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Abstract Rates of the aza-Michael addition of piperi-
dine and benzylamine to thirteen (E)-4-aryl-4-oxo-2-
butenoic acid phenylamides (AACPs) are reported. Pro-
gress of the reaction was monitored by UV/Vis
spectroscopy. The 2D NMR spectra confirmed regiose-
lectivity of the reactions. Piperidine and benzylamine
provide exclusively B-adducts in respect to the aroyl keto
group. Influence of the substituents of the aroyl phenyl
ring of AACPs on the rate of the reaction was quantified
by Hammett substituent constants, partial atomic charges,
and the energies of frontier orbitals. Good correlations
between second-order rate constants and the Hammett
substituent constants were obtained (r = 0.98, piperidine;
r = 0.94, benzylamine) for para-, and meta-, para-
substituted derivatives. Best correlations were obtained
with the energies of the lowest unoccupied molecular
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orbitals of compounds, derived from the MP2 level of
theory. Calculated UV/Vis spectra of representative
AACPs and their Michael adduct with piperidine and
benzylamine are in fair agreement with experimentally
obtained data.

Keywords Michael addition - UV/Vis spectroscopy -
Kinetics - Linear free-energy relationships -
ZINDO/S calculations

Introduction

Recently, we showed that (E)-4-aryl-4-oxo-2-butenoic acid
amides exert antiproliferative activity toward human tumor
cell lines in submicromolar to low micromolar concentra-
tions in vitro. Some of derivatives act as inhibitors of
tubulin polymerization [1]. Michael adducts of cyclic
amines and (E)-4-aryl-4-oxo-2-butenoic acid amides
(AACPs) are micromolar acetyl- and butyrylcholinesterase
inhibitors [2]. We previously examined reactivity of title
compounds with thiols, using 2-mercaptoethanol as a
model nucleophile [3], and observed a correlation between
the rate constants of addition and the nature of substituents
on aroyl and phenylamido moieties.

The Michael addition of compounds containing a het-
eroatom as a nucleophile to the activated double bonds has
been known for almost 150 years. First addition of amines
to the alkenes activated by electron-withdrawing groups
(aza-Michael reaction) was reported in 1874 [4]. Reaction
leads to the B-amino carbonyl compounds (B-lactams, B-
amino acids etc.) [5-7], important bioactive compounds
and useful synthetic precursors. Very good coverage of
aza-Michael additions can be found in recent review arti-
cles [8, 9].
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Fig. 1 Michael addition of deprotonated piperidine or benzylamine (abbreviated as ~:B) to compounds 1-13. R = 1 H; 2 4-i-Pr; 3 4-n-Bu; 4
4-tert-Bu; 5 3,4-di-Me; 6 2,5-di-Me; 7 2,4-di-i-Pr; 8 B-tetralinyl; 9 4-OMe; 10 4-F; 11 4-Cl; 12 4-Br; 13 3,4-di-Cl

Within the frame of toxicity prediction, as the alterna-
tive methods to animal testing, the aza-Michael additions
were proved to be a useful tool. Relative Alkylation Index
[10] was developed for quantification of the alkylation
potency of chemicals. In this approach, the relative rate of
adduct formation with n-butylamine have been used for the
estimation of reactivity of a given chemical.

In this study, we used UV/Vis spectroscopy to examine
the rate of addition of piperidine and benzylamine as
models of secondary and primary amine, respectively, to
title compounds.

Results and discussion

The rates of addition of piperidine and benzylamine to
compounds 1-13 (Fig. 1) in methanol were examined by
UV/Vis spectrophotometry.

The UV/Vis spectra of compound 1, recorded before
time scan measurements, and of adducts of compound 1
with piperidine and with benzylamine, recorded at the end
of time scan measurements, are given in Supplementary
Material, Fig. S1. Spectra of representative AACPs and
adducts with piperidine and benzylamine are shown in
Supplementary Material, Figs. S2 and S3.

