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1. Introduction

The Michael addition reaction is a versatile synthetic methodology for the efficient coupling of electron poor
olefins with a vast array of nucleophiles. This is one of the most important carbon—carbon bond-forming
reactions. A variety of Michael acceptors [1], such as a,-unsaturated ketones, aldehydes, esters, and nitrils, can
be used in this reaction, which can be readily transformed into a range of different functionalities. [2] A large
number of methods have been reported quite recently for 1,4-conjugate addition to electron-deficient olefins.

In this work we report on the Michael addition of secondary amines (scheme 1) to 9f-hydroxyparthenolides, the
major compounds isolated from Anvillea radiata species [3]. The result obtained showed that the reactions were
stereospecific and yielded exclusively a single stereoisomer with the R-configuration at the newly formed C-11
chiral carbon. The products obtained were evaluated as novel anticancer agents [4], and we used DFT
calculations to obtain information about the factors affecting reactivity and selectivity in these reactions.

2. Computational methods

We used Gaussian 09 [5] to carry out DFT calculations using the B3LYP functional [6], together with the

standard 6-31G(d,p) basis set [7]. The optimizations were carried out using the Berny analytical gradient

_ 4, where u is the electronic
2n

chemical potential and n the chemical hardness [9]. Both p and # are determined in terms of the one-electron

energies of the HOMO and LUMO frontier molecular orbital, Exomo and Epumo, @S |, _ Eromo —€1umo  and
2

1= &Lumo - €nomo [10]. The empirical nucleophilicity index N [11] based on the HOMO energies obtained within
the Kohn-Sham scheme [12] is defined as N=g¢,,,,(NU)-5,0u(TCE). Nucleophilicity was referred to

optimization method [8]. The global electrophilicity index  is defined as ,,

u

tetracyanoethylene (TCE). Electrophylic P and nucleophilic P, Parr functions [13-20] were obtained by
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analysis of the Mullikan atomic spin density (ASD) of the radical anion and radial cation of the reactants. The
local electrophilicity and nucleophilicity indices were calculated as @, = @.B,", N, = N.P, respectively. The

stationary points were characterized by frequency computations in order to verify that the transition states have
one and only one imaginary frequency. Intrinsic reaction coordinates (IRC) [21] pathways were plotted to verify
the connectivity between the minima and associated transition states. Solvent effects of ethanol were taken into
account through single point energy calculations using the polarizable continuum model (PCM) developed by
Tomasi’s group in the framework of the self consistent reaction field [22].

"'//é H
O =

OH
Pln (RZ)N

Scheme 1. Competitive chemio-isomeric pathways associated with the Michael addition reaction of [-
hydroxyparthenolideswith amines such as pyrrolidine, morpholine, piperidine and 1-methylpiperazine

3. Results and discussion

3.1. DFT analysis based on the global and local reactivity indexes

In order to analyze the mechanism of the Michael reactions studied, we used DFT B3LYP/6-31G (d, p) to
calculate the global indices shown in Table 1 the electronic chemical potential p, chemical hardness 7, global
electrophilicity @ and nucleophilicity N of the 9p-hydroxyaminoparthenolides and the amines pyrrolidine (R1),
morpholine (R2), piperidine (R3) and 1-methyl-piperazine (R4).

Table 1. Electronic chemical potential p, chemical hardness m, electrophilicity ® and nucleophilicity N
calculated using DFT B3LYP/6-31G (d, p) (eV)

System 1 n N ®
9B-hydroxyparthenolides -4.05 4.96 2.99 1.65
Pyrrolidine (Ry) -1.88 7.22 4.03 0.24
Morpholine (R,) -1.91 7.63 3.79 0.23
Piperidine(Rs) -1.70 7.57 4.03 0.19
1-methylpiperazine (Ry) -1.46 7.03 4.54 0.15

Table 1 shows that:

- The electronic chemical potential of the 9B-hydroxyparthenolides is smaller than that of the four amines.
Thereby, a very high the global electron-density transfer GEDT will be expected during the reaction, suggesting
a polar mechanism for these reactions and implying that electron transfer takes place from the amines towards
the 9B-hydroxyparthenolides.

