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In this work, the effect of inter- and intramolecular interactions of reactants and products,
reactants concentration as well as the solvent effect on the ratio of F and Z isomers of isatin-
phenylsemicarbazones in the reaction mixture is examined. Theoretical calculations proved that Z
isomers are more stable than F isomers. Experimental results confirmed the noncovalent intermolec-
ular donor-acceptor interactions of the reactants in the reaction mixture at concentrations above
0.1 mol L™'. The E/Z isomer ratio of isatin-3-(4-phenyl)semicarbazone (I) and N-methylisatin-
3-(4-phenyl)semicarbazone (II) depends on the initial concentrations of 3-amino-1-phenylurea
(phenylsemicarbazide; V) and 1H-indole-2,3-dione (isatin; IIT), or 3-methylindol-2,3(1H)-dion (3-
methylisatin; V'), respectively. Both isomers exhibit high thermal stability. Thermal E-Z isomer-
ization takes place at temperatures above 70°C in N, N-dimethylformamide.
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Introduction

Considerable attention has recently been paid to
the preparation of compounds which can be subjected
to photoisomerization for their practical application in
electronics, e.g. switches, storage media, and sensors.
Inter- and intramolecular interactions, especially hy-
drogen bonds as relatively weak interactions, play an
important role in biology; they affect, amongst other
things, the course of chemical reactions and also the
stability and structure of compounds. The information
on their existence and their characteristics in the stud-
ied system often helps to understand the molecule’s
physical and chemical properties (Cubero et al., 1999;
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Senthilkumar et al., 2005). Formation of these hydro-
gen bonds often leads to hydrogen transfer from a hy-
droxy or amino group to the acceptor, especially in
biological and photochemical processes (Levy, 1980;
Li & Fang, 2003; Otsubo et al., 2002). The trans-
fer of hydrogen (or proton) from the base or excited
state of a molecule occurs in both the solution and
the solid phase (Li & Fang, 2003; Alarcén et al., 1995;
Falkovskaia et al., 2002; Mehata et al., 2002; Chai et
al., 2005).

Inter- or intramolecular hydrogen bonds represent
a very important group of interactions which affect
the physico—chemical properties of compounds. The
change of physico—chemical properties of chemical
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compounds influences also their reactivity (Epshtein,
1979; Brancato et al., 2002). Chemical reactivity of
molecules can be modified due to the change of charge
density on the reaction centre after hydrogen bond sta-
bilization/destabilization. A hydrogen bond can also
lock one of the isomers or conformers (locking ef-
fect) (Kolehmainen et al., 2000) influencing thus the
transition state of the chemical reaction. This specific
type of noncovalent interactions consequently influ-
ences the reaction rate and the ratio of the products
in the reaction mixture. Hydrogen bonds formed in
compounds containing a fragment of phenylcarbazide
affect the arrangement of molecules and the molecu-
lar geometry in crystals (Chai et al., 2005; Hadjoudis
et al., 1999). Since photochromic properties depend
on the molecule’s geometry, hydrogen bonds indirectly
affect also their properties (Wu et al., 2007). Addition-
ally, bioactivity depends so strongly on the molecular
conformation (molecular geometry) that the existence
of intra- and intermolecular hydrogen bonds in such
systems can significantly affect these processes.

Hydrazones and their derivatives, such as semicar-
bazones, represent a very attractive group of organic
compounds. Their characteristics predispose them for
practical use. An exhaustive literature review revealed
that these compounds have interesting biological prop-
erties including: anti-inflammatory, analgesic, anti-
convulsant, antituberculous, antitumour, anti-HIV,
and antimicrobial activities (Afrasiabi et al., 2005;
Sathisha et al., 2008; Verma et al., 2009; Cerchiaro
& da Costa Ferreira, 2006). Synthetic versatility of
hydrazone and also that of semicarbazone led to ex-
tensive use of these compounds in organic synthesis.
They are often used in the synthesis of heterocyclic
compounds (Verma et al., 2004; Farghaly et al., 2009;
Sridhar et al., 2001; Pandeya et al., 2000, 2002, 2006;
Palet al., 2011; Dimmock et al., 2000; Sonawane et al.,
2009; Jafri et al., 2012). Wide practical application of
hydrazones and their derivatives also encouraged the
study of azo—hydrazone tautomeric equilibrium and
E-7 isomerization of these compounds. Influence of
the molecular structure, temperature, and solvent on
these equilibriums was thus investigated.