We observed that addition does not proceed in aprotic
solvent. In CCly, there was no change in UV/Vis spectra of
compound 1, 24 h after the addition of amines. Changing
the solvent to methanol, we observed the alterations in UV/
Vis spectra upon the addition of amine, but the reaction
was very slow. Any observable decrease of the peak
intensity in UV/Vis spectra at ~310 nm appears only after
several hours, at room temperature. Significant acceleration
of the reaction was achieved by using the deprotonated
amines.

The UV/Vis spectra of the adducts of piperidine and
benzylamine and compounds 1-13 lack the absorption
maximum at ~310 nm, which appears in the UV/Vis
spectra of 1-13, and corresponds to the conjugated double
bond chromophore. On the other hand, the peak at
~260 nm appears in the UV/Vis spectra of adducts (Figs.
S1, S2, and S3). In previous work [3], we monitored the
progress of the reaction at two wavelengths simulta-
neously, through decrease of absorbance at ~310 nm and
increase of absorbance at ~260 nm. Obtained rate
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Table 1 Rate constants (k) of the addition of piperidine and ben-
zylamine to compounds 1-13 and Hammett ¢ constants

H
N

Comp. N° R- Hammett ¢ k, x 107°/dm® mol™' 57!
Piperidine Benzylamine
1 H 0 9.86 (£0.59) 6.80 (£0.25)
2 4-i-C5Hy —0.15 5.70 (£0.25) 3.32 (£0.09)
3 4-n-C4Ho —0.16 5.44 (£0.26) 3.57 (£0.17)
4 4-tert-C4Hy  —0.20 5.27 (£0.34) 3.83 (£0.18)
5 3,4-di-CH; —0.30 6.29 (£0.42) 4.00 (£0.17)
6 2,5-di-CH; - 9.18 (£0.85) 5.87 (£0.21)
7 2,4-di-i- - 4.85 (£0.09) 4.51 (£0.25)
CHy

8 B-tetralinyl ——0.48 5.44 (£0.42) 3.83 (£0.23)
9 4-OCH; —0.78 2.98 (£0.17) 1.96 (£0.08)
10 4-F 0.06 12.92 (£0.93) 9.01 (£0.34)
11 4-Cl 0.23 17.43 (£1.27) 10.63 (£0.60)
12 4-Br 0.23 15.64 (£1.02) 11.14 (£0.51)
13 3,4-di-Cl 0.52 28.65 (£2.29) 15.64 (£0.94)

constants were the same. In this study, we monitored the
rate of addition of amines at a wavelength of ~310 nm. A
detailed description of the determination of rate constants
is given in the Experimental section. Results are shown in
Table 1. The difference in reactivity among studied com-
pounds is illustrated by the time scan plots, given in Fig. S4
in Supplementary Material.

The rate constants for the addition of piperidine to
AACPs are higher than corresponding rate constants for
the addition of benzylamine. Although piperidine
(pK, = 11.01 [11]) is a stronger base than benzylamine
(pK, = 8.52 [12]), higher rate constants for the addition of
piperidine could not be ascribed solely to the basicity of
amines. While there is a poor correlation between basicity
and nucleophilicity of amines, for example, see Ref. [13],
piperidine is also more nucleophilic than benzylamine.
Nucleophilicity parameters, N, determined by the reactivity
toward benzhydrilium cations as a referent electrophile for
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piperidine and benzylamine are 15.63 and 13.46, respec-
tively [14]. So, higher rate constants of the addition of
piperidine to title compounds, compared to benzylamine,
could be ascribed to higher nucleophilicity of the former.

The second order rate constants for the addition of
2-mercaptoethanol to compounds 1-13 [3] were one to two
orders of magnitude higher than the values for piperidine
and benzylamine. Consequently, in studied reactions, thiols
(as the soft bases) are more efficient Michael donors than
amines.