- The electrophilicity index of the 9B-hydroxyparthenolides is greater than that of the amines, implying that in
these reactions, the 9B-hydroxyparthenolides behave as electrophiles while the amines as nucleophiles.

3.2. Prediction of the chemioselectivity of the reaction using Parr functions

In polar organic reactions the most favorable reactive channel is that involving the initial two-center
interaction between the most electrophilic and nucleophilic centers of the two reactants. Recently, Domingo et
al. [23] proposed that the electrophilic and nucleophilic Parr functions, derived from the changes of spin
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electron-density, reached via the GEDT process from the nucleophile to the electrophile as powerful tools in the
study of the local reactivity in polar processes. We therefore analyzed the electrophilic Parr functions for 9p-
hydroxyamino-parthenolides in order to predict the most favorable electrophile/nucleophile two-center
interaction in these reactions and so explain the regioselectivity which was found experimentally (Figure 1).

Rl RZ
-0.023 0019 1 \
0.782 HN 0355 HN NMe
\___/ -oc
Rs R, 0.4

Figure 1. Electrophilic Parr functions in red and nucleophilic Parr functions in blue of 9pB-
hydroxyparthenolides and the amino-compounds

Analysis of the electrophilic Parr functions of the 9p-hydroxyparthenolides indicates that the C13 carbon atom
is the most electrophilic center of the molecule, P;; =0.538, while analysis of the nucleophilic Parr functions of
the amino-compounds indicates that the NH nitrogen is the most nucleophilic center of pyrrolidine, morpholine,
piperidine and 1-methylpiperazine, Py, = 0.851, 0.603, 0.782 and 0.355 respectively. Consequently, the most
favored nucleophilic/electrophilic two-center interaction along an asynchronous single bond formation will take
place between the C13 carbon of the 9B-hydroxyparthenolides and the NH nitrogen atom of the amino-
compounds, leading to the formation of Pix chemoisomers. This is in good agreement with the experimental
results.

3.3. Kinetic study

The kinetic study has been divided. Indeed, the Michael addition reaction between 9B-hydroxyparthenolides and
the amino-compounds (R1, R2, R3 and R4) was studied and the solvent effects on these reactions were also
discussed. In the second hand, the reaction was stereospecific and yielded exclusively a single sterecisomer with
the R-configuration at the newly formed C-11 chiral carbon. We have analyzed the energetic aspects and
geometrical parameters of the transition states.

3.3. What is the origin of the chemoselectivity?

The values of the enthalpies, entropies and Gibbs free energies and the relative ones of the stationary points
involved in the Michael addition reactions of B-hydroxyparthenolides with amines (pyrrolidine, morpholine,
piperidineand 1-methylpiperazine) are summarized in Table2. The Gibbs free energy profiles of these reactions
are given in Figure 2. From Table 2, a comparison between the relative activation enthalpies associated with the
two reactive pathways of the Michael addition reactions of B-hydroxyparthenolides with pyrrolidine indicates
that the most favorable approach mode is now that associated with TS1x (AH =12.55 kcal mol™). Addition of
the entropic contribution to the enthalpy increases the activation Gibbs free energy of this reactive channel to
32.63 kcal mol ™. However, the analysis of the activation Gibbs free energies indicates that although the isomer
P1x becomes the most favorable one as the consequence of the unfavorable negative activation entropy
associated with TS1n, AS = -53.53cal mol™ K™. These Michael addition reactions of p-hydroxyparthenolides
with pyrrolidineshows a high selectivity as TS1x is 26.98 kcal mol™ more favorable than TS1n. This is similar
for the reactions of B-hydroxyparthenolides with morpholine, piperidineand 1-methylpiperazine. Consequently,
the analysis of the thermodynamic parameters indicates that reactions of B-hydroxyparthenolides with amines
(pyrrolidine, morpholine, piperidineand 1-methylpiperazine) are very chemoselective.