In this study, the synthesis of F and Z iso-
mers of I and II, and the ability of reactants’ con-
centration and solvent to affect the ratio of these
isomers in the reaction mixture during their syn-
thesis from 1H-indole-2,3-dione (isatin; III) (or 3-
methylindol-2,3(1H )-dione (3-methylisatin (IV), re-
spectively), and 3-amino-1-phenylurea (phenylsemi-
carbazide; V') were investigated.

Experimental
Materials and methods

Melting points (uncorrected) were measured on a
Kofler hot stage (Nagema, Germany). 'H NMR spec-

tra were recorded at 300 MHz on a Varian Gem-
ini 200 spectrometer (Varian, USA) using CDCl;3 or
DMSO-dg as solvents and trimethylsilane as an inter-
nal standard. Chemical shifts are given in § related
to the internal standard. IR spectra were recorded on
a spectrometer Nicolet FT-IR 6700 (Nicolet, USA).
UV spectra were measured on an Agilent 8543 (Agi-
lent Technologies, USA). Elemental analyses were per-
formed on a Carlo Erba Strumentacione 1106 appara-
tus (Carlo Erba Strumentacione, Italy).

HPLC chromatography was carried out using a
chromatographic system (Agilent Technologies, USA)
consisting of a quaternary pump, thermostated col-
umn compartment, a diode array detector (VWDG
1314A), manual injector (Rheodyne model 7725i) with
20 uL sample loop, and a degasser (g1379A) all of the
1100 series. For all experiments, Column ZORBAX-
SB-Phenyl (150 mm x 4.6 mm i.d.) was used. For
analyses of I, mobile phase A was a methanol/water
mixture (¢, = 1:99) and phase B was acetonitrile. In
the analysis of isomers, the isocratic gradient A/B (¢
=1:1) at the flow rate of 0.6 mL min~! at 22°C and
detection at 236 nm was used. The injection volume
was 20 puL. For analyses of II, mobile phase A was
a methanol/water mixture (¢, = 1 : 99) and phase
B was methanol. In the analysis of isomers, the iso-
cratic gradient A/B (p, = 37 : 13) at the flow rate of
0.6 mL min~! at 22°C and detection at 236 nm was
used. The injection volume was 20 pL.

Chemicals and solvents were purchased from the
major chemical suppliers. EtOH, MeOH, CHCls,
and DMF from Merck (Germany), 3-methylisatin
(IV) from Acros Organics (Belgium), isatin (I1T),
phenylsemicarbazide (V'), and KClO4 from Sigma-—
Aldrich (USA) as the highest purity grade. Deionized
water for HPLC analysis was purified by a Pro-PS
water purification system (Labconco, USA) and sub-
sequently purified by Simplicity (Millipore, France).
Unless otherwise noted, all materials were used as re-
ceived without further purification. All solvents were
dried by standard methods and distilled prior to use.
All reactions were performed using oven-dried glass-
ware. Reactions were monitored using Merck analyti-
cal thin layer chromatography (TLC) plates (silica gel
60 Fa54; Merck, Germany) with eluent (hexane/ethyl
acetate ¢, = 1: 1) and analyzed with 254 nm UV light.
For column chromatography, Silica gel 60 (Merck, 230-
400 mesh ASTM, Merck, Germany) with indicated sol-
vent was used.