Linear free energy relationship (LFER)

The LFER correlates in a quantitative manner to the
equilibrium, or rate constants of two different reactions of
the same or the analogous set of compounds. Hammett type
correlations, as a one of implementations of the LFER
principle, are widely used for quantification of the influ-
ence of structural changes on the reactivity in congeneric
sets of compounds; see, for example, references [15, 16].

During the experiments, we observed that the time scan
plots are influenced by the nature of the substituents on the
aroyl ring. The effects of aroyl ring substitution on the rate
of reaction for compounds 1-5, 8-13 were quantified by
using the Hammett approach, Eq. (1) [17]:

10g<:R> =pxoa, (1)
H

where ¢ is substituent constant, p is reaction constant, kg is
the rate constant for the meta- or para-substituted deriva-
tive, and ky is the rate constant for the unsubstituted
compound 1. Hammett plots are shown in Fig. 2.

log AR 06 .13
ky
0.4-
11
021 4o 12
[ )

(a)

Fig. 2 Plot of the rate constants versus Hammett substituent
constants for compounds 1-5, 8-13; a Addition of piperidine,
r=0981, n=11, F=219.1, p = 0.89 (£0.06); b Addition of

Compounds 6 and 7, the only AACPs with ortho-alkyl
substituents, were excluded from the correlations shown in
Fig. 2. Along with electronic effects, substituents in the
ortho-position exert steric effects. More detailed discussion
on the exclusion of ortho-substituted congeners, in the
similar set of compounds, was given in a previous article
[3]. Briefly, Ar—C(O) torsion in the aroyl part of molecule
is much larger for derivatives 6 and 7, compared to other
compounds, due to steric repulsion between the ortho-alkyl
substituent and the aroyl keto group. As a consequence, the
conjugation of aroyl moiety with the o,B-unsaturated car-
bonyl group is attenuated. For the p-OCHj; derivative
(compound 9), ¢+ value (—0.78) fits much better to the
correlations than ¢ (—0.27), most probably because of
hyperconjugation of the p-OCHj; group through the whole
molecule. In the examined set, such effect can be proposed
only for compound 9.

The reaction constant, p, was calculated as a slope of the
best-fit line, obtained by plotting numerical values of the
rate constants of addition against ¢ constants. It reflects the
relative sensitivity of a particular reaction on the variation
of substituents on the aromatic ring. The reaction constant
is very sensitive to the reaction conditions. The sign and
the magnitude of the reaction constant are strongly influ-
enced by the nature of the reactants and the mechanism of
reaction. Positive signs of reaction constants for the addi-
tion of piperidine and benzylamine (p = 0.89 and
p = 0.75, respectively) to AACPs indicate that electron-
withdrawing substituents increase the rate of addition.
Numerical values of the reaction constants indicate the
formation of the charged species in the rate-limiting step,
which is in accordance with proposed mechanism of the

(b)

benzylamine, r =0938, n=11, F =664, p=0.75 (£0.09).
Compounds 6 and 7 are omitted from the correlations
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formation of carbanionic intermediate and its subsequent
rapid protonation in aza-Michael additions [18]. Polar
solvents, capable of stabilizing charged species in the
transition state, lead to the formation of adduct. The
absence of adducts formation in CCly is in line with the
existence of polar/charged intermediates in the reaction
mechanism.

Along with correlations with Hammett substituent
constants, we derived correlations employing descriptors
obtained from geometries of molecules fully optimized on
the MP2 level of theory. The MP2 method seems to be
good for geometry optimizations of studied structures.
Limitations of other methods tested for geometry opti-
mization of title compounds (semiempirical and DFT)
were described in a previous study [3]. Mulliken atomic
charges on Cz atom and energies of Highest Occupied
Molecular Orbital (HOMO) and Lowest Unoccupied
Molecular Orbital (LUMO) orbitals, derived from MP2
calculations in the ground state of molecules, are given in
Table 2.

