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Abstract. A density-functional-based cluster modeling was imple-
mented on the Al-incorporated Cu-MEL zeolite catalyst (Cu-ZSM-11)
to probe the electronic, energetic and structural features of the active
sites of the catalyst at the B3LYP/6-311+G* and M06/Def2-TZVP lev-
els. The HOMO-LUMO energy gap fell into the range of 3.31-5.15
eV at TD-BH&HLYP/6-311+G* with the lowest magnitude for the I-
Cu and M1—Cu clusters. Population-averaged values for the exchange
enthalpy and binding energy were also calculated, being approximate-
ly 125 and 171 kecal/mol, respectively.

Keywords: Copper; MEL zeolite; DFT modeling; ZSM-11 catalysts;
QTAIM.

Resumen: El modelado de closters empleando métodos derivados de
la teoria de funcionales de la densidad fue aplicado al catalizador Cu-
MEL ceolita que incorpora aluminio (Cu-ZSM-11) para probar las ca-
racteristicas electronicas, energéticas y estructurales del sitio activo
del catalizador con los niveles de teoria B3LYP/6-311+G* y M06/
Def2-TZVP. La separacion energética entre los orbitales HOMO y
LUMO se encontr6 en el rango de 3.31 a 5.15 eV anivel BH&HLYP/6-
311+G, teniendo el menor valor para los closters I-Cu y M1-Cu. Tam-
bién se determinaron los valores promedio de la poblacion para la
entalpia de intercambio y la energia de unién, con valores de 125y 171
kcal/mol respectivamente.

Palabras clave: cobre; MEL ceolita; modelado empleando DFT; cata-
lizador ZSM-11; QTAIM.

Introduction

Transition-metal ions (TMIs) incorporated into zeolitic frame-
works are known as active heterogeneous catalysts for numer-
ous applications [1-3]. There has been fairly extensive research
into copper ions impregnated over different supports [1, 4-17],
which serve as efficient catalysts for a wide range of reactions,
such as, methanol synthesis, oxidation of hydrocarbons, carbo-
nylation of methanol, pollutant abatement, and hydrogenation
reactions [4-6, 18]. Among different metal exchanged zeolites,
e.g., Cu—ZSM-5 proved to be the most active catalyst for direct
decomposition of NO [8].

There exist several reports on the experimental identifica-
tion as well as theoretical modeling of copper ions in porous
materials [2, 4, 6-7, 17-38]. Meanwhile, the monovalent copper
ion has received substantial interest. The adsorption of various
probe molecules such as NO,, CO,, N,, O,, and H,O on the
Cu" ions exchanged into an MFI zeolite has been the subject
of several studies [1, 7-9, 13-14, 20, 22, 37, 39-51]. The
quantum chemical calculations have shown in accordance
with IR measurements that the NO molecule is more freely
activated on Cu" centers than on Cu®>" as evinced by the re-
markably higher HOMO level of the former [20]. Unusual
o-type adsorption complexes with both hydrogen molecule and

light alkanes have been indicated for the Cu* ion, compared to
other cations (e.g., Li" or Mg?") [17]. The Cu*-exchanged zeo-
lites are very promising adsorbents for the separation of olefins
and desulfurization of fossil fuels [18].

Zeolite ZSM-11 is the most symmetrical pentasil observed
so far [52]. The framework of ZSM-11 (MEL type) involves
pentasil layers joined enantiomerically through o-reflection,
forming a two-dimensional network of straight channels with
perpendicular intersections [52-54]. Experimental studies have
demonstrated that both Cu-ZSM-11 (with MEL structure type
with two-dimensional 10T-ring pores) and Cu-ZSM-12 (MTW
structure of one-dimensional 12T-ring pores) are about twice as
active as the most investigated zeolite Cu-ZSM-5 (MFTI struc-
ture with straight and zig-zag/sinusoidal channels) in direct de-
composition of NO [11, 27]. It was suggested that there must be
a preferential formation of active sites and/or better accessibil-
ity in the straight channels compared to the sinusoidal ones,
which explains the higher activity of ZSM-11 material [11].
Analogously, the Cu-ZSM-11 catalyst has been applied to di-
rect N,O decomposition where it was obviously more active
than Cu-ZSM-5 with the same Si/Al ratio [55]. Synthesized
mesoporous H-ZSM-11 catalysts have also shown extraordi-
nary high activities in conversion of n-hexadecane [56].
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It is believed that the coordination of the cation by the ze-
olite framework is vital for the catalytic properties of copper
ions as the counterpart gas-phase ions do not confer such an
activity [18]. DFT calculations have shown, e.g., that the
interactions of NO with the gas-phase isolated Cu" ions are es-
sentially different from those inside a zeolite structure. The for-
mer system showed interactions of the a’ singly occupied
orbital (SOMO) of NO with the unoccupied 4s and the occu-
pied 3d orbitals of Cu” which depopulated the antibonding
SOMO thus reinforcing the NO bond. In contrast, the Cu-zeo-
lite system showed increased Pauli repulsions due to electro-
static attractions which led to higher level (occupied) 3d orbitals
interacting with the a” LUMO of NO molecule; these interac-
tions populated the antibonding LUMO of NO and, hence,
weakened the NO bond [7].

Despite the relative importance of the MEL-type materials,
really scant attention has been directed in theoretical studies
toward these catalysts [57-59]. The purpose of this paper is then
to investigate the coordination, local structure and properties of
Cu'" ions at different positions within a ZSM-11 lattice. Knowl-
edge of the properties of these cationic sites would be essential
for a better understanding of their catalytic behaviors which
facilitates their improvement and replacement with new zeo-
lite-based catalysts.

Results and discussion

The overview of possible exchange sites in the porous network
of an MEL-type zeolite is shown in Fig. 1, which illustrates an
intersection site I, ring sites of M1, M2, M3, and M4 located in

Mehdi Ghambarian et al.

the main channels with an increasing number of T atoms from
left to right, and cage-like positions C1 and C2 that resemble a
curved 6T-ring site inside the walls of ZSM-11 composed of
several fused ST-rings.

As also mentioned above, the quantum-chemical studies
of the deposition and binding of small metal particles on ox-
ide surfaces are very important for obtaining an accurate de-
scription of the catalyst interface [4]. A major challenge
concerning the structural characterization of metal-ion-ex-
changed zeolites, in general, is to find out where the cation
substitution takes place and how metal ions are coordinated
to the substituted sites [28]. As can be seen in Table 1 and
Fig. 1, total of 7 sites were considered for Cu" exchange in
ZSM-11, together with a representative A site from an MFI
structure for comparison. The exchange sites of C1 and C2
have the same local environment in the solid matrix, but
with Al incorporation at the T6 and T1 positions, respective-
ly. The C sites in ZSM-11 are the most similar to the A site
in ZSM-5, except that the C sites are not as readily accessi-
ble to guest molecules as the A site is. This subtle difference
and similar differences in the accessibility and local config-
urations can evidently cause discrepancies in the bulk cata-
lytic behavior of the two pentasil solids, even if the shape
and population of exchange sites were identical in both cas-
es. The other sites of the ZSM-11 catalyst are accessible to
the coming molecules almost identically, provided that the
pore diffusion effects in the similar cavities are the same.

At the first sight, one may think that few Al atoms have
been considered here with respect to the framework Si atoms.
Therefore, in reality, there must be some other Al atoms as
well that influence the local environment of the Cu ions and

Fig. 1. Different positions for the placement of the Cu” ions in the ZSM-11 zeolite framework viewed at the (010) layer. The 10T-rings represent

the main channels of the zeolite lattice.
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the considered intra-framework Al ones. However, we consid-
ered only one Al ion at each site. This is an assumption that is
made not only for the simplicity of the calculations, but rather
from a realistic point of view. In theory, the number of Al atoms
in a zeolitic material is only limited by the Loewenstein rule
(no adjacent Al tetrahedra) which requires Si/Al ratios larger
than 1. However, the MEL and MFI structures are normally
listed as high-silica materials with a lower practical limit of 10
or 11 for the Si/Al ratio [60-64]. Moreover, most of catalytic
applications require moderate Si/Al ratios to ascertain a bal-
ance between the number of acidic sites and the acid strength
and hence for an optimum performance [60, 62, 65-66]. The
local Si/Al ratios obtained from the atomic population in the
isolated clusters lie in the range of 3—8, which are quite smaller
than the observed lower limit above for an entire unit cell. Also
worth noting is that the simulated acidic sites have a number
of shared silicon atoms, making the average Si/Al ratio further
smaller. The possibilities for Al substitution and the subsequent
models simulated here are then realistic and comprehensive
enough, assuming a uniform substitution of the Al atoms. Ze-
olite samples with higher Si/Al ratios can be modeled system-
atically by reducing the Al substitution sites according to their
thermodynamic favorability. The same discussion holds for the
Cu atoms assuming a one-by-one stoichiometric substitution of
the exchangeable protons with the Cu” ions. In addition, our
preliminary studies [67-68] indicated the suitability of the cut-
out clusters in modeling of the Cu-ZSM-11 catalyst in terms
of thermodynamics, geometrical features, and HOMO-LUMO

gaps and in addressing the border and confinement effects
[69-74] normally contributing in microporous materials.

The optimized geometries of the Cu’ active sites are
shown in Fig. 2 for which Table 1 presents the highest occu-
pied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) energy levels and their corre-
sponding HOMO-LUMO gaps. The coordination states of
copper in the cluster models shown in Fig. 2 have been de-
termined from the electronic data reported in Table 3 (vide
infra). Overall, the coordination of the copper ion is twofold
in [-Cu, M1-Cu, and M4—Cu, threefold in C1-Cu, and four-
fold in M2—Cu, M3—Cu, C2—Cu, and A—Cu. As it is seen, the
incorporation of Al atom at the T1 position in the cage-like
C2 site provides a higher coordination number for the Cu”
ion than that encompassing the Al atom at the T6 position
(C1). Moreover, the corresponding site from ZSM-11 (C2)
that resembles the alpha-site of ZSM-5 (A) has the same co-
ordination number of four.

Table 1 may be used to draw some information about the
available sites of the Cu-ZSM-11 in terms of reactivity. It has
to be mentioned, however, that the exchange reactions and
the catalysis events over the formed active sites are all of a
transient nature where the reactants interact and their prop-
erties change continually upon approaching the active site.
These aspects are normally studied using molecular dynamics
simulations at the first-principles level [75-79]. For the com-
parisons made herein, it will be assumed that the distribution
of the Cu" ions at the exchange locations and the following

Table 1. Calculated HOMO and LUMO energy levels and HOMO-LUMO energy gaps (eV) at B3LYP/6-311+G*, M06/Def2-TZVP, TD-B3LY-
P/6-311+G*, and TD-BH&HLYP/6-311+G* for the Cu" active sites where the LUMO eigenvalue for the two latter was calculated by subtracting

the HOMO eigenvalue from the HOMO-LUMO gap.

