecular geometry has been used in single-point energy calculations, 
which have been performed for the anions and cations of oxaziridine (structure 1) using the ground state with doublet 
multiplicity. Table 4 shows the fk values for the oxaziridine. It shows that C1 has higher fk

- value in comparison with other 
atoms that indicates C1 is the possible site for electrophilic attack. The calculated fk

+ value predicts that the possible site 
for nucleophilic attack is C1 and the radical attack was predicted at C1 site, too. By comparison of the three kinds of 
attacks, it has been observe that nucleophilic attack has bigger reactivity related to the radical and electrophilic attack.

Conclusions
Ab initio and DFT calculations have been performed for oxaziridine [c-CH3NO (X1A)], three cyclic radicals 

[c-CH2NO (X2A)] and Cl, NH2 and methyl derivatives of oxaziridine. Geometries have been optimized. Bonds length 
and angles show that in radical 1 C-O bond weaken and in radicals 2 and 3 N-O bonds weaken, that lead to bond breaking 
and ring opening. Population analysis had been carried out and results confi rm geometry optimization results. Some 
quantum chemical parameters were calculated. Radicals 2 and 3 are softer than radical 1. Free energy and chemical 
potential changes have been calculated for three reactions that show reaction 1 is thermodynamically most probable. All 
foregoing cases depict that ring opening happened because of C-O, N-O and N-O bonds cleavage in radicals 1, 2 and 3, 
respectively; and make cyclic radical 1 more probable than cyclic radicals 2 and 3 in oxaziridine reaction with F atom. 
These radicals are short life time species, among them radical 1 is more stable than radicals 2 and 3, because radicals 2 
and 3 have large global softness in comparison with radical 1.

Cl atom acts as electron withdrawing group. When Cl atom conjuncts to N atom in oxaziridine ring, it forms the 
stable ring structure with strengthen weak bond N-O. NH2 acts as electron donating group. Specifi cally, when two NH2 
groups bonded to N and C atoms in ring in cis position the ring structure has been destroyed, because of N-O cleavage 
and N=N double bond has been made. Electron withdrawing group (Cl) on N strengthen N-O bond, but Cl on C weaken 
N-O bond. 2 and 3 Chlorine atoms substituted on triangle don’t make important change on N-O strength (in some cases 
weaken N-O bond a little). Electron donating groups (NH2 and CH3) weaken N-O bond in triangle.

In oxaziridine derivatives electron-withdrawing group (Cl) vertical ionization energy (VIE) increases but in 
electron donor groups VIE decreases. Calculation for Fukui functions shows that nucleophilic attack has bigger reactivity 
related to the radical and electrophilic attack on C1 atom.
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Abstract. The knowledge of the behaviour and fate of pesticides after their application is very important from the 
environmental, human health and economical points of view. The problem of pesticide residues on fruits is of major 
concern. Procymidone was chosen as the model compound and its phototransformation was followed under sunlight 
irradiation. The main photodegradation products on silica are: 3,5-dichloroaniline and 3,5-dichlorophenyl isocyanate.  
The use of ammonium ferric citrate can enhance the degradation of procymidone.
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Introduction 
Natural solid-gas interfaces, such as soil and vegetation, can accumulate some globally relevant pollutants, such 

as Persistent Organic Pollutants (POPs) and chemicals coming from chemical spills or resulting from applications with 
a specifi c purpose. Surfaces are, in most cases, the fi rst contaminated environmental compartment and from which the 
generalized spread of organic pollutants takes place. A particular case is that of pesticide applications. They are needed 
to actuate on the surfaces during a certain period of time, but after this they become unwanted compounds and their 
residues should be removed. Photodegradation is recognized to be one of the major dissipation pathways of pesticides 
on solid surfaces under natural conditions [1]. Due to high agriculture impact and necessity of treatment in harvest close 
period, especially for wine production area, we have chosen procymidone as a model fungicide.  The diffuse refl ectance 
ground state absorption spectra of procymidone on silica showed the expected absorption band between 250 and 
290 nm (see Figure 1). Under natural conditions, only the solar radiation above 290 nm arrives to the earth surface. Low 
overlap with the absorption of procymidone on silica occurs and therefore low direct photodegradation rates are expected 
under solar irradiation. Presence of additives, like ammonium ferric citrate, allows us to increase the photodegradation 
pathway by absorption of sunlight irradiation above 300 nm. From the ground state absorbance of impregnated on silica 
procymidone with addition of ammonium ferric citrate as photosensitizer under sunlight irradiation (Figure 1), one can 
conclude, that the indirect phototransformation represents the main photodegradation pathway.
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In this fi eld, advanced oxidation processes (AOPs) represent an important potential [3]. Iron aqua complexes 
are involved in formation of hydroxyl radical species via electron processes from excitation into ligand to metal charge 
transfer band [4]. Ammonium ferric citrate was used due to good iron solubilisation in the Fenton and photo-Fenton 
processes. Ammonium ferric citrate can be used at pH values up to 9.0 [5], therefore fi eld experiments in neutral pH can 
also be performed.  In order to gain more insights into the process of procymidone phototransformation in the presence 
of ammonium ferric citrate, it is important to compare photoproducts of the impregnated on silica procymidone with its 
photodegradation producs obtained after addition of ammonium ferric citrate. The acceleration of phototransformation 
of procymidone in the presence of ammonium ferric citrate is expected to take place.