Characterization of E and Z isomers of I and
II

A solution of V (6 mmol) in hot absolute ethanol
(20 mL) was added to IIT or IV (6 mmol) in hot ab-
solute ethanol (130 mL). The reaction mixture was
refluxed for 2 h and the formed precipitate (Ia; E iso-
mer) was filtered off from the hot solution, washed
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Table 1. Characterization data of prepared compounds Ia, Ib, Ila, and IIb

Compound Formula M,
C
Ia C15H12N402 280.28 64.28
64.15
Ib C15H1aN402 280.28 64.28
64.26
Ila C16H14N402 294.31 65.30
65.28
IIb C16H14N402 294.31 65.30
65.32

Table 2. Spectral data of Ia, Ib, Ila, and IIb

Compound

w; (cale.) /%
w; (found) /% Yield M.p.
H N % °C

4.32 19.99 54 193-196
4.35 19.78
4.32 19.99 45 210-213
4.19 19.82
4.79 19.04 59 170-172
4.47 18.81
4.79 19.04 40 198-201
4.52 18.95

Spectral data

Ia IR (CHCl3) 7/cm~!: 1448 (C=N), 1536 (C=C), 1602 (C=0), 1735 (C=0), 3380 (N—H), 3442 (N—H)
1H NMR. (DMSO-dg), &: 6.91-6.93 (d, 1H, J = 7.8 Hz, Ar-H), 7.04-7.12 (m, 2H, Ar-H), 7.32-7.41 (m, 3H, Ar-H),
7.58 (dd, 2H, J = 8.7 Hz, J = 1.2 Hz, Ar-H), 8.09 (d, 1H, J = 7.5 Hz, Ar-H), 9.49 (s, 1H, NH), 10.39 (s, 1H, NH),

10.76 (s, 1H, NH)

Ib IR (CHCl3) 7/cm—1: 1448 (C=N), 1533 (C=C), 1621 (C=0), 1706 (C=0), 3255 (N—H)
1 NMR (DMSO-dg), &: 6.94 (d, 1H, J = 7.8 Hz, Ar-H), 7.04-7.13 (m, 2H, Ar-H), 7.31-7.37 (m, 3H, Ar-H), 7.61-7.64
(m, 2H, Ar-H), 7.67 (d, 1H, J = 6.9 Hz, Ar-H), 9.84 (s, 1H, NH), 11.99 (s, 1H, NH), 12.25 (s, 1H, NH)

Ila IR (CHCls) #/em~1: 1448 (C=N), 1535 (C=C), 1604 (C=0), 1716 (C=0), 3380 (N—H)
'H NMR (CDCl3), 6: 3.30 (s, 3H, CHs), 6.93 (d, 1H, J = 3.9 Hz, Ar-H), 7.10-7.15 (m, 2H, Ar-H), 7.34-7.37 (m,
9H, Ar-H), 7.44-7.47 (ddd, 1H, J = 3.9 Hz, J = 0.6 Hz, J = 0.3 Hz, Ar-H), 7.61 (dd, 2H, J = 4.5 Hz, J = 0.6 Hz,
Ar-H), 7.79 (d, 1H, J = 3.9 Hz, Ar-H), 8.79 (s, 1H, NH), 9.10 (s, 1H, NH)

IIb IR (CHCls) 7/cm—!: 1448 (C=N), 1533 (C=C), 1617 (C=0), 1691 (C=0), 3249 (N—H), 3394 (N—H)
IH NMR (CDCls), 6: 3.30 (s, 3H, CHs), 6.90-6.93 (d, 1H, J = 7.8 Hz, ArH), 7.10-7.19 (m, 2H, Ar-H), 7.34-7.44
(m, 3H, Ar-H), 7.58-7.66 (m, 3H, Ar-H), 8.31 (s, 1H, NH), 12.09 (s, 1H, NH)

with ethanol and dried. Z isomer of I (Ib) was iso-
lated and purified by column chromatography using
silica gel as the stationary phase, hexol (a mixture of
methylpentanes and hexane; ¢, ~ 2 : 1)/ethyl acetate
(¢pr =1:1) as the mobile phase. Isomers I1a (E isomer)
and ITb (Z isomer) were isolated from the evaporated
reaction mixture and purified using the same method
as for Ib. Experimental yields and spectral data of Ia,
Ib, Ila, and IIb are summarized in Tables 1 and 2.

Although T is not a new compound (Borsche &
Meyer, 1921; Kang et al., 2011), its isolation or a more
detailed study of Ib and the noncovalent interactions
of both isomers have not been performed until now (to
the best of our knowledge).