Table2 showed that the formation of products Piy, Pay, Pay, Pax, P2nand Pz,was exothermic, while the formation
of Py,and P4, was endothermic.

The activation barriers calculated showed that the formation of the chemoisomers Piy, Py, Pax and Pay was
kinetically favored relative to the formation of Py, Pan, P3,and Py,

A comparison between the relative activation enthalpies associated with the two reaction pathways of the
Michael reaction between 9p-hydroxyparthenolides and amines(R;, R,, R; and Ry) indicated that the most
favorable approach was associated with TS,,(AH = 12.55 kcal mol™,10.66 kcal mol™*, 12.55 kcal mol™ and
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6.27 kcal mol™). The addition of the entropic contribution to the enthalpy increased the activation Gibbs free
energy of this reactive channel to 32.63 kcal mol . Analysis of the Gibbs free energy of activation indicated
that the attack at double bond C;;= Cy3 was the most favored. In addition, this reaction was exothermic by
-6.27kcal.mol™*. We would therefore expect to obtain a single isomeric compound from this addition reaction.

Table 2. Relative enthalpy (AH kcal mol %), relative Gibbs free energy (AG kcal mol ™ K ™) and relative entropy
(AS cal mol ), computed in gas and ethanol, for the stationary points involved in the Michael addition reaction
between the 9B-hydroxyparthenolidesand the four amino-compounds (R;, Ry, Rz and R,)

Gas phase Ethanol
AH AG AS AH AG AS
TSix 12.55 32.63 -47.07 13.17 25.72 -42.66
TS:n 43.92 59.61 -53.53 44.55 58.35 -53.50
P.X -9.41 -6.27 -59.63 -5.64 -5.27 -56.50
Pn -7.53 8.35 -56.20 12.55 5.14 -50.46
TS,x 10.66 4.39 -16.72 8.15 2.94 -11.02
TS;n 11.23 29.49 -15.95 9.41 21.25 -11.73
Pox -21.96 -23.84 -18.36 -50.20 -28.86 -9.18
Pon -18.82 -21.37 -14.72 -30.12 -21.62 -9.18
TSsX 12.55 22.59 -40.23 8.78 14.43 -43.03
TS3n 25.10 40.16 -49.17 26.98 38.31 -48.96
Psx -12.55 -18.82 -40.16 -13.17 -16.31 -57.54
P3n -6.27 -19.22 -49.62 -8.78 -8.78 -51.70
TSsX 6.27 19.45 -45.28 2.51 15.68 -43.74
TSun 16.94 30.74 -47.71 13.80 30.00 -49.98
P4x -13.80 -1.88 -49.58 -1.25 -18.19 -56.75
Psn -2.51 11.2 -49.62 -4.39 -11.29 -41.34
3
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Figure 2.Gibbs free energy profile (AG, in kcal mol™) of the Michael addition reactions between P-
hydroxyparthenolides and amines (R1: pyrrolidine, R2: morpholine, R3: piperidineand R4: 1-methylpiperazine).

3.3. Understanding the origin of the a/p selectivity
The calculation of the energies of the reactants, the energies of the products obtained, TSia and TSif transition
energies at the Cy;= Cy3 double bond of 9B-hydroxyparthenolides and the difference in transition energy showed
that the attack was kinetically preferred at the a side (Table 3).

According to transition state theory (TST), the second order rate constant (krst) at a given temperature (T) can
be determined using the following equation [24] :

kgT —AG*
hCo €rr

1)

Krsr =
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Where kg, h, Cy, and R denote Boltzmann’s constant, Planck’s constant, standard concentration (1 mol 1'1) and
the universal gas constant, respectively. Using equation (1), the ratio of the products Po and PP can be
calculated as follows:

Ka AAGH TSB—TSa (TSB—TSa)1000

kg CTRT T 102 © 105 ()
The results (table 3) showed that the reaction rate was higher on the o side than on the B side. In other words, the
formation of P, products (a side) was favored relative to formation of Pj; products (p side): this agrees with

experimental results [4, 25-27].