Materials and methods
Materials

Ammonium ferric citrate (Aldrich); Procymidon (Fluka); cellulose DSO (Fluka); silica (60 A) (Merck); 
methanol, ethanol, acetonitrile (Merck Lichrosolv) were used without further treatment. Water was distilled and 
deionized.
Sample preparation

Samples of impregnated on silica procymidone were initially prepared by using the solvent evaporation 
method. The fi nal concentration of procymidone was determined by extracting the samples with methanol (a known 
weight of sample in a known volume of solvent), followed by centrifugation and HPLC analysis. All samples (10, 20, 
50, 100 and 400 mg/100 g silica) were prepared by mechanical mixture. To the correspondent amount of solid support 
the prepared samples were added, followed by magnetic stirring during 3 days. The fi nal concentration of procymidone 
was determined by using HPLC.
Irradiation conditions

Photolysis studies were conducted in a system previously used to study pesticides and 4-chlorophenol [6]. The 
254 nm radiation was obtained using a 16 W low-pressure mercury lamp (Applied Photophysics) without fi lters and 
without refrigeration. The photodegradation kinetics and product formation studies, under lamp and sunlight irradiation, 
were made by using samples prepared by spreading the solid powder on glass microscope slides (~50 mg spread on 
~10cm2) covered with quartz slides. The edges of the slides were then sealed with parafi lm to prevent the losses by 
volatilization. The samples used for the volatilization studies were prepared in the same way, but were kept opened 
(without the cover slide) in the dark. All the experiments were repeated three times.

The sunlight irradiation studies were performed in Algarve (South Portugal, latitude: 37° N, longitude: 8° W) in 
July and August. After irradiation procymidone residue and its photoproducts were extracted with methanol. The solar 
radiation was monitored using an International Light IL 700 A Research Radiometer, equipped with a SEE240 #3358 
detector, a W # 6237 diffuser and a UVB #12813 fi lter.
Diffuse refl ectance ground state absorption spectra

Ground state absorption spectra of the solid powdered samples were recorded using a Cintra 40 GCB Scientifi c 
Equipment spectrophotometer, with a diffuse refl ectance attachment. The measured refl ectance was used to calculate the 
remission function using the Kubelka-Munk equation.

Results and discussion 
In order to determine concentration of procymidone all samples were fi rst analyzed by HPLC. Figure 2 presents 

the GS-MS traces of the impregnated on silica procymidone after 5 hrs of sunlight irradiation with addition of ammonium 
ferric citrate and without additive. Samples were extracted with ethanol (ammonium ferric citrate is insoluble in ethanol).

Figure 2. Normalized GS-MS traces of procymidone after 5 hrs of sunlight irradiation without additive (1) 
and with addition of ammonium ferric citrate (2).
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The main photoproducts of indirect phototransformation of procymidone in the presence of ammonium ferric 
citrate as photosensitizer on silica are: 3,5-dichlorophenyl isocyanate, 3,5-dicloroaniline and N-(3,5-dichlorophenyl)-
2-methylpropanamide. The degradation photoproducts of procymidone in the presence of ammonium ferric citrate are 
identical to the products of its phototransformation without additives. A product with retention time of 18 min is formed 
in reaction of 3,5-dichlorophenil isocyanate with ethanol, which was used for extraction. We have established that in the 
samples with addition of ammonium ferric citrate, after 5 hours of sunlight irradiation 75 % of procymidone remained 
unchanged, in comparison with the samples, which were placed in the same conditions, but without photosensitizer.

Conclusions
In the course of our investigations it was shown, that by using ammonium ferric citrate as photosensitizer the 

indirect phototransformation of impregnated on silica procymidone under sunlight irradiation at neutral pH increased up 
to 25% decay in 5 hours. The obtained in these conditions phototransformation products are identical to those formed 
via natural partway. 
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Abstract. Four series of samples containing manganese supported carbonaceous adsorbents were prepared. Samples 
of series AC-B, synthesised from the carbonaceous support with basic surface, were obtained with a yield of 50-60%, 
while manganese was loaded in amount of 1.44-1.65 % depending on applied method. The samples of series AC-A, 
synthesised from the carbonaceous support with acidic surface, were obtained with a higher yield (92-98%), but with 
small quantities of loaded manganese. Obtained results reveal the importance of surface chemistry of carbonaceous 
adsorbents on the manganese loading.
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Introduction
It is well known that modifi cation of carbonaceous adsorbents with metal oxides improves their physico-

chemical characteristics, infl uencing the catalytic activity in redox reactions. A number of catalysts consisted of various 
transition metal oxides (Co, Ni, Mn, Fe, Cu etc.) on active carbons have been studied for removal/oxidation of hydrogen 
sulphide, ammonium ions, dyes etc. [1-5]. Among these catalysts, manganese oxides supported on active carbons have 
attracted much interest due to their high catalytic activities.

Various active manganese state and dispersion of particles can be obtained using different precursors and 
preparation methods [2,6,7]. Different quantities of loaded manganese on active carbon have been obtained depending 
on initial concentration of the precursor solution [7]. Thermal treatment (autoclave or furnace, under oxic or anoxic 
conditions) also are important parameters exploited by researchers [2,6]. However, any reports about the dependence 
between the surface chemistry of carbonaceous adsorbents and amount of loaded manganese are not presented in the 
literature.

The aim of this work was to highlight the infl uence of surface chemistry of carbonaceous adsorbents on the 
manganese oxides loading. 