General procedure for the synthesis of I and II
(HPLC analysis)

HPLC analysis was used for the determination
of the ratio of E/Z isomers in the reaction mixture
in various solvents. A solution of V (0.1 mol L™!
0.01 mol L1, or 0.001 mol L™') in different solvents
(15 mL) was mixed with the solutions of III or IV

(0.1 mol L=, 0.01 mol L™!, or 0.001 mol L7!) in
the corresponding solvent (10 mL). The reaction mix-
ture was refluxed for 3 h in EtOH, EtOH + KClO,
(5 mass %), and CHCls; in N,N-dimethylformamide
(DMF), the reaction mixture was tempered at 50°C
(due to the back isomerization of Z isomers). Ex-
perimental yields are summarized in Tables 3 and
4.

Quantum-chemical calculations

The quantum-chemical calculations were perfor-
med on the B3LYP/6-31G+(d,p) level of theory for
isatinphenylsemicarbazone isomers and the M062X/6-
31+G(d,p) level of theory was applied for the reac-
tants configurations as it includes the dispersion term
for better treatment of noncovalent interactions (Zhao
& Truhlar, 2008). The calculations were performed us-
ing the Gaussian version 03 (Gaussian, USA) and the
Jaguar version 7.7 (Schrédinger, USA), respectively.
The local energy minima were confirmed by vibra-
tional analysis of all structures.
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Table 3. Overall and individual yields of the reaction of IV with V

N-methylisatin
EtOH EtOH + KCIO§ CHCl3 DMF?
¢/(mol L™1)
Yeiz/% Ye/% Yz/% Yiiz/% Ye/% Yz/% Yeiz/% Yu/% Yz/% Yeiz/% Ye/% Yz/%
0.1 58.9 59.4  40.6 76.3 76.7  23.3 90.3 844 156 1.0 80.4  10.6
0.01 39.9 72.9 271 71.8 72.9 156 87.9 85.9  14.1 0.2 55.5  44.5
0.001 32.7 75.2 248 72.4 75.2  13.0 83.3 88.1  11.9 0.4 169  83.1

a) 5 mass % of KClOy; b) At 50°C; c — initial concentration of reactants; Yg47z — overall yield of both (E + Z) isomers; Y — yield
of F isomer, Yz — yield of Z isomer.

Table 4. Overall and individual yields of the reaction of III with V'

Isatin
EtOH EtOH + KClO} CHCl3 DMF¢
¢/(mol L™1)
Yeiz/% Yr/% Yz/% Yeiz/% Ye/% Yz/% Yeiz/% Ye/% Yz/% Yeiz/% Ye/%  Yz/%
0.1 94.8 54.4 45.7 51.6 76.4 23.6 66.5 87.0 13.0 95.6 90.1 9.9
0.01 54.7 7.7 22.3 22.1 80.1 19.9 30.7 87.2 12.8 41.6 90.4 9.6
0.001 14.3 89.5 10.5 16.0 89.7 10.3 16.0 95.2 4.8 30.3 90.2 9.8

a) 5 mass % of KClOy; ¢ — initial concentration of reactants; Yg17z — overall yield of both (E + Z) isomers; Yg — yield of E isomer,

Yz — yield of Z isomer.
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lla: R = CHg, E isomer
IIb: R = CHg, Z isomer

Fig. 1. Synthesis of I and I in different solvents (CHCls, EtOH, EtOH + KClOy4, or DMF).

Results and discussion

Under conditions often used in the preparation of
isatinsemicarbazones derivatives via the condensation
of 1H-indole-2,3-dione (isatin) derivatives and car-
bazides (Pandeya et al., 2002), the less soluble prod-
uct, here the less soluble geometric isomer, is directly
isolated by filtration from the reaction mixture. De-
pending on the thermodynamic stability of the iso-
lated isomer of I (isatin-3-(4-phenyl)semicarbazone)
and II (N-methylisatin-3-(4-phenyl)semicarbazone),
respectively, a thermally or photochemically initiated
isomerization can occur after its re-dissolution. Iso-
merization is completed after reaching the equilib-
rium. Due to the practical applications of these com-
pounds, it is important to understand the formation

mechanism of F or Zisomers and their stabilities. This
is necessary because other isomers can also be formed,
and their properties may not be suitable for the re-
quired application.