Cluster Enomo Erumo AEpomo-Lumo Enomo Erumo AEpomo-Lumo
B3LYP/6-311+G* MO06/Def2-TZVP
I-Cu —6.77 -2.72 4.05 —7.41 —2.67 4.74
M1-Cu —6.95 -3.11 3.84 —7.23 -3.02 421
M2-Cu —6.50 -2.17 4.33 —7.06 -2.11 4.95
M3-Cu —5.45 -1.12 433 —6.08 —0.87 5.21
M4-Cu —6.92 -1.91 5.00 -7.20 -1.84 5.36
Cl1-Cu —6.53 -1.62 4.90 —6.95 -1.35 5.60
C2-Cu —6.72 -1.93 4.78 —6.97 —-1.75 5.21
A—Cu —6.31 -1.55 4.75 —6.90 -1.52 5.38
TD-B3LYP/6-311+G* TD-BH&HLYP/6-311+G*
I-Cu —6.77 —4.30 2.47 -8.77 —5.46 3.31
M1-Cu —6.95 -3.92 3.03 -8.70 —4.76 3.95
M2-Cu —-6.50 -3.72 2.78 -8.66 -4.95 3.71
M3-Cu —5.45 -2.31 3.14 =7.71 -3.56 4.16
M4-Cu —6.92 —2.56 435 -8.51 -3.36 5.15
Cl1-Cu —6.53 -2.55 3.98 —8.55 -3.64 491
C2-Cu —6.72 -2.90 3.82 -8.54 -3.75 4.79
A—Cu —6.31 -3.09 322 -8.54 —4.37 4.17
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Cl1-Cu C2—Cu A—Cu

Fig. 2. Optimized geometries of the main Cu-MEL models. The darker (in red) atoms refer to lattice oxygen, the plain bigger balls of the frame-
work (in yellow) represent silicon atoms, the copper ions are shown in brown, the aluminum substitutions are marked in violet, and the terminal
white balls indicate saturating hydrogen atoms (For the color version of this figure, please refer to the electronic version of this article). The cop-
per and aluminum atoms have also been labeled on each site for clarity.

reactivity-related consequences are determined by their ther- B3LYP and M06) generally predict accurate HOMO-LUMO
modynamic favorability rather than by any kinetic events as gaps in transition-metal exchanged zeolites [83-84], Zhang and
also adopted earlier [57, 80-82]. Supplementary comments will Musgrave [85] reported after careful analysis against exper-
be made on the accessibility of the active sites for the reac- imental lowest excitation energies of a number of molecules
tant molecules, however. Although hybrid functionals (such as that only time-dependent (TD) DFT methods accurately predict
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the HOMO-LUMO gaps. Therefore, we included also the TD-
B3LYP and TD-BH&HLYP [86-87] functionals in evaluating
the frontier orbital energy data. Moreover, the discussion made
here on the reactivity-driven electron transfer tendency of the
CuZ sites with respect to an adsorbate should not be confused
with the standard definitions of electrodonating and electroac-
cepting powers [88-91].

Wherever the Cu-MEL catalyst can play the role of an
electron donor with respect to an adsorbate species, a higher
HOMO energy level of the CuZ means a higher propensity
for electron donation to the LUMO of the guest molecule.
Here, the M3—Cu structure (with the HOMO levels of —6.08
eV at M06/Def2-TZVP and -7.71 at TD-BH&HLYP/6-
311+G*) presents the highest reactivity towards a stronger
electron-acceptor species/ligand. In contrast, the I-Cu and
M1—Cu sites were presented by different methods to be the
least reactive sites in terms of the HOMO level; the coordina-
tion number of copper in both of them is two while in M3—Cu
is four (Fig. 2), however. The findings are then generally
consistent with the trends reported in the literature [48-49]
stating that the electron-donation power of the active site cor-
relates well with the degree of coordination. The HOMO en-
ergy level of A—Cu differed from —8.54 eV to —6.31 eV which
was slightly lower than the previously reported magnitude of
—5.17 eV by Broclawik et al. [20] for Cu" exchanged into an
alpha-site of ZSM-5. Apart from a difference in the level of
the computations or the computational methods, the differ-
ences may be attributed to the fact that two Al atoms were
present at the T1 and T4 positions in that paper.

When CuZ clusters can accept electrons from a stronger
donor, such as ammonia [19], a lower LUMO energy level
translates into an easier reaction with the guest molecule. As
apparent from Table 1, a reverse trend compared to what ex-
plained for the HOMO level is true for the LUMO level, i.e.,
the I-Cu and M1—Cu sites are predicted to be the best elec-
tron acceptors from the HOMO of a guest molecule within
the framework of the frontier molecular orbital (FMO) theo-
ry [92]. On the contrary, the LUMO level of the M3—Cu site
stands higher than any other site according to most of the
methods, indicating its weakest electron-accepting property.
Comparing the HOMO and LUMO levels of the A—Cu site
with those of its equivalent in MEL structure (C2—Cu), one
may conclude that the resemblance of the geometries from
two similar pentasil materials in terms of the ring size will
not assure similarities between all of their properties. The
same issue holds true for the two cage-like structures with Al
replacement at T1 or T6 positions.

As it is well-known [93-97], a relatively small gap be-
tween the HOMO and LUMO energy levels reflects a high
polarizability, less significant hardness, and higher reactivi-
ty. Whereas most of the methods predicted M4—Cu as the
most stable site, the I-Cu and M 1—-Cu clusters were estimat-
ed as the most reactive. Despite the general trends observed,
no significant correlation could be established between the
HOMO-LUMO gaps by methods of different category. We
note, however, that some linear correlations exist between the

frontier orbital energy levels predicted by the two methods
within each category (see Supporting Information, Fig. S1).

The bond critical point properties determined for the
CuZ clusters are shown in Table 2 which indicates low elec-
tron densities with a local depletion of the internuclear den-
sities for all of the investigated sites. This agrees with the
general expectation that metal-oxygen interactions are nor-
mally characterized through positive values of V?p at the
BCP [13]. According to the quantum theory of atoms in mol-
ecules (QTAIM) [98-99], the existence of a (3, —1) critical
point in the electron density distribution along the path be-
tween a pair of atoms indicates that the electron density is
localized in the binding region between the nuclei, thus be-
ing an indicator of the presence of a chemical bond. More-
over, the electron density at BCP may be regarded as a direct
indicator of the bond order. Based on the QTAIM calcula-
tions, the nature of the chemical bonds may be described in
terms of electron density p(r) and the corresponding Lapla-
cian V?p(r) at the bond critical point (BCP). According to
this theory, V?p(r) provides information about the electronic
charge and the degree of local depletion or concentration
of the interatomic densities [13, 99]. The positive values of
V2p(r) point to closed-shell electrostatic interactions, partic-
ularly because the |1,|/4; ratio is much smaller than 1. How-
ever, the intrinsic nature of the electron density distributions
in the interatomic region of the interactions entail that the
positive eigenvalue of the Hessian matrix at the BCP de-
creases with increasing the Cu—O bond distances, thus ren-
dering systematic reductions in V2p(r) (vide infra). The
QTAIM calculations led to no BCP data for the copper—sili-
con or copper—aluminum interactions.

Table 3 reports the NBO charges of Cu, Al, and O atoms in
the CuZ clusters where a partial charge transfer from the zeolite
substrate to the orbitals of the metal is clear. Earlier studies
have also shown that the positive charge of the Cu ion shrinks
upon adsorption on a zeolite surface owing to remarkable
charge transfers from the siloxy groups of the surface to the
metal ion [33, 100-101]. An opening (hybridization) of the
d-shell on the Cu" is a requisite for this electron transfer [7].
The most positive charge on Cu” is observed for the I-Cu clus-
ter (0.898 e) while the highest deviation from the formal cation-
ic charge of +1 is found on C1-Cu and C2-Cu with
interestingly similar charges (0.672 ¢). As a result, the highest
charge transfer from the surface to the cation occurs at the cage-
like positions as comprehended from a shrinkage of the positive
charge of Cu cation with respect to its formal charge. This
charge transfer varied from 0.10 e to 0.33 e; these values were
in agreement with the lower limit (0.33 e) reported for the Cu,O
clusters [102] and very similar to the values obtained for other
complexes of Cu(I) [103-104]. At the same time, no one-to-one
relationship could be established between the amount of charge
transfer and coordination number of Cu ion.

Table 4 contains the bond lengths for all of the Cu-
ZSM-11 cluster models. The three smallest Cu—O bond
lengths (1.925,1.939,and 1.946 A) belong to the M4—Cu, C1—
Cu, and C2—Cu sites, respectively. The minimum 7(Cu—Al)
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Table 2. Topological properties of the Cu—O bonds at the bond critical point for the investigated Cu/ZSM-11 catalysts at the B3LY-

P/6-311+G* level.

Mehdi Ghambarian et al.

Cu-Ol1 Cu-02
Cluster
p 4 A A Vp p A 4 4 Vp
I-Cu 0.069 —-0.084 —0.083 0.528 0.362 0.072 —0.089 —0.088 0.561 0.384
MI-Cu — — — — — 0.043 —0.043 —0.040 0.242 0.159
M2-Cu 0.055 —0.061 -0.056 0.361 0.245 0.065 -0.077 -0.074 0.477 0.326
M3—-Cu 0.062 —-0.074 -0.070 0.450 0.306 — — — — —
M4—Cu 0.090 —0.125 —0.123 0.772 0.523 — — — — —
Cl1-Cu — — — — — 0.080 -0.104 -0.104 0.681 0.473
C2—Cu — — — — — 0.085 —0.115 —0.114 0.735 0.505
A—Cu 0.049 —0.052 —0.047 0.306 0.207 — — — — —
Cu-03 Cu-04
p A A A Vp p A Ay 4 Vp
I-Cu — — — — — — — — — —
M1-Cu — — — — — 0.077 —0.098 —0.095 0.600 0.408
M2—Cu — — — — — 0.014 —0.011 —0.008 0.064 0.045
M3—Cu 0.034 -0.035 -0.032 0.196 0.129 0.029 —-0.028 —0.025 0.155 0.102
M4-Cu — — — — — — — — — —
Cl1-Cu — — — — — — — — — —
C2—Cu — — — — — 0.019 —-0.015 -0.007 0.084 0.062
A—Cu 0.013 —0.010 —0.005 0.059 0.044 0.032 —0.032 —0.030 0.178 0.116
Cu-05 Cu-06
p A A A Vp p A 4 4 Vp
I-Cu — — — — — — — — — —
M1-Cu — — — — — — — — — —
M2-Cu 0.019 -0.016 —0.008 0.088 0.064 — — — — —
M3-Cu — — — — — 0.059 —0.067 —0.064 0.410 0.279
M4—Cu 0.068 —0.083 —0.083 0.544 0.377 — — — — —
Cl1-Cu 0.088 —0.118 —0.118 0.743 0.506 0.046 —0.046 —0.042 0.269 0.181
C2—Cu 0.050 —0.052 —0.047 0.316 0.217 0.072 —0.086 —0.084 0.539 0.369
A—Cu — — — — — 0.060 —0.069 —0.064 0.418 0.285

was observed for the M2—Cu site. However, the 7(Cu—Al) in
C2—Cu was the maximum 7(Cu—Al) observed and the other
r(Cu—0) values in C2—Cu were large. The results of Table
4 can also show that no perfect symmetrical configurations
(with identical Cu—O bond lengths) as observed in the case
of Zn cation interactions with an all-silica MEL structure
[57] are found here for the CuZ clusters because of the pres-
ence of an Al atom in the ring sites. Table 4 also signifies a
correspondence between the values of #(Cu—O) and »(Cu—
Si), which is anticipated.