Correlations of the second order rate constants for the
addition of piperidine and benzylamine and the Mulliken
atomic charges of the reaction center, with carbon in the
B-position in respect to the aroyl keto group, are shown

Table 2 Mulliken charges on Cg, and energies of HOMO and LUMO
for compounds 1-13, as obtained from calculations in vacuo

Comp. N° Mulliken Enomo/ Erumo/ 1/Debye
charge Cp/a.u. Hartree Hartree

1 —0.2353 —0.3214 0.0212 0.8119
—0.3211* 0.0194* 0.9584*

2 —0.2362 —0.3204 0.0243 -

3 —0.2386 —0.3201 0.0246 -

4 —0.2363 —0.3203 0.0245 -

5 —0.2372 —0.3199 0.0250 -

6 —0.2235 —0.3207 0.0232 0.9225
—0.3210* 0.0201* 1.3383%

7 —0.2238 —0.3205 0.0250 -

8 —0.2372 —0.3197 0.0254 -

9 —0.2372 —0.3203 0.0247 -

10 —0.2296 —0.3250 0.0137 -

11 —0.2293 —0.3253 0.0113 -

12 —0.2302 —0.3245 0.0127 -

13 —0.2252 —0.3281 0.0033 -

la - —0.3072 0.0778 5.1513
—0.3159* 0.0682* 7.0073*

6a - —0.3066 0.0569 4.9584
—0.3169" 0.0629* 5.8870"

HOMO, LUMO, and dipole moments of compounds 1, 6, 1a, and 6a
are reported for geometries optimized in vacuo, and by using implicit
solvent model (CH;OH)

* Obtained using implicit solvent model

@ Springer

in Supplementary Material, Fig. S5. Mulliken atomic
charges of Cpz atom are well correlated with experi-
mentally determined rate constants. The substituent
effects are transmitted from the aroyl ring to the Cp
atom. Compounds 6 and 7 are strong outliers in these
correlations.

In the reactions of nucleophilic addition, the LUMO of
acceptor is the most probable site of attack of the HOMO
of the nucleophile. The LUMO orbital is situated on ao,f3-
unsaturated keto moiety in all AACPs, as exemplified for
compounds 1 and 6 (Fig. 3).

Statistically significant correlations between k, and the
energies of LUMO orbitals were obtained for addition of
both piperidine and benzylamine (Fig. 4). The ortho-
substituted derivatives fit into these correlations, opposite
to correlations obtained with the atomic charges on Cg and
Hammett ¢ constants.

Correlations between the rate constants for addition of
piperidine and benzylamine and the atomic charges on Cg,
or the energies of LUMO orbitals, shown in Fig. S5 and
Fig. 4, were obtained from the geometry of the molecules
optimized on the MP2 level of theory, without an applied
solvent model (in vacuo). Since we measured the rate
constants of the addition in methanol as a solvent, the
charge distribution of molecules is recalculated using an
implicit solvent model (PCM-methanol). Correlations
between the rate constants for the addition of piperidine
and benzylamine and the atomic charges on Cg and the
energies of LUMO, are calculated with the applied implicit
solvent model, and are shown in Supplementary Material,
Fig. S6 and S7. Correlations with atomic charges on Cg
were slightly improved, while correlations with energies of
LUMO orbitals appeared similar to the correlations
obtained from calculations in which the solvation effect
were not considered. In all correlations where the implicit
solvent model was used, compound 10 appears as a strong
outlier, most probably implying an over-estimated polar-
izability of fluorine.

Regioselectivity

Addition of piperidine and benzylamine to (E)-4-aryl-4-
oxo-2-butenoic acid phenyamides produced stable addition
products. So far, we isolated a number of adducts of
piperidine to AACPs [2]. Along with this, we isolated and
characterized an adduct of benzylamine to derivative 6.
AACPs comprise a double bond bound to the aroyl
(ArC(O)-) and the phenylamido moieties (PhNH-C(O)-),
both of which are electron-withdrawing. Each moiety could
activate a corresponding Cy carbon of the double bond for
nucleophilic addition. To confirm regioselectivity of the
addition, we recorded NOESY spectra of adducts of
piperidine and benzylamine to compound 6. In the
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Fig. 3 a HOMO orbital of
compound 1; b LUMO orbital
of compound 1; ¢ HOMO
orbital of compound 6;

d LUMO orbital of compound
6. Major parts of LUMO
orbitals are located on the
Michael acceptor moiety of the
molecules. Depicted orbitals are
obtained by MP2 calculations