I and II and their E and Z isomers were prepared
by the reaction of isatin (III) or methylisatin (IV)
with phenylsemicarbazide (V'), as shown in Fig. 1.

The reactions were carried out in chloroform,
ethanol, ethanol + KClO4, and DMF. UV-VIS spectra
of F and Z isomers of [ and IT in methanol are shown
in Fig. 2.

UV-VIS absorption spectra of E isomers of both
compounds, I and II, exhibit long-wavelength absorp-
tion bands located at 410 nm and 326 nm, respec-
tively, and a shoulder containing short-wavelength
bands with the maximum at 240 nm. The shapes
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Fig. 2. UV-VIS spectra of compounds Ia, Ib, Ila, and IIb in
MeOH (concentration of 10~4 mol L—1).

and positions of the absorption maxima in the spec-
tra are identical. They differ only in the extinction
coefficients; Ila has higher extinction coefficient at
410 nm (3535 L mol™* ¢cm™!) compared to I (2533
L mol~! cm™!). At shorter wavelengths (326 nm and
240 nm), the extinction coefficients of methyl deriva-
tive Ila are lower (13722 L mol™! cm™! and 15959
L mol~! em™!, respectively) compared to those of Ia
(14519 L mol~* cm~! and 18069 L mol~! cm™1, re-
spectively).

Z isomers of I and II have absorption max-
ima at 342 nm (16617 L mol™! cm™! and 18154
L mol~! em™1, respectively), 271 nm (14475 L mol !
em~! and 17665 L mol~! ¢cm™!, respectively), and
232 nm (16121 L mol™! ¢cm™! and 16304 L mol~*
cm~ !, respectively). The absorption maximum lo-
cated at 326 nm in the spectra of E isomers is more
bathochromically shifted for Zisomers (~ 24 nm). The
methyl substituent does not affect the position of the
absorption maxima. Instead of one complex absorp-
tion band at 240 nm noted in the spectra of F iso-
mers, there are two well resolved absorption bands
with maxima at 271 nm and 232 nm in the Z isomers’
spectra. The absorption maximum for the Z isomer of
Il at 271 nm is bathochromically shifted by approx-
imately 4 nm compared to that for the Z isomer of

la: R = H, E isomer
lla: R = CH3, E isomer

the non-methylated isatine derivative I. The increas-
ing polarity of the solvent (chloroform—methanol ex-
change) leads to a small bathochromic shift of the ab-
sorption band of E isomers at 326 nm (~ 4 nm), and
to a hypsochromic shift of the absorption band of Z
isomers located at approximately 342 nm (= 5 nm).
Methanol as a polar protic solvent disturbs the in-
tramolecular hydrogen bond in Z isomers, which leads
to a hypsochromic shift of the absorption maxima.

If the reaction is not affected by other factors (ex-
cept for the stability of isomers), the reaction mix-
ture should contain only the more stable isomer, or
at least a very high percentage of it. According to the
bathochromic shift in the UV-VIS spectra, higher in-
tensity of the absorption band at 342 nm and IR spec-
tra for these isomers indicates that Z isomers are more
stable than E isomers. The slightly increased stability
of Z isomers was confirmed by the quantum-chemical
calculations using the Gaussian 03 program. Geome-
try optimization and frequency calculation of the F
and Z isomers were done at the B3LYP/6-31+G(d,p)
level of theory. Z isomers were found to be more sta-
ble than E isomers by approximately 19.9 kJ mol~!
for ITb and 18.8 kJ mol~! for Ib, respectively. The in-
tramolecular hydrogen bonds significantly contribute
to the higher stability of Z isomers compared to E
isomers (Fig. 3).

Experimental results show that the stability of the
isomers of derivatives I and II is not the only factor
affecting their ratio in the reaction mixture.