As expressed by Sponer et al. [38], the coordination of
metal cations such as Cu” in zeolites involves an electronic per-
turbation of the charge distribution over the binding sites where
the extent of charge transfer should correlate with the formal
charge of the ion and the bond length parameters. Such a

correlation was reported previously for the interactions of Zn**
adsorbed on a silicalite-2 structure [57]. Comparing the data
reported in Tables 3 and 4 along with an account of the coordi-
nation numbers in Fig. 2, however, no well-developed correla-
tions could be obtained here between the bond length parameters
and the NBO charge data including ¢(Cu—O). Instead, some
excellent correlations are displayed between some of the bond
critical point properties and the corresponding bond lengths
(Fig. 3). All of the Cu—O bonds recognized by the QTAIM ap-
proach were used to assert these correlations. The exchange and
binding energies and the reported HOMO, LUMO, and
HOMO-LUMO gap were independent of the bond length or
the bond critical point data. The third (positive) eigenvalue of
the Hessian matrix of the electron distribution at the BCP de-
scribes the local depletion of the electron density in the binding
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Table 3. Partial charge of the Cu ion, Al atom and lattice O atoms in the investigated cluster models of Cu/ZSM-11 at the B3LYP/6-311+G* level.

Cluster Cu Al O1 02 03 04 05 06 o7 08 02’ o4’ 06’ o8’
I-Cu 0.898  2.109 -1.367 -1.376 -1.135 -1.139 — — — — — — — —
M1-Cu 0.835 2.047 -1272 -1275 -1.243 -1.351 — — — — — — — —
M2-Cu 0.816 2.017 -1.320 -1.380 -1.267 -1.276 -1.269 — — — — — — —
M3-Cu 0.781 2.069 -1.359 -1273 -1279 -1269 -1.269 -1.347 — — — — — —
M4-Cu 0.731 2077 -1328 -1.322 -1.281 -1275 -1.294 -1272 -1280 -1.260 -1.332 -1.267 -1.262 -1.283
Cl-Cu  0.672 2.055 -1.270 -1.307 -1.246 -1.282 -1.360 -1.347 — — — — — —
C2-Cu  0.672 2078 -1.269 -1316 -1.248 -1.269 -1.299 -1.367 — — — — — —
A—Cu 0.792  2.069 -1341 -1.287 -1.265 -1.279 -1.281 -1.345 — — — — — —

Table 4. Copper—framework atom bond lengths obtained for the optimized Cu/ZSM-11 cluster models (A) at the B3LYP/6-31+G* level.
Cluster I-Cu M1-Cu M2—Cu M3—Cu M4—Cu Cl1-Cu C2—Cu A—Cu
Cu-O1 2.038 2.956 2.161 2.091 1.925 2.975 3.167 2.207
Cu-02 2.022 2.289 2.072 3.007 3.150 1.970 1.946 3.341
Cu-03 3.450 3.163 3.007 2.365 3.880 3.264 3.214 2.888
Cu-04 3.191 2.002 2.877 2.457 2.973 2.889 2.744 2.398
Cu-05 — — 2.704 3.202 2.036 1.939 2.200 3.168
Cu-06 — — — 2.117 3.152 2.256 2.039 2.113
Cu-07 — — — — 4.102 — — —
Cu-08 — — — — 3.321 — — —
Cu-02’ — — — — 2.932 — — —
Cu-O#4’ — — — — 3.289 — — —
Cu-06¢’ — — — — 3.427 — — —
Cu-08’ — — — — 3.074 — — —
Cu-Al 2.743 2.783 2.617 2.764 2.837 2.696 3.058 2.653
Cu-Sil 3.396 — 3.049 — 2.959 3.201 — —
Cu-Si2 3.354 2.889 — 3.247 — 2.856 2.832 3.368
Cu-Si3 — 3.090 3.276 3.338 4.143 3.005 3.005 3.632
Cu-Si4 — 3.011 3.415 2.999 4.052 3.376 3.293 3.194
Cu-Si5 — — 3.138 3.342 2.933 2.937 2.926 3.246
Cu-Si6 — — — 3.253 3.051 — 2.680 3.180
Cu-Si7 — — — — 4258 — — —
Cu-Si8 — — — — 4.347 — — —

region. As evident, this eigenvalue which is a measure of the
curvatures parallel to the bond path has a descending power-law
relationship with the corresponding Cu—O bond length. This
inverse interconnection reflects [105] an increase in the force
constant of the bond that makes the shorter Cu—O bonds more
resistant to the changes due to compactions. Both of the elec-
tron density and its Laplacian show similar power-type correla-
tions with the Cu—O bond length in the metal—zeolite system at
hand, indicating that the electronic features of the Cu—O bonds
in this system can be adequately determined from the bond dis-
tances (Fig. 3). The calculated bond lengths evidently correlate
with |4, ,| as well, which is not shown here for the sake of

brevity. Similar trends have been reported for the Si—O bonds in
silica polymorph materials [105-106], hydrogen bonds in cyclic
dimers [107], O-H interactions between interactions between
N-butylpyridinium nitrate and thiophenic compounds [108],
and Ni—Ni and Ni—S bonds [109].

Table 5 lists some important bond angles for the investi-
gated sites. As evident from this table, the O—Cu—O bond
angles vary from the largest to the smallest in the following
order: C2—Cu, C1-Cu, M4—Cu, M3-Cu, M2-Cu, M1-Cu,
and [-Cu. As also evidenced from the O—O—Cu bond angles
in C2—Cu through M2—Cu, the Cu” ion prefers an arrange-
ment as more flattened as possible in the available ring sites.
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Fig. 3. Significant correlations observed between the electronic features and structural properties of the molecular models of the Cu-MEL
zeolite catalyst. The fitting curves obeyed power-law functions with the exponents of 6.3, —6.2, and —4.6 for the correlations of 43, py»

and Vzpbcp, respectively.

No exact connection could be established between the ar-
rangement of the Cu ion and the degree of coordination or
the reactivity of the CuZ cluster in terms of the HOMO—
LUMO gaps.

Table 6 reports the enthalpy and Gibbs free energy change
for the exchange reaction, Eq. (2), and the energy for the metal
ion binding as in Eq. (1). As evident, the enthalpy of Cu graft-
ing for the investigated clusters ranged from 108.93 kcal/mol
(M3—Cu) to 141.14 kcal/mol (M1-Cu). This indicates that the
ion exchange on all of the acidic sites of ZSM-11 would be
endothermic. Overall, the sequence of the thermodynamic priv-
ilege for the ion exchange is M3 > C1 >1>A>C2> M2 > M4
> M1 as found from the Gibbs free energies of the exchange
reaction. The most thermodynamically favored cluster to be
formed is therefore the M3—Cu site followed by C1-Cu and I-
Cu which cover coordination numbers of 2—4. This means that
the thermodynamic favorability of the exchange reaction is not
determined by the final coordination of the cation. Moreover,
the data show that the ion exchange reaction is non-sponta-
neous at 298 K and 1 atm. Comparing the alpha site with C2 as
its counterpart from ZSM-11 in terms of geometry, one can in-
terestingly notice their close favorability for a copper/proton

Table 5. Selected bond angles for the Cu/ZSM-11 clusters (in de-
grees) at the B3LYP/6-31+G* level.

Cluster Angle (°) Angle (°)
I-Cu 01-Cu-02 77.97 — —
Ml-Cu  02-Cu-O4 100.48 — —
M2-Cu  02-Cu-0O5 110.88 02-04-Cu 55.82
M3-Cu  O1-Cu-O4 147.53 01-02-Cu 43.61
M4-Cu  Ol-Cu-O5 153.05 01-02—-Cu 37.61
Cl-Cu  02-Cu-0O5 158.26 01-04-Cu 29.78
C2-Cu  02-Cu-0O5 166.10 01-04-Cu 29.11
A—Cu 03-Cu-06 145.06 03- 06-Cu 20.26
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exchange (Table 6). The results presented here also show that
the cage-like locations with the Al atom at the T1 position are
less prepared for a copper exchange than those with Al atom at
the T6 position. As far as the most accessible sites for a coming
molecule are concerned, however, both I and M3 positions are
readily exchanged.

Table 6. The exchange and binding energies of the Cu” ions in the
active sites of ZSM-11 at the B3LYP/6-311+G* level [Please see re-
actions (1) and (2) in the text, respectively, for the calculation of the
binding and exchange energies].

Population AE, AH, AG,,
Cluster (%) (kcal/mol) (kcal/mol)  (kcal/mol)
I-Cu 48.1 174.01 121.11 128.73
MI1-Cu 11.1 146.99 141.14 149.01
M2-Cu 14.8 173.04 129.29 138.73
M3—Cu 7.4 195.45 108.93 114.47
M4—Cu 7.4 161.24 132.41 144.08
Cl1-Cu 56° 174.99 120.47 127.11
C2—Cu 56 158.08 128.11 137.82
Overall ® 100 170.68 124.84 132.96
A—Cu — 179.71 126.17 133.32

* The population of the C positions was equally distributed between
the C1-Cu and C2—Clu sites.

® The overall values were obtained assuming a uniform monolayer
coverage on all sites considering the population of each site as its
weight factor.