Experimental
Materials

In this study a commercially available activated carbon with basic surface (Norit®), designated as AC-B, and a 
sample of active carbon with acidic surface obtained by chemical activation method [8], designated as AC-A, have been 
used. All the chemical reagents used in this study were of analytical grade.
Samples 

Four series of samples containing manganese were prepared, supported on carbonaceous adsorbents (particle 
size 0.8-1.3 mm). The carbonaceous adsorbents were impregnated with an aqueous solution of manganese salt (at 
a solid/liquid ratio equal to 10) for ca. 24 h, followed by treatment with an alkaline solution to generate manganese 
hydroxide within carbon pores. Dried samples (110ºC) were subjected to thermal treatment at different temperatures 
(300, 450, 600ºC) to obtain manganese oxides. Obtained samples were washed several times with distilled water to 
remove soluble species and dried at 110ºC.
Characterization methods

Prior characterization measurements the active carbon samples were dried at 110ºC for 3 h.
Elemental analysis (C, H, N, Cl, S) was carried out by the Elemental Analysis group of the Institute of 

Chemistry of Academy of Sciences of Moldova.
The content of metals was determined by atomic absorption spectroscopy (AAS-1N, Laboratory of Atomic 

Spectroscopy of the Institute of Chemistry of A.S.M.).
The ash content of the samples was determined by burning off the carbon at 700ºC for 2 h. 
The pH of the samples has been evaluated by determination of pH value of active carbon suspension (10 g of 

dried sample/100 mL of distilled water) equilibrated for 24 h [9].
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Thermal analysis measurements were performed using a Derivatograph Q-1000 analyzer. The samples were 
heated from room temperature up to 1000°C in a fl owing air atmosphere (100 mL/min) at a heating rate of 10°C/min. 

Results and discussion
Active carbons used for impregnation with manganese ions are very different concerning surface chemistry 

and ash content. Sample AC-B has higher content of ash due to compounds of calcium, magnesium and iron, and has a 
basic surface pH (9.5) (Table 1). Sample AC-A has only traces of ash (0.29%, Table 1) and an acidic surface (pH 4.0).

Table 1
Humidity, ash content and analyses of mineral matters of initial active carbon samples.

Sample Humidity,
wt%

Ash,
wt%

Constituents in mineral matter (wt%)
CaO MgO Fe2O3 MnO2 CuO Cr2O3 NiO ZnO

AC-B 4.09 7.24 3.34 0.85 0.490 0.016 0.002 0.001 0.001 0.001
AC-A 10.72 0.29 - - 0.004 0.001 0.001 0.001 0.001 -

The initial samples, as well as the modifi ed by impregnation with manganese salts were subjected to thermal 
analysis in order to choose the treatment temperatures. Initial sample AC-B is quite stable till around 450 °C and then the 
sample buns out (Figure 1). TGA curves of the modifi ed samples (AC-B-0, AC-B-A) show an initial weight loss of about 
10-14% around 100 ºC, which is related to thermo-desorption of physically adsorbed water. For series of AC-B samples, 
impregnation with manganese salts leads to the decomposition of the carbonaceous support. Above 325 ºC TGA curves 
show a drastic decrease in weight of these samples (Figure 1).

Thermo-gravimetric curves (TGA) of AC-A series samples are presented in Figure 2. All samples show 
generally similar thermal behaviour: weight losses of ca. 7-15 % around 100 ºC, most probably due to thermo-desorption 
of physically adsorbed water; above ca. 450 ºC the burning of the carbon skeleton occurs. 

Summarizing, the temperatures of 300, 450 and 600ºC have been chosen for thermal treatment of impregnated 
samples. After thermal treatment obtained samples were washed. Thermal treated samples of series AC-B were obtained 
with a yield of 50-60% and manganese was loaded in amount of 1.44-1.65 % depending on applied method (Table 2). 
The samples of series AC-A were obtained with a higher yield (92-98 %), but with small quantities of loaded manganese, 
and don not contain chloride ions (Table 3). 
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Figure 1. TGA curves measured in air for unmodifi ed 
AC-B (1) and modifi ed AC-B-0 (2),

AC-B-A (3) samples.

Figure 2. TGA curves measured in air for unmodifi ed 
AC-A (1) and modifi ed AC-A-A (2),

AC-A-Ac (3) samples.

Table 2
Physical–chemical characteristics of manganese modifi ed samples.

Sample Description Ƞ,
%

Humidity,
%

Ash,
%

Mn,
%

AC-B-0 Obtained by impregnation with manganese (ii) chloride 
solution, followed by treatment at 300 ºC.

56.33 8.65 7.08 1.65

AC-B-A Obtained by impregnation with acidulated manganese 
(ii) chloride solution, followed by treatment at 300 ºC.

56.00 7.00 4.57 1.44

AC-A-A Obtained by impregnation with acidulated manganese 
(ii) chloride solution, followed by treatment at 300 ºC.

96.40 5.86 0.81 0.51

AC-A-Ac Obtained by impregnation with manganese (ii) acetate 
solution, followed by treatment at 300 ºC.

97.20 5.65 0.54 0.22
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Table 3
Elemental analyses of active carbon samples (wt%, determined on dry and ash free basis). 