Data in Tables 3 and 4 indicate that the overall
yield of I and II depends on the initial concentration
of the reactants and on the type of the solvent. The
effect of these factors on the overall yield varies de-
pending on the reaction partner of Vis IIT or IV. If
IIT is the reactant in this condensation reaction, the
highest overall yield is achieved at the highest con-
centration of the reactants in all solvents. The overall
yield decreases with the decreasing concentration of
the reactants and reaches approximately 16 %, except
for DMF at the concentration of 10~2 M. In the reac-
tion of IV with V, the same trend on the overall yield
of products as for IIT was observed. The concentration

Ib: R =H, Z isomer
IIb: R = CH3, Z isomer

Fig. 3. Intramolecular hydrogen bonding in F and Z isomers of compounds [ and II.
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Fig. 4. Possible noncovalent intermolecular interactions between molecules of derivatives I and II.

of reactants also affects the overall yield of the isomers;
however, this yield is in case of IV less dependent on
the initial concentration of reactants in comparison
to III. The overall yields are very low (< 1 %) and
practically independent of the initial concentration of
reactants for the reaction of IV in DMF.
Thermodynamic stability of both isomers of I and
Il is one of the parameters that can substantially af-
fect the ratio of the isomers in the reaction mixture.
Depending on the thermodynamic stability and on the
reaction conditions, the change from one isomer to the
other one occurs in the subsequent reaction. There-
fore, this problem was addressed by studying the effect
of temperature and solvent polarity on the isomeriza-
tion of F and Z isomers of I and II, respectively. Both
E and Z isomers are stable at the concentration of
10~% mol L~! in ethanol and chloroform at 55°C or
65°C. UV-VIS spectra of E isomers in ethanol at 65°C
showed only a very small change in the absorbance
value at 326 nm. This change in the spectrum is not
caused by the geometric F-Z isomerization. We were

unable to prove the presence of Z isomers using UV-
VIS, IR, or NMR spectra. Similar behavior of E iso-
mers was observed in DMF at 50°C. This change in
the spectrum can be attributed to the alteration in
the molecule’s geometry as a result of intermolecular
interactions. This statement is based on the fact that
the scale of this change and its rate are proportional
to the concentration of I and II. Some possible in-
termolecular interactions of derivatives I and II are
shown in Fig. 4.

An increase in the concentration shifts the equilib-
rium to the right, which results in the formation of
a supramolecule. From structures depicted in Fig. 4,
structure VI is more feasible because this interac-
tion results in a six-membered ring which can share
six electrons localized on the heteroatoms providing
conditions for the existence of a quasi-aromatic sys-
tem. The higher stability of this structure in DMF
is caused by the high dielectric constant of the sol-
vent. On the contrary, proton—donor solvents, such as
ethanol, reduce the strength of hydrogen bonds in the
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Table 5. Rate constants ki and ko of product IT (DMF, T =

100°C)
¢-107%/(mol LY ki -1073/s71  ky-1073/s71
0.1 0.9564 0.44
0.02 1.0700 0.054
0.05 1.1300 0.026

¢ — Initial concentration of reactants (¢ = cyjy = cy; where
crv is the concentration of IV and cy is the concentration of
V); k1 — rate constants of the breakdown of the supramolecule
aggregate; ko — rate constant of the formation of the Z isomer
of isatinsemicarbazone II (IIb).

la-R=H
lla:R = CHj

Fig. 5. Possible noncovalent intermolecular interactions of
derivatives Ia and Ila with ClIO; (A7).

supramolecule and its structure becomes less stable
compared to that achieved in DMF. This explana-
tion is consistent with the experimental results ver-
ifying the stability of I and II in DMF at 100°C. In
the initial phase of the reaction (at all initial concen-
trations) under the studied conditions, a decrease in
the absorbance was observed at 326 nm in the UV-
VIS spectra of E isomers (Table 5). However, no Z
isomers in the solution were detected. After approxi-
mately half an hour, an increase in the absorbance at
342 nm characteristic for Z isomers was observed, dur-
ing this second phase of the reaction (Table 5). The
presence of Z isomers in the solution was confirmed
by both NMR and FTIR spectroscopy. The scale of
the changes in the UV-VIS spectrum (absorbance at
326 nm) and also the rates of the changes depend on
the initial concentrations of I and II. At low concentra-
tions of I and II, the abundance of “supramolecules”
is limited and therefore it is not possible to observe
the first phase of the reaction in the UV-VIS spectra.
Accordingly, the effect of KCIO4 on the stability of
I and IT and on the ratio of their F and Z isomers
in ethanol can be explained by the interaction of the
ClOy anion (A~) with the I and II molecules (Fig. 5).