Also listed in Table 6 are the overall values of the ener-
getic data which were obtained through averaging of the indi-
vidual values of the available sites according to their population
contributions in the zeolite matrix. The populations were found
by counting the number of each site in a doubled unit cell.
Table 6 also reports the Cu* binding energy for the studied
CuZ clusters. As evident, the binding energy ranged from
146.99 to 195.45 kcal/mol where the highest and the lowest
values were assigned to the M3—Cu and M1—Cu sites, re-
spectively. This strongest binding is followed by the A—Cu,
C1—Cu and I-Cu sites, with the Cu—Z dissociation energies
of 179.71, 174.79, and 174.01 kcal/mol, respectively, such
that the overall sequence becomes M1 <C2 <M4 <M2 <1
< C1 <A <M3. Indeed, the Cu" ion is most strongly bound
in the 6T rings of the zeolite network. As mentioned previ-
ously, the 6T ring of the ZSM-11 structure (M3) is also the
most reactive position to the Cu cation and a relatively small
reaction heat is required for an exchange at this location.
These findings partially resemble the data reported previ-
ously by Nachtigallova et al. [31] for the Cu®>" ion which
was observed to bind more strongly to the 6T-rings of an
Al-containing MFT structure. Similar findings have been re-
ported by Rejmak et al. [18] for the exchanged Cu" ions in an

Al-incorporated faujasite. As far as we know, however, the
relatively similar preference of the copper ion for the intersec-
tion sites of ZSM-11 is a new finding. The relatively strong
bindings offered by the intersection sites to the impregnat-
ing copper ion finds more importance when taking into
consideration that this site constitutes a large portion of
the available positions of the zeolite structure (Table 6). The
di-coordinated Cu" ions at the intersection sites have a high
accessibility and are expected to be involved in the catalytic
activity of the copper-exchanged zeolite [28]. However, the
overall behavior of the solid matrix as estimated from a pop-
ulation average of the energetic data lies between the values
obtained for M3—Cu and [-Cu when the exchange enthalpies
are compared and would be closest to the corresponding val-
ues of M2—Cu, [-Cu, and C1-Cu in terms of the binding
energy. Therefore, the mentioned sites might be chosen as a
representative of the whole material in possible required
simplifications depending upon which energetic property
has to be assessed.

All but one of the sites available in the ZSM-11 struc-
ture (M3) provide a weaker binding for Cu” than the alpha
site (A). However, both the Cu*/H" exchange enthalpies of
the A—Cu site (126.17 kcal/mol) and that of a typical ZSM-
11 matrix (124.84 kcal/mol) are interestingly higher than the
exchange energies of 43.0-102.2 kcal/mol calculated for
Cu?" ions exchanged to H-ZSM-5 [31] but closer to other
values reported earlier such as a 96.3—124.6 kcal/mol for
Cu" in ZSM-5 by Blint [46]. The observed differences can be
only partially attributed to the oxidation state of the copper
in the work by Nachtigallova et al. [31] which replaces two
protons with a strongly bound Cu?" ion as a [Z—O]-Cu—[O—
Z] complex and, therefore, reduces the exchange energy
with respect to that of a Cu" ion. The aliasing effect of the
computational method employed is worth attention as well
which calls for further theoretical research in this respect.
However, the main source of difference might be the effect
of framework type assuming that the effects of method and
the cluster size are negligible.

The binding energies reported in Table 6 can also be
compared against similar magnitudes from the literature in-
cluding 482—715 kcal/mol for the optimized Cu?" coordina-
tion in ZSM-5 [24], about 139 kcal/mol for Cu' ions in
ZSM-5 [28], 109.6-136.9 kcal/mol for Cu’ ions in ZSM-5
[110], 169.5 kecal/mol for Cu-Y [14], 106.1-146.7 kcal/mol
for Cu" binding in FER [29], and a 163.9 kcal/mol binding
energy for Cu’ in ZSM-5 [15]. As can be seen, all of the
previously reported data for the binding energy of Cu” ion
particularly the last report are very close to the range ob-
tained here for the various sites of ZSM-11. The correspond-
ing magnitudes reported by Groothaert et al. [24] for Cu®"
ions bound to the oxide surface of ZSM-11 with two Al at-
oms incorporated have been significantly larger than those
of Cu’ ion. Rejmak et al. [18] have also found that the
strength of cation binding should increase with the number
of Al atoms present in the 6T rings of a faujasite. These



10 J. Mex. Chem. Soc. 2017, 61(1)

confirm our discussion just presented above to explain the
source of differences in the energetic data.

Also worth noting is that the average of the energetic
data for a Cu-ZSM-11 catalyst is slightly smaller than that of
the alpha site from a Cu-ZSM-5 catalyst. It might be con-
cluded with some caution that the chemical or geometrical
nature of the available sites in ZSM-11 would only partially
account for the experimentally observed higher sorption
power and reactivity of the MEL structure in the decomposi-
tion of NO and N,O molecules with respect to those of
Al-containing MFI zeolites (if can be compared on a sound
basis). Then, it appears up to now that the main factor which
plays the role in this privilege is the better accessibility of
the reactant/template molecules to the available sites. How-
ever, the superior activity of Cu-ZSM-11 relative to Cu-ZSM-5
in direct N,O decomposition has been attributed to both a high-
er accessibility and a better reducibility of Cu" species, imply-
ing that the framework topologies of the zeolites would
influence the reducibility of Cu” species present on the cop-
per-ion-exchanged zeolites [55]. A more precise evaluation of
the two catalysts requires, at least, a similar systematic study
of the MFI zeolite to be implemented with the energy of
binding or the exchange energy averaged over the available
sites as it was conducted for MEL, however. Further works
in the same line are then required to gain a more detailed and
deeper insight into the mechanistic role of the active site for
the design and development of selective catalysts.

Conclusion

This paper investigated the geometrical, electronic, and ener-
getic properties of Cu” monoatomic centers in Cu-ZSM-11 cat-
alysts using the cluster modeling approach through density
functional theory. Total of 7 sites for Cu” exchange to H-ZSM-
11 were considered and compared with an alpha-site from an
MFT structure. The coordination numbers differed from two to
four, with the former observed at the intersections, the 4T-rings,
and the basket-like positions of ZSM-11 and the latter in the
other ring sites and cage-like locations. The HOMO-LUMO
energy gaps of the copper-exchanged clusters fell into the
range of 3.31-5.15 eV at the TD-BH&HLYP/6-311+G* lev-
el. Overall, the [-Cu and M1-Cu clusters were the highest
polarizable sites and M4—Cu was found to be the most stable
site as indicated from the HOMO-LUMO gaps. In total, the
QTAIM results manifested closed-shell electrostatic interac-
tions for all of the sites. The charge transfer varied from 0.10
e to 0.33 e with the highest value belonging to the cage-like
positions which provided weakly bounded tri- and tetra-co-
ordinated planar configurations with the nearest-neighbor ox-
ygen atoms of the surface. Excellent power-type correlations
were observed between the electronic properties and the
bond distances. The exchange enthalpy ranged from 108.93
to 141.14 kcal/mol. The 6T-ring was the most readily ex-
changeable site while the 4T-ring site was the least favorable
thermodynamically. As far as the most accessible sites for a
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coming molecule are concerned, both M3 and I positions are
adequately readily exchanged, however. The binding energy
was found to alter in the range of 146.99-195.45 kcal/mol.
As revealed from the energetic data, the Cu” ion most strong-
ly bound in the 6T rings followed by the cages and the inter-
sections of the zeolite matrix.

Computational method

The cluster modeling method was employed for the molecular
simulations. As a common approach to mimic the influence and
rigidity of the surrounding framework [4, 15, 20, 24, 31, 33,
110-120], all of the dangling bonds at the boundaries of every
cluster were terminated by link hydrogen atoms placed in the
same bond direction as would be found in a perfect crystal for
the next oxygen or silicon atom removed from the cluster. The
boundary H atoms were placed at 0.960 and 1.550 A from
the oxygen and silicon atoms, respectively, with the values
determined from preliminary optimizations. In total, the size of
the clusters ranged from a T5 to a T10 unit. Here, every cluster
model incorporates an aluminum atom that requires a compen-
sating ion on one of the adjacent oxygen atoms. The crystallo-
graphic data for the frameworks of ZSM-11 and ZSM-5 can be
found elsewhere [121-122]. In addition to the exchange posi-
tions introduced in Fig. 1, a separate fragment from an MFI
structure was also modeled for comparison. This cluster was
taken from an alpha position —an effective 6T-ring on the wall
of straight channel, formed by two interconnecting 5T-rings,
and readily available to reagents— which appears to be of spe-
cial interest with respect to catalytic actions [17, 20, 24, 119-
120, 123-125]. The exchanged/compensating ion was taken
here to be a Cu” or an H" ion as the key element of the active
site. These cluster models are adequate to explain the interac-
tions of the metal ion with the oxide surface within a precise
local picture of the active site [33, 126-127]. A two-step opti-
mization procedure was used. At the first stage, all of the
atoms in the cluster except the Cu ion, proton, and Al atom
were fixed during the geometrical optimizations to simply
represent the mechanical embedding of the solid matrix. At
the second step, the nearest interacting oxygen atoms were
also relaxed to include possible alterations in the skeletal
vibrations due to the Al substitution or the Cu exchange.
The molecular geometries of the structures were opti-
mized using the functional B3LYP method [86-87, 128]
which has been reported to yield reliable data on both oxides
and metal clusters [4, 23, 129]. The Pople’s standard 6-31+G*
basis set [130-133] was employed for all of the atoms. The
single-point calculations were implemented with a larger ba-
sis set at B3LYP/6-311+G* [134] for improved energetic
data. Calculations were also made with the M06/Def2—
TZVP method. The atomic charges for the optimized struc-
tures were obtained through the natural bond orbital (NBO)
calculations. The energetic calculations were performed on
the zeolite surface (Z") excluding the metal ion (Cu™) to al-
low for an estimation of the binding energy (AE,) of Cu" at
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every site [24], which was defined as the energy of the fol-
lowing reaction with a negative sign [18, 29, 110]:

CuZ—Cu +Z7Z (1)
The Cu'/H" exchange enthalpy (AH,,) was defined as the en-
thalpy change of the reaction [31]:

H-Z+Cu" — Cu-Z+H" (2)
where symbols Cu—Z and H-Z refer to the copper-exchanged
cluster and the acidic surface of the zeolite, respectively.