Sample C H N S Cl
AC-B 91.34 1.90 - 2.57 traces
AC-B-0 90.56 1.83 - - -
AC-B-A 85.62 1.49 - - -
AC-A 89.60 3.06 - - -
AC-A-A 88.28 2.28 - - -
AC-A-Ac 88.63 2.51 - - -

Present work highlights the infl uence of surface chemistry of carbonaceous adsorbents on the manganese oxides 
loading. Following researches will be focused on the determination of the oxidation state of the supported manganese 
phases MnxOy, dispersion of the manganese oxide particles, and evaluation of physical-chemical characteristics of 
modifi ed adsorbents.

Conclusions 
Obtained results reveal the importance of surface chemistry of carbonaceous adsorbents on the manganese 

loading. Samples of series AC-B, synthesised from the carbonaceous support with basic surface, were obtained with a 
yield of 50-60% while manganese was loaded in amount of 1.44-1.65% depending on applied method. The samples of 
series AC-A, synthesised from the carbonaceous support with acidic surface, were obtained with a higher yield (92-98%), 
but with small quantities of loaded manganese.
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Abstract. The colouring properties of two coordination compounds previously synthesized by us: 8-(1’,2’-naphthyl)-
1-R-3-methyl-6-thiomethyl-4,5,7-triazanona-1,3,5,7-tetraenato-1,1’-diolato(-)-O1, O1’, N4, N7-vanadyl, where R=CH3 
(1), C6H5 (2) have been investigated. These compounds meet the requirements to be used as dyes for thermoplastic 
polymers. Colouring complexes have a high photostability (7 points), thermostability (>250 °C) and an intensity of 
colour, which give a low consumption (0.006 to 0.015 g medium tone, 0.020-0.100 g to 100 g polystyrene intense 
tone and 0.005 to 0.010 g medium tone and 0.015-0.035 g intense tone for 100 g polyethylene). The investigated 
compounds stained polystyrene and polyethylene in claret-brick. Compound 2 has a higher thermostability (365 °C) 
than compound 1 (285 °C).
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Introduction
Colour is an integral part of the plastic material and it should not be considered as an afterthought. The colorants 

that are used in the plastics industries can be both dyes and pigments. Dyes must be very strong, transparent and show 
good heat stability. In the plastics industry dyes are limited in use; therefore they can only be used for a selected number 
of resins. 

Aromatic azo compounds have found a broad spectrum of applications, such as dyes, pigments, food additives, 
indicators, radical reaction initiators and therapeutic agents [1]. These compounds are mainly used as dyes for textile fi bers, 
wood, wool, leather, metal foil and plastic, also exhibiting a variety of useful properties for biomedical applications [2]. 

Recently, considerable effort has been dedicated to the synthesis of azo coordination compounds based on 
Schiff-base ligands, due to their mixed soft-hard donor character (O, N and S donor sites), versatile coordination 
behaviour [3] and diverse pharmacological properties [4], optical and thermal properties [5], biological properties [6] 
and their possibility of being used as dyes [7].

The most widely used metal-complex dyes are derived from azo compounds. Although they deliver a multitude 
of shades, only a few basic components are necessary to produce metal-complex azo dyes.

The template method, where the central ion guides the assembly of polydentate ligands, has an important 
role in the synthesis of coordination compounds [8]. A number of complex compounds, primarily of transition metals, 
involving thiosemicarbazones of different denticity, have been prepared and investigated [9]. The condensation 
of salicylaldehyde thiosemicarbazone with salicylaldehyde in the presence of 3d- elements has changed the 
thiosemicarbazide functionalized synthetic possibilities (with a coordinating node MN2O2). Previously, 3d - element 
compounds containing thiosemicarbazide (selenosemicarbazidic) block and anthranilic aldehyde [8, 9], acetylacetone 
S-alchilizotiosemicarbazone and anthranilic aldehyde [10], acetyl(benzoyl) acetone S-alchilizotiosemicarbazones and 
1-hydroxy-2- naphthaldehyde were studied [11]. The use of these blocks lead to the diverse sets of coordinated atoms: 
N4 [8], N5 [12], N4O [9], N2O4 [13], N2O2 [14] and N3O [15]. The coordination mode of thiosemicarbazidic fragment 
depends on the geometry of the assembling species and is governed by stereochemical preferences of central ion.

In view of the foregoing discussion and and continuing interest in coordination chemistry, our present work 
describes the colouring properties of two mononuclear open-chain complexes, containing N2O2 set of donor atoms, 
previously obtained by us via condensation of acetyl(benzoyl)acetone S-methylisotiosemicarbazone with 1-hydroxy-2-
naphthaldehyde on the matrix of oxovanadium (VOSO4•3H2O): 8-(1’,2’-naphthyl)-1-R-3-methyl-6-thiomethyl-4,5,7-
triazaocta-1,3,5,7-tetraenato-1,1’-diolato(-)-O1, O1’, N4, N7-vanadyl(II) [16], where R=CH3 1, C6H5 2  (Figure 1).

Structures of complexes 1 and 2 were characterized by elemental analyses, IR, UV–Vis, 1H and 13C NMR 
spectroscopies and mass spectrometry. Complexes were obtained as fi ne dark-brown crystalline powder, insoluble in 
water, methanol, slightly soluble in chloroform, soluble in dimethylsulfoxide and dimethylformamide [11]. 