(a)

3.0x10™ -
2.5x10™
2.0x10™
1.5x10™ -

1.0x10™ -

kjdm’mol’s™

5.0x10°

0.0

0.005 0.010 0.015 0.020 0.025
E_umo/Hartree

(a)

Fig. 4 Correlation between k, and energies of LUMO orbitals,
obtained by MP2 calculations in vacuo, for the addition of:
a piperidine, r = 0971, n =13, F = 178.3, slope = —1.001 x

spectrum of each adduct, the spatial vicinity of the aro-
matic hydrogen in ortho-position of aroyl moiety and AB
protons of ABX pattern (ArC(O)-CH,—CHR-C(O)NH-
Ph) are clearly visible (Fig. 5).

Spatial vicinity of amido hydrogen (-NH-) and the X
proton of the ABX moiety is also observed (Fig. S8 in
Supplementary Material). This confirms that title com-
pounds in aza-Michael additions act exclusively as
unsaturated ketones, not as unsaturated amides.

(b)

(d)

1.5x10™ -

‘n
T 1.0x10™ 4
<)
£
)
£
B s
o 50x10% 1

1 —
0.000  0.005 0.010  0.015  0.020  0.025

Eiumo/Hartree
(b)

1072, intercept = 2.94 x 1074; b benzylamine, r = 0.976, n = 13,
F = 218.3, slope = —5.44 x 1072, intercept = 1.73 x 10~

Calculated UV/Vis spectra of the representative
compounds

Progress of the addition of the piperidine and benzylamine
to title compounds was monitored by UV/Vis spectros-
copy. We calculated the UV/Vis spectra of representative
compounds: unsubstituted derivative 1, derivative having
ortho-alkyl substituent 6, and their adducts with piperidine
and benzylamine (la and 6a), and compared calculated

@ Springer
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— 7.35
— 7.40
* 7.45
* 7.50
* 7.55

- 7.60

- 7.65

‘5 ppm

Fig. 5 a Section of the NOESY spectrum of the adduct of piperidine
to compound 6 that shows spatial vicinity of the ortho-H on the 2,5-
di-Me-phenyl moiety and AB protons of ABX pattern. b Position of
ortho-H of aroyl moiety in the same compound. ¢ Section of the

spectra with experimentally obtained ones. UV/Vis spectra
were calculated using ZINDO/S, single-excitation CI (CIS,
HF/6-311g), and TD-DFT (B3LYP/6-311g) methods,
applying the implicit solvent model. Although not in full
accordance with experimental data, ZINDO/S calculated
spectra are most similar to experimentally obtained ones,
except for compound 1a (Fig. 6). For this compound, TD-
DFT method provided a spectrum in fair agreement with
experiments.

In Fig. 6, experimentally obtained spectra and spectra
calculated by ZINDO/S method of compounds 1, 6, 1a, and
6a, are shown. Energies of HOMO and LUMO orbitals and

@ Springer
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(d)

NOESY spectrum of the adduct of benzylamine to compound 6 that
shows spatial vicinity of ortho-H on the 2,5-di-Me-phenyl moiety and
AB protons of ABX pattern. d Position of ortho-H of aroyl moiety in
the same compound

dipoles of compounds 1, 6, 1a, and 6a in excited states,
obtained by ZINDO/S calculations, are shown in Table 3.
For comparison, energies of HOMO and LUMO orbitals
and dipoles for compounds 1, 6, 1a, and 6a calculated in
ground states by MP2 method, with applied implicit sol-
vent model, are shown in Table 2. In the calculated spectra,
UV/Vis absorption maxima of compounds 1 and 6 at
~230 nm are blue-shifted for approx. 20 nm (Fig. 6a, b).
In the UV/Vis spectrum of compound la calculated by
ZINDO/S method, the absorption maximum at ~270 nm
appears, which does not exist in the experimental spectrum
(Fig. 6¢).
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Fig. 6 Experimental and calculated UV/Vis spectra of: a compound 1;
b compound 6; ¢ compound 1a; d compound 6a. Molecular orbitals with
the highest contribution to transitions associated with the two absorption