The NBO population [135] and the QTAIM [98-99,
136-139] assessments were done at the B3LYP/6-311+G*
level of theory. The calculations were implemented using
NWChem 6.5 [140] and Multiwfn 3.3.8 [141]. The graphi-
cal outputs were drawn by the molecular visualization pro-
gram Mercury 3.3 [142-145].
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Abstract. This work is focused in studying the inclusion of chemical
speciation in the characterization of mining tailings in Mexican regu-
lation with a case study in Parral, Chihuahua, Mexico. In this site, high
concentration of lead and arsenic in tailings located in the surround-
ings represent a high concern to the local population. The total concen-
tration of Pb in the samples ranged from 78.03 +2.67 to 5748 + 263.63
[mg kg'] and from 5.49 + 0.43 to 509.84 + 40.18 [mg kg™'] for As.
Chemical speciation was tested for samples that exceeded the limits of
the Mexican Regulation using sequential extractions proposed by the
Bureau Community of Reference (BCR) to obtain the distribution of
lead and arsenic in four different fractions. The set of extractions con-
sisted in the extractable/exchangeable fraction (F1), the reducible frac-
tion (F2), the metals bound to organic matter and sulfides (F3) those
under oxidizing conditions, and the residual fraction (RF). The results
show that 70% of lead is found in F1 and F2 fractions while 20% is
found in F3 fraction. In case of arsenic, 60% is found in residual frac-
tion, 25% in fraction F3 and less than 15% in fractions F1 and F2.
Keywords: Arsenic; lead; atomic absorption spectrometry; specia-
tion; mining waste.

Resumen. Este trabajo se enfoca en el estudio de la inclusion de la
especiacion quimica en la caracterizacion de los residuos mineros en
la regulacion mexicana con un estudio de caso en Parral, Chihuahua,
México. En este sitio, alta concentracion de plomo y arsénico en los
jales ubicados en los alrededores representan una gran preocupacion
para la poblacion local. La concentracion total de Pb en las muestras
oscild entre 78,03 + 2,67 a 5748 + 263,63 [mg kg ]y de 5,49+ 0,43 a
509,84 + 40,18 [mg kg™!] para As. Se aplico la especiacién quimica en
las muestras que excedieron los limites de la regulacion mexicana
mediante extracciones secuenciales propuestos por la Oficina Bou-
reaus de Referencia (BCR) para obtener la distribucion de plomo y
arsénico en cuatro fracciones diferentes. El conjunto de extracciones
consistio en la fraccion extraible/intercambiable (F1), la fraccion re-
ducible (F2), los metales unidos a materia organica y sulfuros (F3)
aquellos en condiciones oxidantes, y la fraccion residual (RF). Los
resultados muestran que 70% de plomo se encuentra en las fracciones
F1y F2, mientras que 20% se encuentra en la fraccion F3. Para el caso
de arsénico, 60% se encuentra en la fraccion residual, 25% en la frac-
cion F3 y menos del 15% se distribuye en las fracciones F1 y F2.
Palabras clave: Arsénico; plomo; espectrometria de absorcion atomi-
ca, especiacion, residuos mineros.

1. Introduction

Mining is one of the economic activities that have greatly con-
tributed to the economic development of Mexico. The mining
industry is mostly related to metal extraction and is mainly en-
gaged in the production of copper, zinc, silver and lead. In
Mexico, there have been various regions with huge mining in-
dustry such as Southern Part of the State of Chihuahua where
mining activities date from 1567 [1].

In the city of Parral, in the State of Chihuahua, mining
brought not only prosperity, economic growth and urban de-
velopment, but also an environmental latent problem since the
beginning of the operation of La Prieta mine. With an estimat-
ed production of 1,500 ton a day of pure mineral, soil wastes

have been generated to date covering an area of 80 hectares
approximately [2].

The town of Hidalgo del Parral is located in the south of
the State of Chihuahua, between parallels 26° 51°and 27° 23’
North Latitude; the meridian 105° 23’and 105° 59’ West Longi-
tude, and an altitude between 1,300-2,400 m. Its limits are to
the north with the Municipalities of Valle de Zaragoza and Al-
lende, to the east with the municipality of Allende, to the south
with the municipalities of Allende, Matamoros, Santa Barbara
and San Francisco del Oro and to the west with the municipali-
ties of San Francisco del Oro, Huejotitan and Valle de Zarago-
za. It covers 0.8% of the state’s area; it covers an area of
1,751 km?, which represents 0.71% of the state area.
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Its climate is classified as semi- humid and warm, with a
maximum temperature of 36 °C and a minimum of 12 °C. The
annual average precipitation is 489 mm with an average of 72
rainy days and a relative humidity of 48%. The prevailing
winds come from the southwest [3].

The deficiency of the mineral extraction processes used in
the mid-seventeenth century [4] caused the change of method-
ology to selective flotation resulting in the generation of large
volumes of tailings, which is estimated to have been accumulat-
ed to date up to 19,527,678 m? [5].

Previous studies in the area of Parral show the presence of
lead and arsenic in soil (Fig. 1), exceeding the limits set by na-
tional and international organizations, which suggests that the
tailings from the La Prieta mine is one of the major emission
sources the metals [6, 7]. Other studies have found heavy metal
contamination in water bodies in the region from mining con-
tamination [8, 9].

In order to determine the bioavailability of the Pb and As in
tailing contaminated soil, it is important to determine the chem-
ical species of them in order to establish its mobility.

The BCR method (Community Bureau of Reference) [10]
is useful to determine the bioavailability of a metal at risk of
being toxic to the environment based on sequential extractions,
from which each sample represents the distribution of the met-
al and consist in: interchangeable/soluble fraction (F1), reduc-
ible fraction (F2), oxidizable fraction (F3) and residual
fraction (FR).

The aim of this study is to determine the Pb and As chemi-
cal species in soil samples in order to provide elements for pol-
icy making based on the concentration levels in Parral,
Chihuahua respect to the official national stndard [11].

2. Materials and methods

2.1. Soil sampling and preparation

Sampling points were selected according to the Mexican Tech-
nical Standard Guideline [12], which establishes the specifica-
tions for the collection and handling of samples, to allow the
characterization of tailings contaminated soils in the study site,
through the identification and quantification of metals and met-
alloids, the exploratory surface sampling was designed consid-
ering aconfidence interval of 95 % for atotal of 19 georeferenced
samples (Fig. 2). Sampling considered field measurements of
parameters such as electrical conductivity, pH, temperature at
30 cm depth, relative humidity and wind speed. Transportation
of tailings contaminated soil samples to the laboratory was
done in low-density polyethylene bags.

Lead and arsenic total content was determined by digestion
with aqua regia. One gram of sample was weighted into the re-
action vessel, and then 7.5 mL of 12.0 mol L' HCI followed by
2.5mL of 15.8 mol L' HNO,, drop by drop, to reduce foaming,
was added. The temperature of the reaction mixture was slowly
raised until 85°C until reflux conditions were reached and
maintained for 1 h. After cooling the reaction vessel to room
temperature the digests were filtered through Whatman No. 541
filter paper into 50 mL volumetric flasks, the insoluble residue
onto the filter paper was washed with a 0.5 mol L™! HNO, and
the volumetric flask was filled with 0.5 mol L' HNO;.

2.2. Granulometric study of samples from the site under study

A fraction of the samples, about 200 g each, were sieved for a
granulometric study (Beckman Coulter LS Particle Size

Figure 1. Geographic location of tailing contaminated soil in Hidalgo
del Parral, Chihuahua [4].

Figure 2. Space distribution of sampling points in the study area.
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Analyzer). This study provides a value of the particle size
which are essential because it influences in the rate of oxidation
of the mineral, such that it is favored when this is finely divid-
ed, that is, the greater the surface exposed to the reaction medi-
um if recording has fine particles that exist, it is more likely that
minerals or potentially toxic elements can be released more
easily to the environment, however if the particles are of larger
diameter, this probability decreases slightly [13]. Some sam-
ples were selected to determine the grain diameter of mining
waste present in the study area. This selection was based in
points that had a higher concentration of lead and arsenic, as
well as a low value (Fig. 3).

2.3. Apparatus

A Thermo Scientific (Super-Nuova Multi-Place) heating plate
equipped with a thermocouple thermometer was used for aqua
regia open digestion method (USEPA 3050B). Lead and arsenic
were determined in digests and extracts using a Perkin Elmer
3100A spectrometer and a Perkin Elmer Analyst 100 spectrom-
eter equipped with a MHS-10 hydride system.

2.4. Standards and Reagents

All the solutions were prepared with de-ionized water 18
MQ-cm, Millipore Milli-Q system. Arsenic and lead stock

Irma Cruz Gavilan Garcia et al.

solution contains 1000 pg/mL (High-Purity Standards). These
stock solutions were kept at 4 °C in darkness. More dilute solu-
tions for the analysis were prepared daily for each analysis.

Nitric acid (HNO;, Baker, Instra-analysed, 70%) and hy-
drochloric acid (HCI, Baker, Instra-analysed, 36.5-38%) were
used for the aqua regia digestion.

2.5. Storage and preparation of soils samples for total
concentration analysis

Sample preparation involves the following steps: (1) drying, (2)
homogenizing and sieving, and (3) storage. The samples were
digested with a mixture of aqua regia (nitric acid: hydrochloric
acid in 1:3) [14].

2.6. Analytical methods

Lead and Arsenic concentrations in digests and extracts were de-
termined using Flame Atomic Absorption Spectroscopy and Hy-
dride Generation-Atomic Absorption Spectroscopy respectively
[15, 16]. For the measurement of Pb and As, hollow cathode
lamps operated at 10 mA and a 283 nm wavelength, and 19 mA
and a 193.7 nm wavelength were used respectively; the spectral
band was 0.7 nm for Pb and 2.0 nm for As. Concentration of
metals was obtained by the standard calibration technique.

Figure 3. Sampling points for the granulometric study.
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To calculate the limit of detection (LOD) and the limit of
quantification (LOQ), three curves were prepared, obtaining
the standard deviation of the intercept (Sb) and average of the
slope. To evaluate the linear range, a calibration curve was
prepared in the concentration range of 5 to 50 ng/L for arsenic
and 5 to 30 mg/L for lead. Calibration sensitivity was deter-
mined by using the slope of the calibration curve. The accuracy
of the method was evaluated as percentage of recovery by add-
ing known amounts of arsenic and lead standard before the pro-
cess of digestion and extraction to a blank sample. All samples
were analyzed in triplicate. The results are expressed as mean
values with standard deviations (SD) as a measure of dispersion
(average + SD).

2.7. Sequential Extraction Procedure

The sequential extraction was carried out according to the BCR
(Community Bureau of Reference of the European Community)
three-step procedure [10]. The method determines four well de-
fined geochemical fractions of metals in soils and sediments:
acid-soluble/exchangeable fraction (F1), reducible fraction (F2),
oxidizable fraction (F3), and residual fraction (RF) [17]. Ex-
tractions were performed using the reagents given in section 2.4.