Study of some practical properties of these compounds showed, that they can be used in various fi elds. The 
infl uence of compounds 1 and 2 on the biosynthesis of pectolytic enzymes by Penicillium viride fungus has been studied, 
through the variation of their concentration in the nutrient medium. The obtained results indicated that the presence of 
tested compounds induces the biomass accumulation and increases the enzymatic activity. It was established, that by 
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adding the compounds at a concentration of 5 mg/L to the culture medium, the pectolytic activity increases with cca 
14 %, in comparison with the control solution [11]. 

Results and discussion
A series of compounds with the above-mentioned formula, which differ only by the metal nature, have been 

studied as dying agents for plastics [13]. It was established, that the colour tone is greatly infl uenced by the metal atom 
and is insignifi cantly infl uenced by the nature of radical R: nickel(II) compounds colour polystyrene and polyethylene 
in claret, cobalt(II) compounds - in green with yellow tint, copper(II) compounds - in deep red with yellow tint [17].

The produced compounds have a high thermostability (>250°C), photostability (7 points), migration 
luminescence, stability and physical-mechanical processing. Given the mentioned properties and both the diversity and 
intensity of colour [18], they can be used as plastics dyes. 
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Figure 1. Structure of compounds 1 and 2.

Current article presents the results of our investigations regarding the colouring properties of compounds 1 
and 2. These compounds were tested as dyes for colouring polystyrene block, suspension, emulsion and both high and 
low density polyethylene. The carried out under laboratory conditions experiments are promising for the use of these 
compounds as dyes for colouring polystyrene and polyethylene.

Coordination compounds 1 and 2 colour polystyrene and polyethylene in claret-brick. The infl uence of the 
radical R on the colour change of plastic parts is not visually observed, but analysis of the absorption spectra in the 
visible region suggests an insignifi cant infl uence (for complex 1: λ(nm) = 334; 281; 242, respectively lgɛ = 4.37; 4.50; 
4.26, for complex 2: λ(nm) = 335; 282; 244, respectively lgɛ = 4.29; 4.53; 4.33). 

It should be noted, that one of the advantages of the investigated dyes is their very low consumption for 
colouring polystyrene (block, emulsion or suspension) and low or high density polyethylene (0.006 to 0.015 g medium 
tone, 0.020 to 0.100 g intense tone to 100 g polystyrene and 0.005 - 0.010 g medium tone, 0.015 - 0.035 g intense tone 
to 100g polyethylene), as shown in Table 1.

Table 1
Characteristics of dyes 1 and 2.

Dye

Th
er

m
os

ta
bi

lit
y, 

ºC

Ph
ot

os
ta

bi
lit

y, 
po

in
ts

C
ol

or
 o

f p
ol

ys
ty

re
ne

 

C
ol

or
 o

f  
po

ly
et

hy
le

ne
 

U
ni

fo
rm

ity
 o

f  
co

lo
r

Consumption dyes, g/100 g polymer

Polystyrene Polyethylene

No R

Block type Emulsion, 
suspension High density Low density

Middle
tone

Intense 
tone

Middle
tone

Intense 
tone

Middle
tone

Intense 
tone

Middle
tone

Intense   
tone

1
CH3 285 7

Claret - 
brick

U
ni

fo
rm

ly

0.006 -  
0.010

0.050 - 
0.100

0.010 - 
0.015

0.020 - 
0.080

0.005 -  
0.010

0.015 - 
0.035

0.008 - 
0.010

0.015 - 
0.035

2 C6H5 365 7

M. Cocu and S. Manole / Chem. J. Mold. 2015, 10(2), 95-98



97

It should be noted, that changing the concentration of dye, transparent plastic parts with different shades or 
uniformly coloured non-transparent ones were obtained. Thus, on the basis of their high photostability, the stability 
towards physico-mechanical processing, the reported complexes may potentially be good choices as dyes for 
thermoplastic masses. Due to the adhesion of compounds 1 and 2 to polystyrene, their use as dyes for thermoplastic 
masses does not require additional agents for grain processing. In this case the dye consumption is reduced signifi cantly.

Conclusion
Due to their colouring capacities, along with the other useful properties, such as high thermo- and photo stability 

and very simple and inexpensive methods of synthesis, the proposed complexes can be used as dyes for colouring 
thermoplastic polymers. 

Experimental
Polystyrene in block, emulsion or granulated suspension is mixed with the dye in a reactor supplied with 

a thermometer, a stirrer and a tap to release the obtained content from the reactor into the form. The mixture in the 
reactor is stirred and heated up until components melt; afterwards they are fused in the required form. When colouring 
polyethylene, a more intense stirring is required, since the adherence of the dye to polyethylene is lower than to 
polystyrene.
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Table S1 
Structure of oxaziridine, radicals and their corresponding cations calculated  

using B3LYP/6-311++G (d, p) method [16].
Oxaziridine Radical 1 Radical 2 Radical 3 