This interaction increases the conjugation and
thereby also the stability of the isomers (Jia et al.,
2010); on the other hand, the fact that under hetero-

a

ok s

T T T y T T T T T T T T 1
9 8 7 6 5 4 3

Fig. 6. 'H NMR spectrum of the mixture (mole ratio, 1 : 1) of
IVa VinCDClz at t=0s, T=20°C; cjy =cy =
107t mol L™ (a); cjy = cy = 1072 mol L=! (b); crv
=cy = 1073 mol L1 (c).

geneous conditions molecules of I and IT are fixed on
the surface of KC1O4 plays a significant role. A similar
interaction with the ClO; anion can also be expected
for V, explaining thus the almost independent concen-
tration of F isomers in the reaction mixture of ethanol
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Table 6. Dependence of the shift in the 1H NMR spectrum for hydrogens attached to nitrogen on the concentration of reactants

¢/(mol L™1) Vv 11
NG IN(2) IN(3) on
0.1 3.818 6.687 8.200 8.178
0.01 3.854 6.086 8.169 7.915
0.001 3.858 5.750 8.140 7.607

Compound
v Mixture of IV and V (mole ratio, 1 : 1)
dcH3 NG ON(2) ON(3) dcus
3.261 3.158 5.253 8.201 3.235
3.262 3.856 6.057 8.157 3.259
3.262 3.859 5.755 8.140 3.261

¢ — Initial concentration of the corresponding compound; dn 1) — chemical shift for hydrogens attached to nitrogen N-1 of V, dn(2)
— chemical shift for hydrogens attached to nitrogen N-2 of V, dn(3) — chemical shift for hydrogens attached to nitrogen N-3 of V,
én — shift for hydrogens attached to nitrogen of III, dcms — shift for CH3z hydrogens attached to nitrogen of I'V.

+ KClOy4, with regard to the initial reactant concen-
trations.

The existence of the preliminary tautomeric equi-
librium of reactants (Fig. 4), where the equilibrium
constants vary due to the intermolecular interactions
between the reactants themselves and between the re-
actants and the molecules of the solvent, can also af-
fect the ratio of F and Z isomers in the reaction of
III or IV with V. Intermolecular interactions induce
(even prior to the formation of a transition state) the
arrangement of reactants ensuring the preference to
the formation of one isomer in the transition state
and thus affecting the ratio of the F and Z isomers in
the reaction mixture.

We were unable to clearly demonstrate the precise
intermolecular interactions between V and III or IV
by UV-VIS and FTIR spectroscopy. The effect of the
reactants’ concentration on the position and intensity
of signals for hydrogens of the aromatic ring, those
attached to nitrogens and those of the methyl group
in the '"H NMR spectrum of the mixture of IV a V,
is shown in Fig. 6. Chemical shifts of the signals for
hydrogens of the methyl group of isatin and also for
the change of the signals for all aromatic hydrogens of
both reactants were clearly evident at the 10~! M con-
centration of reactants. The dependence of the shift in
hydrogens attached to nitrogen on the concentration
of reactants is shown in Table 6.

'H NMR spectrum of IV alone does not change
with its concentration. The change of the chemical
shifts for hydrogens attached to nitrogens of ITT and
V with the concentration of III (Table 6) indicates
the existence of intermolecular hydrogen bonds be-
tween the molecules of IIT and V. The dependence
of the intensity of 'H NMR signals on the tempera-
ture (Fig. 7) proves that the shift of the NMR signals
(Fig. 6) is caused by the existence of the chemical
equilibrium between noncovalently bound IV with V
and noninteracting molecules IV and V. Data from the
'H NMR spectra confirmed the existence of noncova-
lent intermolecular interactions of type III1I, IV-IV,
V-V, I1I-V, and IV-V in the reaction system. The con-
centration of noninteracting reactants in the reaction
system, the equilibrium state, depends on the type of

Fig. 7. 'H-NMR spectrum of the mixture (mole ratio, 1 : 1) of
IVa VinCDClg at t=0s; T=10°C (a); T = 50°C
(b).

the solvent, temperature, concentration of reactants,
and it is probably a factor which significantly affects
the ratio of F and Z isomers of [ and IT in the reaction
of IIT or IV, respectively, with V.