Extracting reagents were: acetic acid (CH;CO,H Sig-
ma-Aldrich 99.7%), hydroxylamine hydrochloride (NH,-OH
HCl J. T. Baker), hydrogen peroxide (H,O, J.T. Baker 30%)
and ammonium acetate (CH;CO,NH, J.T. Baker). Hydride-gen-
erating reagents were: sodium borohydride (NaBH, tablets,
Fluka, purity >97% at 3% in 1% NaOH); HCI 15% were used
for pre-reduction in the determination of arsenic after aqua re-
gia leaching.

Step 1 (acid extractable/exchange fraction-bound to carbonates):

A total of 40 mL of acetic acid 0.11 mol L was added to
0.5 g air-dried sample and shaken for 16 h. The mixture was
centrifuged to separate the extract from the residue using a cen-
trifuge (Labnet Hermle) at 3000 rpm for 15 min and the super-
natant solution filtered through Whatman No. 40 filter
paper, rinsed with deionized water, hand shaken and stored in
acid rinsed polypropylene tubes for further analysis. The resi-
due was washed with 20 mL of distilled water by shaking for
20 min, centrifuged and the washings discarded.

Table 1. Statistical data of environmental parameters during the fieldwork

Step 2 (reducible fraction-bound to Fe/Mn oxides):

A total of 40 mL of hydroxylammonium chloride 0.5 mol
L', adjusted with nitric acid to pH 2, was added to the residue
from step 1 and the extraction performed as above.

Step 3 (oxidizable fraction-bound to organic matters and sul-
fides):

The residue from step 2 was treated twice with 8.8 mol L™!
hydrogen peroxide, first digestion at room temperature (ap-
prox. 23+2 ° C) for 1 h and a second digestion for additional 1 h
at 8542 °C in a water bath, then 50 mL of ammonium acetate
1 mol L', was added and the extraction performed as step 1, the
solid residue was retained for aqua regia digestion.

Step 4 (residual fraction):

Residual material remaining after step 3 of the sequential
extraction was digested in the same manner after quantitative
transferring of the residual from PTFE vessel to the glass flask.
The residue from the last step was digested with a mixture of
20 mL aqua regia as described above.

Using the computer program SURFER, the data were in-
troduced to develop a map of iso-concentration for observe in
general the situation of the sampling points with higher concen-
tration of arsenic and lead in the study area.

3. Results and discussion

During the fieldwork, statistical data of environmental parame-
ters were listed in Table 1, the observed.

3.1. Granulometric study

The results of the sieve study for the selected samples is sum-
marized in Table 2, as seen the averages ranging between
154 microns and 379 microns, with an overall median of 266.94
microns and a standard deviation of 81.32 microns.

3.2. Total concentration of arsenic and lead in soil samples

For the determination of the total lead and arsenic concentra-
tions in the digested samples the calibration curve was in the

Relative Wind Electric Environmental Surface Temperature at
humidity speed Conductivity temperature temperature 30 cm depth
(%) (mph) (S/em) pH °C) °C) °C)
Minimum 28.8 0.0 0.12 6.2 14.4 15 20.0
Maximum 66.2 9.4 0.81 7.9 38.1 54 34.0
Median 48.9 4.8 0.26 7.4 25.6 28.5 26.5
SD 11.4 2.6 0.16 0.6 54 13.1 4.1

SD = Standard Deviation
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Table 2. Media and mode of the samples analyzed

Irma Cruz Gavilan Garcia et al.

Median Mode (% del volume <)

Sample (um) 2 (um) 4 (um) 63 (um) 125 (um) 250 (um) 500 (um) 1000 (um)
HP1 365.0 2.0 7.6 33.6 39.4 47.5 67.4 92.7
HP2 161.4 1.4 2.3 16.3 434 82.8 99.1 100.0
HP3 3144 1.3 22 10.5 222 49.2 83.1 97.3
HP4 251.7 2.2 4.0 19.8 38.7 66.6 89.4 96.1
HP5 307.5 1.1 1.8 12.8 28.7 52.9 82.6 96.8
HP7 252.6 1.3 22 18.9 429 68.2 88.1 96.2
HP8 216.9 4.1 7.2 25.0 40.9 66.5 90.6 99.3
HP16 379.0 4.0 6.1 18.4 31.7 50.0 72.9 92.2
HP17 154.0 32 5.7 30.1 54.7 81.3 95.7 100.0

range aforementioned (r = 0.997, n = 6 for arsenic and r=0.998,
n=6 for lead). The LOD was 0.01 mg kg ' and 0.13 mg kg™' and
the LOQ was 0.03 mg kg ! and 1.13 mg kg ' respectively. The
percentage of recovery showed no significant differences be-
tween the measured values for the total arsenic and lead content
in the blank sample.

Total concentration of arsenic and lead (mg/kg dry materi-
al) from the total digestion analysis is presented in Table 3.

In the case of arsenic concentrations ranged from 7.42 +
0.65 to 509.84 + 40.18 mg kg™!, 8 soil samples presented total

Table 3. Total concentration of As and Pb (mg/kg dry weight) in soil
samples from Hidalgo del Parral, Chihuahua

Sample e
(n=3) As Pb 2
HP1 476.00 = 38.01 5206.77 + 184.27 3
HP2 159.35+ 11.15 4288.40 + 113.89 e
HP3 206.56 + 14.46 5089.64 + 186.16 . B
HP4 154.89 + 10.84 3906.6 + 228.91 e asul
HP5 377.15 4 30.17 4429.93 + 109.39 w0
HP6 509.84 + 40.18 4682.32 + 440.81 2 B
HP7 299.70 + 23.98 5040.03 + 340.16 . :
HPS 7.42+0.65 711.94 + 11.54 s -
HP9 36.76 + 2.94 3852.79 + 213.66 .
HP10 NA? NA? -g 200
HP11 47.11+3.77 263.58 + 19.99 160
HP12 506.89 + 35.48 2725.89 + 153.90 '% ‘;“
HP13 389.38 = 27.26 3501.32 + 223.57 -
HP14 5.49+0.43 109.91 9.16 13 H,
HP15 14.93 £ 1.19 307.78 £ 27.56 Y e
HP16 15.87+1.26 1194.13 £ 59.70 13
HP17 485.64 + 33.99 4774.30 + 94.75 "
HPI18 490.10 + 34.3 574824 + 263.63 , . | . g
HPB® 10.44 £ 0.83 78.03 + 2.67 E g 2 § & g § 3§ g 8

&g & & = & & 8 &8 =

* The sampling point was removed due to difficult access to the

study site.

® Background soil.

As concentrations higher than 260 mg kg™!, which has been used
by Mexican guidelines as trigger level for industrial soil remedi-
ation [11]. In detail, 47% of soil samples presented arsenic con-
centrations between 299-510 mg kg‘1 (HP1, HP5- HP7, HP12,
HP13, HP17, HP18) and the other 53% of samples are below
207 mg kg! (HP2-HP4, HP8-HP11, HP14-16). The reported ar-
senic is originated by the mining activities, this is reflected be-
cause the concentration of the background soil which contains
10.44 +0.83 mg kg™ of arsenic. Figure 4 shows that the concen-
trations of As correspond to the samples taken in the northern
part and the south part of the study area, this areas correspond to
the mining tailings that are near to the residential zone.

Figure 4. Overview of total arsenic concentrations of sampling points
in the study area in mg/kg (SURFER).
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Figure 5. Overview of total lead concentrations of sampling points in
the study area in mg/kg (SURFER).

In the case of lead concentrations ranged from 78.03 £2.67
to 5748.24 +263.63 mg kg™!, 13 soil samples presented total Pb
concentrations higher than 800 mg kg™!, which has been used
by Mexican guidelines as trigger level for industrial soil reme-
diation [11]. In detail, 68% of soil samples presented lead con-
centrations between 1194-5748 mg kg'1 (HP1, HP2, HP3, HP4,
HP5, HP6, HP7, HP9, HP12, HP13, HP16, HP17, HP18) and
the other 32% of samples are below 711 mg kg™ (HPS, HP10,
HP11, HP14, HP15). The reported lead is originated by the
mining activities, this is reflected because the concentration of
the background soil which contains 78.03 + 2.67 mg kg™! of
lead. Figure 5 shows that the concentrations of Pb correspond

to the samples taken in all the study area, which is near to the
residential zone.

It should be noted that the prevailing winds direction (from
SO to NE) [18] in the area also pose a risk to the population,
growing areas near the mine.

3.3. Geochemical fraction of As and Pb

Heavy metal mobility and bioavailability in soils depend strong-
ly on the mineralogical and chemical forms in which they occur.
The results (Table 4) of this investigation have shown that for
arsenic were highly associated with the oxidizable (F3) and re-
sidual fraction (FR), for arsenic. Almost 90% of the samples
have most of the arsenic in the residual fraction (RF), these frac-
tion is characterized by low mobility and low probabilities of
posing adverse effects to the environment. It’s observed that the
content of arsenic in fraction 2 (F2) have less than 50 mg kg™! of
arsenic, although these values are minimal in a matter of acces-
sibility, the content of arsenic in this zones is higher than the
values established at international (0.39 mg/kg for US residen-
tial areas, 12 mg/kg for Canada, 32 mg/kg for United Kingdom)
and national guidelines (22 mg/kg for residential/agricultural
soil) [11, 19, 20]. That exposure to arsenic poses a carcinogenic
hazard to the lung via both the oral and inhalation routes of ex-
posure. The sites require more attention due to the possible risk
to potentially exposed residents. As it can be observed in the
Table 4, the samples have shown insignificant amounts associ-
ated with the extractable/exchangeable fraction (F1).