 B3lyp Ref [16]  B3lyp  B3lyp  B3lyp 
Bond lengths (Å) Bond lengths (Å) Bond lengths (Å) Bond lengths (Å) 
C1-O2 1.398 1.403 C1-O2 1.426 C1-O2 1.347 C1-O2 1.348 
C1-H3 1.090 1.089 C1-H3 1.087 C1-H3 1.091 C1-H3 1.092 
C1-H4 1.088 1.091 C1-H4 1.087 C1-N4 1.414 C1-N4 1.409 
C1-N5 1.436 1.439 C1-N5 1.429 N4- H5 1.025 N4- H5 1.028 
N5-H6 1.025 1.026 O2-N5 1.383 O2-N4 1.544 O2-N4 1.541 
O2-N5 1.496 1.500       
Bond angles(º) Bond angles(º) Bond angles(º) Bond angles(º) 
H3-C1-O2 115.8  O2-C1-H3 115.6 H3-C1-O2 122.9 H3-C1-O2 123.0 
O2-C1-H4 116.3 115.8 O2-C1-H4 115.7 O2-C1-N4 68.0 O2-C1-N4 67.9 
N5-C1-H3 119.7 116.2 H3-C1-H4 117.3 C1-N4-H5 107.7 C1-N4-H5 109.5 
C1-N5-H6 107.7 107.6 N5-C1-H3 118.3 O2-N4-H5 102.6 O2-N4-H5 103.1 
O2-N5-H6 103.1  N5-C1-H4 118.3 N4-O2-C1 58.1 N4-O2-C1 57.9 
H3-C1-H4 115.8  O2-C1-N5 58.0 C1-N4-O2 54.0 C1-N4-O2 54.1 
N5-O2-C1 59.4  N5-O2-C1 61.1     
O2-C1-N5 63.7  C1-N5-O2 60.9     
C1-N5-O2 56.9        
Torsion angles(º) Torsion angles(º) Torsion angles(º) Torsion angles(º) 
H4-C1-N5-H6 -157.5  N5-O2-C1-H3 108.7 H3-C1-N4-H5 -151.5 H3-C1-N4-H5 -23.2 
H3-C1-N5-H6 -11.67  N5-O2-C1-H4 -108.7     

Oxaziridine Cation Rad.1 Cation Rad.2 Cation Rad.3 Cation 
 B3lyp Ref [16]  B3lyp  B3lyp  B3lyp 

Bond lengths (Å) Bond lengths (Å) Bond lengths (Å) Bond lengths (Å) 
C1-O2 1.502 1.507 C1-O2 1.529 C1-O2 1.239 C1-O2 1.239 
C1-H3 1.085 1.086 C1-H3 1.086 C1-H3 1.092 C1-H3 1.092 
C1-H4 1.084 1.088 C1-H4 1.086 C1-N4 1.338 C1-N4 1.338 
C1-N5 1.416 1.439 C1-N5 1.442 N4- H5 1.037 N4- H5 1.037 
N5-H6 1.032 1.032 O2-N5 1.223 O2-N4 1.677 O2-N4 1.677 
O2-N5 1.311 1.317       
Bond angles(º) Bond angles(º) Bond angles(º) Bond angles(º) 
H3-C1-O2 113.3  O2-C1-H3 112.8 H3-C1-O2 136.0 H3-C1-O2 136.0 
O2-C1-H4 114.0 113.3 O2-C1-H4 112.8 O2-C1-N4 81.1 O2-C1-N4 81.1 
N5-C1-H3 119.0 113.9 H3-C1-H4 124.7 C1-N4-H5 115.8 C1-N4-H5 115.8 
C1-N5-H6 140.3 140.3 N5-C1-H3 116.6 O2-N4-H5 106.4 O2-N4-H5 106.4 
O2-N5-H6 122.1  N5-C1-H4 116.6 N4-O2-C1 52.0 N4-O2-C1 52.0 
H3-C1-H4 121.9  O2-C1-N5 48.5 C1-N4-O2 46.9 C1-N4-O2 46.9 
N5-O2-C1 56.0  N5-O2-C1 62.0     
O2-C1-N5 53.3  C1-N5-O2 69.5     
C1-N5-O2 66.7        
Torsion angles(º) Torsion angles(º) Torsion angles(º) Torsion angles(º) 
H4-C1-N5-H6 -145.5  N5-O2-C1-H3 106.1 H3-C1-N4-H5 -96.2 H3-C1-N4-H5 -96.2 
H3-C1-N5-H6 14.1  N5-O2-C1-H4 -106.0     
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Table S2 
Atomic charges on C, N and O atoms from NBO calculation calculated using B3LYP level of theory 

and 6-311++G (d, p) basis set. 
Structure C O N 

1 0.104 -0.419 -0.334 
2 0.031 -0.344 -0.030 
3 0.247 -0.382 -0.355 
4 0.264 -0.384 -0.352 
5 0.229 -0.394 -0.320 
6 0.219 -0.395 -0.318 
7 0.098 -0.358 -0.152 
8 0.212 -0.347 -0.164 
9 0.215 -0.360 -0.189 

10 0.289 -0.391 -0.312 
11 0.273 -0.362 -0.190 
12 0.256 -0.429 -0.334 
13 0.256 -0.429 -0.345 
14 0.115 -0.424 -0.221 
15 0.268 -0.436 -0.229 
16 0.273 -0.437 -0.223 
17 0.382 -0.439 -0.341 
18 0.401 -0.453 -0.229 
19 0.400 -0.446 -0.338 
20 0.405 -0.428 -0.352 
21 0.120 -0.507 -0.078 
22 0.681 -0.450 -0.362 
23 0.423 -0.660 -0.081 
24 0.409 -0.567 -0.090 
25 0.695 -0.687 -0.082 

 
 

Table S3 
HOMO and LUMO energy calculated using B3LYP/6-311++G(d,p). 