Table 3 Energies of HOMO and LUMO orbitals and dipole
moments of compounds 1, 6, 1a, and 6a

Comp. N° Enomo/Hartree E; ymo/Hartree 1/Debye
—0.31805 —0.05586 1.023
—0.31737 —0.05514 1.461

la —0.31378 —0.01898 1.544

6a —0.31738 —0.02224 6.067

Data were obtained by the ZINDO/S method. Implicit solvent model
was used in all calculations

The main contributions to the peaks in UV/Vis spectra at
305 and 308 nm of derivatives 1 and 6, respectively,
originate from HOMO to LUMO (Fig. 6a) and HOMO —

—— experimental

1.0 - ; .
e —— predicted

0.8 1

0.6 - f& »
< . ’i
N 2
* L
0.4 4 Exc. energy $‘a;“
4.08 eV
0.2 S
. 1 > l‘
)
“%
0.0 : : , , , ,
250 300 350 400 450 500
Alnm
(b) Compound 6
1.0

—— experimental

—— predicted *
0.8 { » ",
wMo+3 —— ‘;".;‘;"‘: ‘: "
g [T
0.6 1 Exc. energy ‘, '

5.65 eV

0.4 4

0.2 4

Normalized molar absorptivity

0.0 4
250 300 350 400 450
Alnm
(d) Compound 6a

maxima (at ~220 and ~310 nm, for compounds 1 and 6), or the one at
~ 220 nm (for compounds 1a and 6a) are depicted. Excitation energies,
as obtained by ZINDOY/S calculations, are also shown

1 to LUMO transitions (Fig. 6b); while (calculated) peaks
at 219 and 222 nm originate from HOMO — 3 to
LUMO + 3 (Fig. 6a) and HOMO — 2 to LUMO — 2
transitions (Fig. 6b).

Results obtained from calculations are in accordance
with the chemical intuition. Transitions originated by
excitation from the HOMO to LUMO in a highly conjugate
system (Ar—-C(O)CH=CH-C(O)NH-Ph) causes an absorp-
tion peak at ~310 nm, while the absorption peak at
~220 nm involved the more localized aroyl part of the
molecules.

After Michael addition of amines, extensive conjugation
is broken, so one absorption band at ~245/220 nm in
experimentally obtained UV/Vis spectra of compounds 1a
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—— experimental

1.0 —— predicted

0.8 4 Lumo

Exc. energy

0.6 -

0.4 4

0.2 A

Normalized molar absorptivity

0.0 1

250 300 350 400 450 500
Alnm

Fig. 7 Experimental and TD-DFT calculated UV/Vis spectrum of
compound 1a. Molecular orbitals with the highest contribution to
transitions associated with the absorption maximum are depicted.
Excitation energy, as obtained by TD-DFT calculations, is also shown

and 6a, respectively, can be ascribed to transitions asso-
ciated with the localized moiety of molecule.

Since the ZINDO/S method was unable to predict
spectrum of 1a with sufficient accuracy, we used CIS and
TD-DFT calculations in order to obtain spectrum in better
agreement with the experimental one. The spectrum most
similar to the experimental one was obtained with TD-DFT
calculations (Fig. 7). The one absorption maximum is
predicted, red-shifted for ~30 nm compared to the
experimentally obtained spectrum.

It should be noted that the position of the absorption
maximum in the UV/Vis spectra of compound la at
~ 270 nm calculated for the diverse set of conformers vary
within 8 nm (data not shown).