For lead (Table 5), distribution varies depending on the
sample; it has no standard behavior as the case of arsenic. In
detail 8 samples (HP1, HP2, HP5, HP6, HP9, HP13, HP17,
HP18) contain more than 70% of lead in fraction 1 (F1) and
fraction 2 (F2). The F1 involves weakly adsorbed metals re-
tained on the solid surface by relatively weak electrostatic in-
teraction; metals that can be released by ion-exchangeable
processes. Metals on this fraction also can be replaced by neu-
tral salts. The second fraction, bound to iron and manganese
oxyhydroxides that are present in the soils can change their ad-
sorption capacities drastically according to the redox conditions
(presence/absence of O,), producing either FeS or FeO (OH)

Table 4. Distribution of element fractionation for arsenic (mg/kg weight dry) in the study area of Hidalgo del Parral

Sample Step 1 Step 2 Step 3 Residual Total Total Recovery
(n=2) (F1) (F2) (F3) (RF) SEP Digestion (%)*
HP1 11.63+0.58 33.83+1.69 100.45+5.02 154.70+7.73 300 476 63
HP5 2.16£0.11 37.45£1.87 24.94+1.25 126.04+6.30 190 377 51
HP6 6.26+0.31 32.54+£1.63 26.22+1.31 241.11£12.06 306 509 60
HP7 4.16+0.21 32.59+1.63 114.17+5.71 77.92+3.90 228 299 76
HPI12 3.99+0.20 36.96+1.85 84.98+4.25 177.28+8.86 303 506 60
HP13 3.96+0.21 37.47+1.87 96.47+4.82 149.85+7.49 287 389 74
HP17 1.84+0.09 34.51+1.73 36.14+1.81 231.16+11.56 303 485 63
HP18 3.15+0.10 48.99+2.45 78.13+£3.91 212.76£10.62 343 490 70

= [(F1+F2+F3+TR)/ (Total digestion)]x100
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Table 5. Distribution of element fractionation for lead (mg/kg weight dry) in the study area of Hidalgo del Parral

Sample Step 1 Step 2 Step 3 Residual Total Total Recovery
(n=2) (F1) (F2) (F3) (RF) SEP Digestion (%)?
HP1 1,840+92 2,219+110 647432 230+11 4,937 5,206 95
HP2 2,295+114 1,338+67 305+15 274+14 4213 4,288 98
HP3 529+26 688+34 2,507+125 1,015+50 4,741 5,089 93
HP4 492424 1,257+63 1,589+79 567428 3,905 3,906 99
HPS 1,122+£56 2,210+110 332417 791+40 4,456 4,424 101
HP6 1,084+54 2,534+127 593+30 661+33 4,873 4,682 104
HP7 1,064+53 1,854+93 647432 1,061£53 4,627 5,040 92
HP9 1,425£71 1,354+68 270+13 225+11 3,275 3,852 85
HP12 1,130£56 820+41 723436 10945 2,783 2,725 102
HP13 1,547+77 1,127+£56 280+14 267+13 3,223 3,501 92
HP16 3.29+0.16 203+01 1,039+52 85+4 1,331 1,194 112
HP17 1,745+82 2,078+103 546427 914+46 5,284 4,774 110
HP18 2,538+127 2,413+121 566428 613431 6,131 5,748 107

# = [(F1+F2+F3+TR)/ (Total digestion)]x100

liberating co-precipitated or adsorbed metals at every change
[21]. For the rest of the samples, lead is distributed in the sec-
ond and third fraction (F2 and F3). Given the absence of organ-
ic matter in the case of F3, the extracts obtained during this step
are metals bound to sulphides, being unstable only under severe
oxidizing conditions [22], making it one of the most stable frac-
tions. As it is observed, lead concentrations in the F1 are above
the values established at international (840 mg/kg for US resi-
dential areas, 750 mg/kg for European Union) and national
guidelines (400 mg/kg for residential/agricultural soil) [11, 22].
For both elements the sum of concentrations for each frac-
tion was compared with the total concentration from the values
in Table 3. Reasonable percentages of recovery of all samples
for arsenic were from 51 to 76 %. It is considered that solubili-
ty and equilibration limitations in extraction procedure are
probably responsible for the lower extractability of arsenic
[23]. In the case of lead [24] good recovery percentages are
observed ranged from 85-112%. Less stable forms of arsenic
and lead compounds ranged between 1.84-48.99 and 3.29-
2,538 mg kg™! respectively, which indicated a potential risk.

3.4. Risk estimation from exposure to bioaccessible
fractions

Regarding the doses of reference published in the Integrated
Risk Information System [25] of the United States for As (3 x
10 mg/kg-d for oral exposure), and considering an ingestion
of 32 mg soil/d [26], through a hand to mouth mechanism and
considering a mean weight in Mexican male population of 77.7
kg [27], there is low potential risk to the population of Parral
since the exposure is from 15 to 396 times smaller than the dose
of reference. However, there is risk cancer through inhalation.
Risk calculation could not be done for Pb since there is no dose

of reference available. On the other hand, a mixed effect of As
and Pb exposure might be assessed.

3.5. Policy Making Proposal

According to the Mexican Ministry of Environment [28], there
are more than 635 potentially contaminated sites in Mexico.
From those, just a little fraction has been remediated because of
limited funding and limited capacity for characterizing and lack
of a methodology to prioritize them. Even though there is a
standard for contaminated soil since 2007 [11], there was not
considered a clear assessment for stability of chemical species
in soil matrixes. This situation is similar in other Latin Ameri-
can Countries and other regions where the lack of regulation
has turned into large impacts of mining activities.

Chemical speciation methods can provide a set of criteria
that might be used by local authorities to prioritize contaminat-
ed sites and focus efforts in those with higher risk to health or
the environment. Fractions F1 and F2 are the ones that might be
of concern while combined with high exposition through inges-
tion or respiration.

4. Conclusions and recommendations

An exploratory and systematic surface sampling was done in
order to establish the presence of arsenic and lead in the mining
area of Hidalgo del Parral, Chihuahua.

The arsenic and lead quantification method was validated
using Atomic Absorption Flame & Hydride-Generation Spec-
trometry with appropriate performance and finding concentra-
tion ranges of 7.42 £ 0.65 to 509.84 + 40.18 [mg kg!] for
arsenic & 83.34 + 2.67 to 5579 + [mg kg'] for lead.
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From a total of 18 samples taken at the site, eight samples
(47%) had higher concentration of arsenic them the limit estab-
lished in NOM-147-SEMARNAT/SSA1-2004, which corre-
sponds to 260 mg kg'; on the other hand, 13 samples (76%)
had higher concentration of lead than the limit of 800 mg kg™!
established in the same regulation. The samples out of range for
both metals were taken to a speciation test consisting in sequen-
tial extractions using the method BCR (Community Bureau of
Reference) to determine their bioavailability.

In case of arsenic, the speciation shows that the higher
fraction is in the oxidized fraction (F3) and in the residual frac-
tion (FR), which suggest that the mobility & bioavailability of
this element is very low as well as the migration to other com-
partments; therefore, environmental & health effects are not
evident. However, even though the arsenic concentration in the
reducible fraction (F2) is lower than 50 mg kg™!, the proximity
to populated areas increases the chronic exposition risk from
ingestion/respiration of dusts in these sites.

In case of lead, eight samples had the higher concentration
in the fraction F1 and fraction F2, suggesting that the little sta-
bility of the metal is high since the chemical species have weak
adherence to the soil matrix and can be released by ionic ex-
change processes; these samples had concentration values
higher than the limit of the soil standard and represent a risk to
health and the environment.

For both elements, recovery percentage of the speciation
method was evaluated comparing the results with the total con-
centration of the samples, showing values of 85% to 112%.

Regarding the risk quantification for arsenic exposure,
dose of reference was not reached by two orders of magnitude.
However, there is risk of a mixed effect of Pb and As chronic
exposure.

A bioaccesibility study for both metals as well as a fine
particle (PM, 5) in air are recommended in order to assess urban
contamination and the risk to health by accidental ingestion of
metal-polluted soils.

As Policy Making action, risk assessment should be in-
cluded in environmental regulation using the estimation of
chemical speciation of species of concern (those that are more
easy to move in the environment and that can be absorbed by
the organism).
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Abstract. Here we report a simple and efficient protocol for selective-
ly diamine protection with Boc using Me;SiCl or SOCI, as HCI source
in “one-pot” procedure. This methodology is extended to 1,2- to
1,8-diamines to obtain the corresponding mono-Boc protected di-
amines.

Keywords: Chiral, cyclohexane-1,2-diamine, 1,2-diphenylethane-
1,2-diamine, Boc monoprotection, diamines

Resumen. Se describe un método simple y eficiente usando Me;SiCl
0 SOCI, como fuente de HCI para la monoproteccion con Boc de dia-
minas, esta monoproteccion se realiza mediante una reaccion directa
en un solo reactor. El método desarrollado se utiliz6 también en la
monoproteccion con Boc de aminas alifaticas (1,2- a 1,8-diaminas).
Palabras clave: Quiral, 1,2-ciclohexandiamina, 1,2-difenil-1,2-etan-
diamina, monoproteccién con Boc, diaminas.

Introduction

Monoprotection of symmetrical or unsymmetrical diamines is
an ongoing challenge to organic chemists. Many of these mono-
protected chiral 1,2-diamines have been used in organocata-
lysts and ligand-metal catalysts for many asymmetric
transformations, such as asymmetric transfer hydrogenation.
Aldol reaction, Michael, reaction silylcyanation, and Strecker
reaction [1-7]. From these diamines, non-racemic trans-cyclo-
hexane-1,2-diamine (1) is readily available in both enantiomer-
ic forms, by simple resolution of the commercial crude racemate
with tartaric acid [8]. Several methods for monoprotection of
diamine (1) have been reported in the literature (Fig. 1) [9].
Some of these methods report excellent yields of the monopro-
tected diamine; yet, others in our hands led to mono- and
di-protected product formation needing extensive chromato-
graphic separation.

(+) Tartaric acid .

NH, H,N

NHR

Results and discussion

A recent report highlighted the use of acetyl chloride to mono-
protect cyclohexane-1,2-diamine at 0 °C, whereas in our hands
the main product obtained was the diprotected cyclohex-
ane-1,2-diamine [9b]. However, the reaction of the diamine
with various arylsulfonyl chlorides give mainly to the mono-
protected sulfonylamide. Recently we employed a wide variety
of these enantioenriched monosulfonamides in the asymmetric
transfer hydrogenation (ATH) of aromatic ketones (1a) [10].
All of these ligands were readily synthesized by reacting
(1R,2R)-cyclohexane-1,2-diamine tartrate salt with arylsulfo-
nyl chloride in DCM/NEt; at 0 °C. The monosulfonamides
were obtained in ~40% yields using 5 fold excess of the di-
amine, with little diprotected amine formation, which can be
purified by acid workup [11]. Literature also reveal that sulfon-
amides with electron withdrawing groups, such as nitro can be

0
1 R=H,
1a R=Boc _
1b ReTs 1dR=¢
1c R=Ac

0

Figure 1. Monoprotected trans-cyclohexane-1,2-diamine.
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H,N  HN-S
1e R = H
1f R=NO,
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R
Q 0, m Mixture of products
NO,

Figure 2. Deprotection of nitrosulfonamides 1e and 1f.

deprotected using PhSH/K,CO; in DMF. Since these monosul-
fonamides can be prepared easily, we explored the deprotection
of p-NO, (1e) and 2,4-dinitro (1f) arylsulfonamides using the
above mentioned methods. Unfortunately, all attempts led to a
mixture of products (Fig. 2).