These experimental findings support the results of
the performed calculations (Fig. 8, Table 7). Fig. 8
demonstrates the optimized geometry for the most sig-
nificant reactant configurations of IV and V found at
the M062X/6-31+G(d,p) level of theory.

Results of the calculations (Fig. 8, Table 7) and
changes of the shifts in the 'H NMR spectrum for



K. Jakusova et al./Chemical Papers 67 (1) 117-126 (2013) 125

R
- e

A

Fig. 8. Optimized geometry for the most significant reactant configurations A, B, and C of IV and V found at the M062X/6-
314+G(d,p) level of theory; carbon — grey , hydrogen — white, nitrogen — blue, oxygen — red.

Table 7. M062X/6-31+G(d,p) optimized geometries for the
three lowest energy reactant configurations A, B, and
Cof IVand V

Reactant geometry AG/(kJ mol™1)

A 0.0
B 4.8¢
C 4.9

a) Geometry contains one weak negative frequency; A G — Gibbs
energy for the three lowest energy reactant configurations A, B,
and C of IV and V found at the M062X/6-31+G(d,p) level of
theory.

hydrogens of the reactants show a preference for the
donor—acceptor interaction in configuration A. This
interaction takes place over a space where III or IV
acts as the acceptor and V as the donor. Such arrange-
ment of the reactants favors the formation of Fisomers
rather than of Z isomers. This conclusion is based on
the assumption that it is necessary to stabilize the
transition state, and consequently also the product,
by inter- and intramolecular interactions to achieve
the formation of the less stable F isomers. The ratio
of F and Z isomers of I and II in ethanol in the pres-
ence of KClOy4 confirmed this assumption. Based on
these findings, it is impossible to definitely state which
configuration of the reactants leads to the preferential
formation of Z isomers, or indeed, if any configuration
does. Access of V to the reaction centre of III is spa-
tially unlimited for noninteracting reactants, in terms
of noncovalent intermolecular interactions. Therefore,
formation of Z isomers from noninteracting reactants
is quite possible since Z isomers are more stable than
F isomers.

Conclusions

The overall yield of isatin-3-(4-phenyl)semicarba-
zone (I) and N-methylisatin-3-(4-phenyl)semicarba-
zone (II) formation process depends on the initial
concentration of the reactants and on the type of
the solvent. The effect of these factors on the over-
all yield varies depending on the reaction partner of
phenylcarbazide is isatin or N-methylisatin. The re-

action with isatin in all employed solvents provides
the highest yield at the highest initial concentration
of the reactants; this yield decreases with the decreas-
ing reactants’ concentration. Similarly, the ratio of £
and Z isomers in the reaction mixture depends on
the solvent and on the initial concentration of the
reactants. This dependence is related with the in-
termolecular interactions between the reactants (in-
ducing mutual arrangement of the reactants ensur-
ing the preference to the formation of one isomer
in the transition state) and intermolecular interac-
tions between the molecules of the product (affect-
ing the stability of both isomers). E and Z isomers of
isatin-3-(4-phenyl)semicarbazone and N-methylisatin-
3-(4-phenyl)semicarbazone are stable up to 70°C. In-
creasing the temperature above 70°C causes thermal
FE~Z7 isomerization. Under these conditions, the equi-
librium related to noncovalent intermolecular interac-
tions overtakes the following E-Z isomerization. The
range of this preliminary equilibrium depends on the
initial concentration of the reactants. 'H NMR spec-
tra confirmed the existence of noncovalent intermolec-
ular interactions between the reactants, and the ex-
perimental results are consistent with the quantum-
chemical calculations.
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