In derivative 6a, the main contribution to the absorption
peak at ~220 nm arises from the transition associated with
the benzylamino moiety of the compound (from
HOMO — 3 to LUMO + 3, Fig. 6d).

Along with orbitals shown in Fig. 6, all molecular
orbitals with significant contribution to the UV/Vis tran-
sitions of compounds 1, 6, la, and 6a are shown in
Supplementary Material, Fig. S9, S10, S11 and S12.

Conclusions

The influence of phenyl ring substituents on the rate of
addition of piperidine and benzylamine to (E)-4-aryl-4-
oxo-2-butenoic acid phenylamides was examined by mea-
suring the rate constants. Rate constants for the addition of
piperidine to compounds 1-13 were higher than the rate
constants for the addition of benzylamine, but 10-100
times lower than the rates of the thia-Michael addition
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obtained with 2-mercaptoethanol. Good correlations of the
rate constants with the Hammett substituent constants, and
with the atomic charges of the carbon atom in B-position of
the aroyl moiety of molecules were obtained. In such cal-
culations ortho-substitued derivatives appear as strong
outliers. Best correlations were obtained between the rate
constants and energy of LUMO orbitals, derived from
calculations on the MP2 level of theory. These correlations
include all congeners examined. The regioselectivity of
addition was confirmed by 2D NMR spectra of the isolated
products. Adducts of piperidine and benzylamine in -
position to the aroyl moiety of compounds were obtained,
confirming that title compounds act as unsaturated ketones.
The UV/Vis spectra of representative derivatives calcu-
lated by the ZINDO/S method are in fair agreement with
the experimental ones.

Experimental

Preparation and characterization of compounds 1-13 was
previously described [1]. The same samples were used for
kinetic measurements reported herein. Synthesis and
characterization of the adduct of compound 1 with piperi-
dine (compound 1a) was described previously [2]. UV/Vis
spectra of compounds 1-13 and their adducts with piperi-
dine and benzylamine were recorded in MeOH (p.a.,
Sigma-Aldrich) in concentrations of ~1 x 1074 M, on a
Cintra 40 UV/Vis spectrophotometer, thermostating the
sample compartment at 25 (£1) °C. Quartz cuvettes with
4 cm® volume and 1 cm path length were used for UV/Vis
spectroscopy. 'H, '>*C NMR and NOESY spectra were
recorded on a Bruker AVANCE instrument at
500/125 MHz in CDCl;. Chemical shifts were reported in
ppm relative to TMS. ESI-MS spectra were recorded on an
Agilent  Technologies 6210-1210 TOF-LC-ESI-MS
instrument.

(R,S)-2-(Benzylamino)-4-(2,5-dimethylphenyl)-4-oxo-
N-phenylbutanamide (6a, C>5H,6N,05,)

In a solution of 125 mg of (E)-4-(2,5-dimethylphenyl)-4-
oxo-N-phenyl-2-butenamide (6, 4.47 x 10~* mol) in
10 cm® of CH;0H, a mixture of 92.6 mg of benzylamine
(2eq, 894 x 107* mol, 94.5mm®) and 954 mg of
Na,COs3 (2 eq, 8.94 x 1074 mol) were added and stirred
for 2 h in round-bottom flask at room temperature. After-
ward, the volume of solvent was decreased to about 1/10 of
the initial under reduced pressure. Then 10 cm® of hexane/
Et,O mixture (approximately 4:1) was added and flask was
gently warmed for 5 min. The mixture was first cooled to
room temperature and then placed in a refrigerator over-
night. White precipitate was collected on a Biichner funnel