Structure  HOMO LUMO | HOMO- LUMO |(a.u) | HOMO- LUMO |(eV) 
1  -0.27725 -0.01485 0.26240 7.14 
2  -0.26441 -0.00640 0.25801 7.02 
  -0.34121 -0.09747 0.24374 6.63 

3  -0.23618 -0.03616 0.20002 5.44 
  -0.29604 -0.08922 0.20682 5.63 

4  -0.23490 -0.03582 0.19908 5.42 
  -0.29651 -0.08498 0.21153 5.76 

5  -0.30005 -0.03029 0.26976 7.34 
6  -0.30595 -0.02904 0.27691 7.54 
7  -0.29704 -0.08020 0.21684 5.90 
8  -0.31679 -0.09387 0.22292 6.07 
9  -0.30450 -0.08717 0.21733 5.91 

10  -0.31627 -0.05155 0.26472 7.20 
11  -0.31728 -0.09750 0.21978 5.98 
12  -0.27033 -0.01281 0.25752 7.01 
13  -0.27300 -0.01402 0.25898 7.05 
14  -0.26317 -0.00845 0.25472 6.93 
15  -0.25903 -0.00860 0.25043 6.81 
16  -0.25189 -0.01155 0.24034 6.54 
17  -0.26570 -0.01498 0.25072 6.82 
18  -0.24766 -0.01233 0.23533 6.40 
19  -0.25804 -0.01804 0.24000 6.53 
20  -0.25814 -0.02235 0.23579 6.42 
21  -0.27093 -0.02900 0.24193 6.58 
22  -0.26037 -0.02011 0.24026 6.54 
23  -0.23782 -0.08651 0.15131 4.12 
24  -0.25659 -0.05476 0.20183 5.49 
25  -0.23626 -0.08794 0.14832 4.04 

M.T. Taghizadeh et al. / Chem. J. Mold. 2015, 10(2), 99-108
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Table S4
Selected natural bond orbital occupancies of oxaziridine and related radicals (a.u.) calculated using 

B3LYP/6-311++G (d, p) basis set. Only ring bonds (C-O, N-O and C-N) have been presented.
Oxaziridine (structure 1) Radical 1 (structure 2)

Spin α β
BD (1) C - O 1.98513 BD (1) C - O 0.99319 0.99300
BD (1) O - N 1.97718 BD (1) O - N 0.99144 0.99134
BD (1) C - N 1.98439 BD (2) O - N 0.97258
BD*(1) C - O 0.01374 BD (1) C - N 0.99452 0.99424
BD*(1) O - N 0.02295 BD*(1) C - O 0.00894 0.01014
BD*(1) C - N 0.00802 BD*(1) O - N 0.00683 0.00624

BD*(2) O – N 0.00730
BD*(1) C – N 0.00345 0.00361

Radical 2 (structure 3) Radical 3 (structure 4)
Spin α β Spin α β

BD (1) C - O 0.99240 0.99507 BD (1) C - O 0.99233 0.98646
BD (2) C - O 0.98108 BD (2) C - O 0.98261
BD (1) O - N 0.98739 0.98321 BD (1) O - N 0.98745 0.98255
BD (1) C - N 0.99088 0.98911 BD (1) C - N 0.99123 0.99145
BD*(1) C - O 0.00579 0.00562 BD*(1) C - O 0.00559 0.00861
BD*(2) C - O 0.04363 BD*(2) C - O 0.04443
BD*(1) O - N 0.01445 0.02413 BD*(1) O - N 0.01429 0.02355
BD*(1) C - N 0.00364 0.00424 BD*(1) C - N 0.00392 0.00354

M.T. Taghizadeh et al. / Chem. J. Mold. 2015, 10(2), 99-108
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Table S5
Selected natural bond orbital occupancies (a.u.) of compounds (structures 5-25) calculated using 

B3LYP/6-311++G (d, p) basis set. Only ring bonds (C-O, N-O and C-N) have been presented.
Structure 5 Structure 6 Structure 7 Structure 8 Structure 9

BD (1) C - O 1.98624 1.98613 1.98420 1.98506 1.98530
BD (1) O - N 1.96892 1.96922 1.98121 1.97272 1.97513
BD (1) C - N 1.98344 1.98368 1.98628 1.98508 1.98529
BD*(1) C - O 0.04670 0.05145 0.01402 0.05537 0.05370
BD*(1) O - N 0.02277 0.02240 0.04655 0.05493 0.06143
BD*(1) C - N 0.03697 0.03714 0.01387 0.04906 0.06139

Structure 10 Structure 11 Structure 12 Structure 13 Structure 14
BD (1) C - O 1.98781 1.98622 1.98185 1.98230 1.98166
BD (1) O - N 1.95967 1.96585 1.97570 1.97616 1.97175
BD (1) C - N 1.98324 1.98409 1.98038 1.98005 1.98017
BD*(1) C - O 0.08643 0.09434 0.03075 0.03229 0.01496
BD*(1) O - N 0.02071 0.06635 0.02365 0.02372 0.04600
BD*(1) C - N 0.06978 0.09901 0.02258 0.02260 0.01378

Structure 15 Structure 16 Structure 17 Structure 18 Structure 19
BD (1) C - O 1.97894 1.97817 1.97905 1.97580 1.98453
BD (1) O - N 1.97063 1.97024 1.97441 1.97053 1.97379
BD (1) C - N 1.97629 1.97812 1.97625 1.97386 1.98273
BD*(1) C - O 0.03383 0.03198 0.04968 0.05103 0.07579
BD*(1) O - N 0.04681 0.04703 0.02372 0.04661 0.02329
BD*(1) C - N 0.02760 0.03011 0.03723 0.04394 0.04123