Table 3. Relative Gibbs free energy (kcal mol™) for the stationary points of the a and p sides to the double bond
C1;= Cy3 involved in the Michael reaction between hydroxyparthenolides and amino-compounds (R;, R;, R; and
R,) calculated in gas using DFT B3LYB/6-31G (d, p)

AG AG

SYStM ; side) (kcal mol) (B side) (kcal moly)  1oB - TSa Ka/KB
[ sl
TPSzi -2431:22 -2_%8 3.76 10?7 = 5855
[ e 119 e
TF’S44 1—?132 2(1)2% 1.06 1007 = 6

The results obtained showed that the activation energy leading to products Pi, (Pixas Paxer P3xe @Nd Pyyg, Namely
the products obtained at o side) was lower than the activation energy leading to P products (Piyxs, Paxg, P3xp, @and
P4, Namely the products obtained at the B side). Indeed, the energy barriers of the Piproductsare32.63, 4.39,
22.59 and 19.45 kcal/mol for products Py, Paxa, Paxe @nd Pay, respectively, while those for Pz products are
33.17, 8.15, 23.78and20.51kcal/mol assigned to Pys, Paxgs, Paxgand Payg respectively, showing that the o side was
kinetically favored. The reaction energy for the o side was-6.27, -23.84, -18.82 and- 1.88 kcal/mol for the P,q,
P.» Pixe and Py, respectively, while equivalent values for the B side were -5.64, -21.20, -13.17 and -1.25
kcal/mol for Piyg, Pays, Paxs and Puyg respectively, showing that the attack at the a side was thermodynamically
favored.

To better understand the difference between the transition state energies, we optimized the most stable structure
of 9B-hydroxyparthenolides (figure 3).

a-side

Figure 3. Optimized equilibrium structure of 9p-hydroxyparthenolides

We see from the optimized structure that the methyl C,, and hydroxyl carried by thecarbonCy represent asteric
hindrance at the B side, but there was no such hindrance at o side which was preferred.
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The bond lengths for reaction stationary points in gas phase and in solvent are given in Figure 4.
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Figure 4. B3LYP/6-31G(d,p) optimized geometries of the TSs in the Michael addition reactions of -
hydroxyparthenolides with amines (pyrrolidine, morpholine, piperidineand 1-methylpiperazine)

As shown in figure 4, the lengths of the NH-C11 and NH-C12 forming bonds are 2.043, 1.545 and 1.670 at
TS:1xPB, TSixa and TS;n respectively, the NH-C11 and NH-C12 forming bonds are 2.131, 1.543 and 1.6580 at
TS,xPB, TSxa and TSyn respectively, the NH-C11 and NH-C12 forming bonds are 2.133, 2.026 and 2.220 at
TSsxP, TSsxa and TS3n respectively, the NH-C11 and NH-C12 forming bonds are 2.111, 1.867 and 1.990 A at
TSuxPB, TSsxo and TSyn respectively. It is obvious that the most favorable TS;xa displays the highest degree of
asynchronicity.

Conclusion

The mechanism of the chemoselectivity and the stereoselectivity for the Michael addition reaction leading to the
formation of the 9B-hydroxyamino-parthenolides derivatives was studied using DFT B3LYP/6-31G (d, p).

The theoretical results obtained enabled us to conclude that the activation energies and reactivity indices
calculated correctly predicted the chemoselectivity experimentally observed in these reactions. The analysis of
the substituent effect on the a/p stereoselectivity of the double bond C;;= C;3 for various amines derivatives
showed that the a-side was favored, in agreement with the experimental results
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