Reactivity of (E)-4-aryl-4-oxo-2-butenoic acid phenylamides

and washed with few drops of Et,O, then dried in air.
Yield: 96.5 %; white solid; m.p.: 82-83 °C (Et,O/hexane);
'"H NMR (CDCls, 500 MHz): § = 9.54 (s, 1H), 7.57 (d,
J = 7.9 Hz, 2H), 7.49 (s, 1H), 7.33-7.36 (m, 4H), 7.31 (d,
J =179 Hz, 2H), 7.27 (t, b, 1H), 7.18 (d, J = 7.9 Hz, 1H),
7.08-7.12 (m, 2H), 3.93 (d, J = 13.0 Hz, 1H), 3.83 (d,
J=12.7Hz, 1H), 3.77 (dd, J,, =3.8 Hz, J,3=17.5,
1H), 3.50 (dd, J,, = 3.4 Hz, J;53 = 17.5 Hz, 1H), 3.34
(dd, J1, = 7.5 Hz, J, 53 = 17.5 Hz, 1H), 2.45 (s, 3H), 2.34
(s, 3H) ppm; >°C NMR (CDCl;, 125 MHz): § = 202.4,
171.6, 139.3, 137.7, 136.7, 135.4, 132.7, 132.0, 129.6,
129.0, 128.7, 128.1, 127.5, 124.1, 119.3, 59.1, 52.5, 42.4,
21.1, 20.8 ppm; HR/MS: calc for Cr5H6N,O, (M + H)
387.20670, found 387.20584.

Modeling

The values of Hammett substituent constants used in cor-
relations were adopted from the literature [19, 20].
Cumulative substituent constants were used for compounds
5 and 13. Nucleophilicity parameters N for piperidine and
benzylamine are adopted from H. Mayr’s ‘Database of
Nucleophilicities and Electrophilicities’ [21]; using the
data experimentally obtained in CH3;OH/CH;CN (91/9)
mixture [14], with the experimental setup closest to the
experimental conditions used in this work. Initial geome-
tries of compounds 1-13, 1a, and 6a were obtained from
SMILES notation in OMEGA [22, 23], as global minima
with MMFF94s force field. The full geometry optimization
was done in the Gaussian03 program [24] on the MP2 level
of theory, using the 6-311G basis set, and tight criteria for
self-consistent field convergence (SCF = tight keyword).
The optimization of the (intermediate) geometries of
compounds 1a and 6a on a semiempirical level of theory
was done by the PM6 method [25] in MOPAC2012 [26,
27], using the implicit solvent model (COSMO). The UV/
Vis spectra of compound 1, 6, 1a, and 6a were calculated
from geometries found as the global minima on MP2 level
of theory, by the semiempirical ZINDO/S method [28],
using the implicit solvent model (polarizable continuum
model, PCM—methanol). Time-dependent density func-
tional (B3LYP/6-311g) and ZINDO/S calculations were
performed in Gaussian09. All molecular orbitals are
depicted on isovalue of 0.02 electrons/A°.

Rate constants determination

Rate constants of the addition of piperidine and benzylamine
to compounds 1-13 were obtained spectrophotometrically,
under the pseudo-first order conditions, by measuring the
decrease of absorbance at ~310 nm. Time scan measure-
ments were carried out recording the absorbance in regular
intervals (1 s), during the maximum of 20 min. Around

2.5 x 107 mol of 1-10 were dissolved in methanol in
volumetric flask of 10.00 cm® to obtain stock solutions.
Around I x 107> mol of 11-13 were used because of limited
solubility of compounds in MeOH. Aliquots (~2 x 107’
mol) of stock solutions of 1-13 were added in a quartz
cuvette with the automatic pipette, and then 20-fold molar
excess of deprotonated amine (CsH;oN:~ or BzZNH:7) in
methanol (¢ = 0.02 M) was added. Deprotonated amines
were prepared by the addition of stoichiometric equivalent of
strong base, KOH, dissolved in MeOH. Pseudo first order
rate constants (k') were calculated by linearization of time
scan plots, Eq. (2):

A — Ag )

In <m) =—k - t, (2)
where A, is an absorbance of the solution in the time ¢, A,
is the absorbance after completing of the reaction, and Ag is
the initial absorbance. The kK’ was obtained as a mean from
six independent measurements, using the same molar
excess of amines. Second order rate constants were
obtained by dividing k¥ with an amine/investigated com-
pound molar ratio.
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