Structure 20 Structure 21 Structure 22
BD (1) C - O 1.98405 1.98364 1.98277
BD (1) O - N 1.97361 1.96576 1.96992
BD (1) C - N 1.98332 1.97633 1.98002
BD*(1) C - O 0.04616 0.01478 0.10272
BD*(1) O - N 0.02411 0.21708 0.02338
BD*(1) C - N 0.06810 0.01355 0.08428
                                    Structure 23 Structure 24 Structure 25
BD (1) C1 - O2 1.99510 BD (1) C1 - O2 1.98593 BD (1) C1 - O2 1.95925
BD (1) N4 - N5 1.98808 BD (1) O2 - N4 1.95523 BD (1) N3 - N10 1.98582
BD (2) N4 - N5 1.98367 BD (1) N4 - N5 1.99294 BD (2) N3 - N10 1.98158
BD (1) C1 - N4 1.96699 BD (1) C1 - N4 1.96393 BD (1) C1 – N3 1.96159
BD*(1) C1 - O2 0.05408 BD*(1) C1 - O2 0.06452 BD* (1) C1 - O2 0.06288
BD*(1) N4 - N5 0.07885 BD*(1) O2 - N4 0.31694 BD*(1) N3 - N10 0.10405
BD*(2) N4 - N5 0.31404 BD*(1) N4 - N5 0.00963 BD*(2) N3 - N10 0.27438
BD*(1) C1 - N4 0.13001 BD*(1) C1 - N4 0.04954 BD* (1) C1 – N3 0.15597

M.T. Taghizadeh et al. / Chem. J. Mold. 2015, 10(2), 99-108
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Table S7

VIE and AIE (eV) for oxaziridine and three radicals calculated using B3LYP/6-311++G (d, p) method 
(1Hartree=27.2114 eV) [16].

IE
B3LYP

This work Reference [16]
|VIE-AIE| IE |VIE-AIE|

B3LYP QCISD(T) G2(MP2) B3LYP QCISD(T) G2(MP2)
Oxaziridine AIE 9.71 0.92 9.67 9.69 9.82 0.94 0.96 0.94

VIE 10.63 10.61 10.65 10.76
Radical 1 AIE 9.86 0.64

VIE 10.50
Radical 2 AIE 8.10 1.45

VIE 9.55
Radical 3 AIE 8.03 1.50

VIE 9.53

Table S8

Vertical Ionization Energies (eV) calculated using B3LYP/6-311++G (d, p).
Structure VIE Structure VIE

1 10.63 14 9.93
2 10.50 15 9.66
3 9.55 16 9.49
4 9.53 17 9.95
5 10.87 18 9.23
6 11.09 19 9.72
7 10.74 20 9.69
8 11.06 21 9.94
9 10.73 22 9.67
10 11.10 23 8.73
11 10.93 24 9.29
12 10.22 25 8.58
13 10.31

Table S9

The value of the HOMO-LUMO energy (a.u.), Quantum chemical parameters: 
Ionization potential (I), Electron Affi nity (A), Electronegativity (χ), Chemical Potential (μ), Global Hardness (η), 

Global Softness (S, σ) and Electrophilicity (ω); for oxaziridine and three radicals calculated 
using B3LYP method and 6-311++G (d, p) basis set.

Parameter Oxaziridine Radical 1 Radical 2 Radical 3
I=VIE (a.u.) 0.39 66 0.38587 0.35096 0.35016
A=VEA (a.u.) 0.02241 0.00114 0.00209 0.00399
χ (a.u.) 0.20653 0.19351 0.17652 0.17708
μ (a.u.) -0.20653 -0.19351 -0.17652 -0.17708
η (a.u.) 0.18413 0.19237 0.17446 0.17309
S or σ (a.u.)-1 5.43103 5.19835 5.73277 5.77749
ω (a..) 0.11583 0.09732 0.08932 0.09058

M.T. Taghizadeh et al. / Chem. J. Mold. 2015, 10(2), 99-108
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Figure S1. Optimum geometry of (1) oxaziridine [CH3NO (1A)] (2) radical 1 [CH2NO (2A)] (3) 
radical 2 [CH2NO (2A)] (4) radical 3 [CH2NO (2A)] (5) CH2NOCl (1A) (6) CH2NOCl (1A) (7) CH2NOCl (1A) (8) 
CHNOCl2(1A) (9) CHNOCl2(1A) (10) CHNOCl2 (1A) (11) CNOCl3(1A) (12) C2H5NO (1A) (13) C2H5NO (1A) (14) 
C2H5NO (1A) (15) C3H7NO (1A) (16) C3H7NO (1A) (17) C3H7NO (1A) (18) C4H9NO (1A) (19) CH4N2O (1A) (20) 

CH4N2O (1A) (21) CH4N2O (1A) (22) CH5N3O (1A) (23) CH5N3O (1A) (24) CH5N3O (1A) (25) CH6N4O (1A).

M.T. Taghizadeh et al. / Chem. J. Mold. 2015, 10(2), 99-108
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Figure S2. Isodensity plots of the frontier molecular orbitals of radical 1.

Figure S3. Isodensity plots of the frontier molecular orbitals of radical 2.
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Figure S4. Isodensity plots of the frontier molecular orbitals of radical 3.
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