Looking for an efficient and simple method for diamine
monoprotection, we found the procedure developed by Ha and
co-workers, involving the monoprotonation of the diamine 1
using 1 equivalent of HCI, followed by treatment with Boc all
in one pot, led to 80 % of mono-Boc protection of diamine (1a)
[12]. Similary mono hydrochlorination was also reported by
Nguyen in the synthesis of mono-diamine Schiff bases [13]. Li
and coworkers reported preparation of mono-Boc protected
mixed primary-secondary amines starting with a bromoalkyl-
amine hydrobromide and Boc,O/Et;N in MeOH with good
yields [14]. There are many literature citations to make mo-
no-Boc protected cyclohexane-1,2-diamine using the mono-hy-
drochlorination method [13], the only drawback of this reaction
is the use of compressed anhydrous HCIl gas. An alternative
HCI source is the in situ generation of HCI from chlorotrimeth-
ylsilane ((Me);SiCl) or thionyl chloride (SOCI,) with anhy-
drous methanol. Chlorotrimethylsilane, a liquid with a boiling
point of 57 °C can be purchased in >99% purity and redistilled
before use [15], and can be weighed accurately to generate the
required amount of HCI gas with anhydrous methanol.

The methodology proposed (Fig. 3) consisted in treating
(1R,2R)-cyclohexane-1,2-diamine tartrate salt with 4N NaOH,
to give the diamine (1) as a free base. Then methanol anhydrous
at 0 °C is added, followed by dropwise addition of 1 eq of
Me;SiCl. The mixture is allowed to come to RT and 1 mL
of water is added, followed by Boc,0 in MeOH. The mixture is
stirred at RT for 1 hr, diluted with water, washed with ethylic
ether, pH adjusted to >12 with NaOH and then extracted into

H:N  NH, _ NaOH
‘0,6 COy HoN© NH;
" (1R,2R)-cyclohexane-
HO OH

1,2-diamine (1)

dichloromethane to give a pure monoprotected cyclohex-
ane-1,2-diamine (1a) in 66% yield (Table 1). We were able to
scale up the methodology to ~4.0 g.

The monoprotection was also carried out with SOCI, as the
HCI source using the same work-up procedure as above, but
the final product was obtained in lower yield (41%).

This methodology was also used with 1R,2R-1,2-diphenyleth-
yl-1,2-diamine (2) and seven aliphatic diamines (3-9). Follow-
ing the same procedure as obtaining 1a, we were able to obtain
the mono-Boc protected diamines 2a-9a (Fig. 4) in moderate
yields (Table 1). For the racemic tert-butyl (2-aminopropyl)
carbamate (3a), the monoprotection goes to the amine at C-1,
suggesting that 1 eq of Me;SiCl as HCI source, prefers to pro-
tonate amine C-2, that is more basic than the amine at C-1,
leaving the monoprotection at C-1. This was established by
analysis of NMR HMBC experiment were the protons of the
methylene (8 3.15 and 2.90 ppm) correlate with the carbamate
carbonyl (8. 156.3 ppm), confirming the monoprotection on
the C-1 amine. Purity was determined by GC-MS and all mono-
protected diamines 1a-9a were obtained from 93 up to >99%
pure (Table 1). Spectroscopic data were in good agreement with
those reported in the literature [9d, 13c, 16-20].

In conclusion, we have reported an efficient and a simple
“one-pot” reaction for obtaining mono-Boc protected diamines
(1a-9a) using Me;SiCl to generate the mono HCI salt of the
diamines. This method can be extended to other diamines.

General Experimental Procedures

Melting points were obtained on an Electrothermal 88629 appa-
ratus and are uncorrected. Infrared spectra (IR) were recorded

1) Me3SiCl
or SOCl,

2) Boc,O / MeOH R
H,N  NBoc

tert-Butyl (1R,2R)-2-amino-
cyclohexylcarbamate (1a)

Figure 3. Methodology for mono-Boc protection of chiral cyclohexane-1,2-diamine (1a).
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H,N  NHBoc
2a

NH,

A

HZN/\/\NHBOC HZN/\/\/NHBOC H

Sa 6a

HoN™ >"">""NHBoc

8a

4a
/\/\/\/NHBOC
5N
7a
HoN o¢
9a

Figure 4. Mono-Boc protected diamines 2a-9a.

Table 1. Yields and purities on mono-Boc protection of diamines (1a-9a).

Monoprotected
diamine Yield (%) % Purity®
la 66 >99
2a 45 93
3a 72 98
4a 22 96
Sa 24 >99
6a 19 99
Ta 42 99
8a 46 >99
9a 42 >99

# Determined by MS-GC

on a Perkin Elmer FT-IR 1600 spectrophotometer. NMR spectra
were recorded on a Bruker Avance III spectrometer 400 MHz,
in CDCl; with TMS as internal standard. Mass spectra were
obtained on an Agilent Technologies 5975C MS Spectrometer
at 70 eV by direct insertion.

General procedure of mono-Boc protected
of diamines 1a-9a

Each diamine 1-9 (1 eq ~1gr) was added anhydrous methanol
at 0 °C under stirring, followed by the dropwise addition of
freshly distilled Me;SiCl (1 eq). A white precipitate appeared
at the bottom of the flask, the mixture was allowed to come to
RT and water (1 mL) followed by Boc,O (1 eq) in MeOH
(3 mL) was added. The mixture was stirred at RT for 1 hr,

diluted with water (50 mL) and the aqueous layer washed with
ether (2 x 75 mL). The aqueous layer was adjusted to pH >12
with 2N NaOH and extracted into dichloromethane (3 x 50 mL).
The combined organic layers were dried over anhydrous Na-
,S0, and solvent removal gave the corresponding monopro-
tected diamines 1a-9a.

tert-Butyl (1R,2R)-2-aminocyclohexylcarbamate (1a) as a
white solid 1.97 g, 66% yield. [a]*’y= -44° (c 3.0 mg/mL,
MeOH). M.p. 105-107 °C; IR: 3351, 2909, 2888, 1882, 1518,
1239, 1166, 1015, 983 cm™". 'H NMR (400 MHz, CDCl,): &
4.49 (brs, NH), 3.13 (brd, /= 6.2 Hz, 1 H), 2.33 (ddd, /=104,
3.8,3.8 Hz, 1H), 1.98 (m, 2H), 1.70 (m, 2H), 1.45 (s, 9H), 1.28
(m, 2H), 1.12 (m, 2H). '*C NMR (100 MHz, CDCl;): § 156.1,
79.4, 57.6, 55.7, 35.2, 32.9, 28.4, 25.2, 25.1. EIMS m/z: [M]"
214 N.D., 157 (1), 141 (13), 114 (8), 97 (100), 70 (15), 56 (47).
Spectroscopic data were in good agreement with those reported
in the literature [9d, 13c, 16].

The monoprotection for 1, was also carried out with SOCl,
(6.7mmol) as the HCI source (caution! reacts vigorously with
methanol). The addition was carried out at -20° C. Using the
same work-up procedure as above, the final product zerz-Butyl
(1R,2R)-2-aminocyclohexylcarbomate (1a) was obtained in
1.24g, 41%.

tert-Butyl ((1R,2R)-2-amino-1,2-diphenylethyl)carbamate (2a)
White solid (665 mg, 45%); '"H NMR (400 MHz, CDCl,): &
7.32-7.24 (m, 10H), 5.78 (brs, NH), 4.85 (brs, NH,), 4.33 (d, J
=4.2 Hz, 1H), 4.09 (s, 1H), 1.32 (s, 9H). '*C RMN (100 MHz,
CDCly): & 155.7, 143.4, 142.3, 128.5, 128.3, 128.2, 1274,
127.2,127.0, 126.9, 126.8, 126.5, 79.3, 61.9, 60.0, 28.3. EIMS
m/z: [M]" 312 N.D., 238 (2), 222 (3), 196 (2), 150 (7), 106
(100). Spectroscopic data were in good agreement with those
reported in the literature [17].
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tert-Butyl (2-aminopropyl)carbamate (3a) White solid (1.7 g,
72%), M.p. 68-70 °C; "H NMR (400 MHz, CDCl,): § 7.69 (brs,
NH), 5.07 (brs, NH,), 3.14 (brs, 1H), 3.02 (m, 1H), 2.90 (m,
1H), 1.45 (s, 9H), 1.08 (d, J = 6.4 Hz, 3H). '>*C NMR (100
MHz, CDCl,): 6 156.4, 79.2, 47.8, 47.1, 28.4, 20.1. EIMS m/z:
[M]" 174 N.D., 101 (24), 75 (11), 57 (100), 44 (100). Spectro-
scopic data were in good agreement with those reported in the
literature [18].

tert-Butyl (2-aminoethyl)carbamate (4a) White solid (587 mg,
22%), M.p. 64-66 °C; 'H NMR (400 MHz, CDCl,): § 5.55 (brs,
NH), 4.54 (brs, NH,), 3.24 (d, /= 5.2, 2H), 3.15 (brs, 1H), 2.86
(brs, 1H), 1.44 (s, 9H). '*C NMR (100 MHz, CDCl,): § 156.3,
79.3, 41.8, 41.1, 28.4. EIMS m/z: [M]" 160 N.D., 118 (7), 103
(5),87(52), 75 (44), 57 (100), 43 (49). Spectroscopic data were
in good agreement with those reported in the literature [18].

tert-Butyl (3-aminopropyl)carbamate (5a) White solid (565
mg, 24%), M.p. 64-66 °C; '"H NMR (400 MHz, CDCl,): § 5.33
(brs, NH), 4.95 (brs, NH,), 3.21 (d, J = 5.6 Hz, 1H), 3.11 (brs,
1H), 2.82 (t,J = 6.4 Hz, 2H), 1.70 (quint, J = 6.6, Hz, 2H), 1.43
(s, 9H). >*C NMR (100 MHz, CDCl5): 8 156.3, 79.1, 38.4, 37.9,
31.3,28.5. EIMS m/z: [M]" 174 (1), 118 (51), 101 (64), 74 (20),
57 (100). Spectroscopic data were in good agreement with
those reported in the literature [18].

tert-Butyl (4-aminobutyl)carbamate (6a) White solid (406 mg,
19%), M.p. 64-66 °C; 'TH NMR (400 MHz, CDCl,): 8 4.89 (brs,
NH), 3.11 (brs, 4H, CH,, NH,), 2.75 (t, J = 6.4 Hz, 2H), 1.52
(m, 4H), 1.44 (s, 9H). '*C NMR (100 MHz, CDCl,): § 156.1,
79.1,41.3,40.3,29.8,28.5,27.4. EIMS m/z: [M]+ 188 (1), 132
(52), 115 (47), 103 (30), 80 (9), 70 (84), 57 (100). Spectroscop-
ic data were in good agreement with those reported in the liter-
ature [18, 19].

tert-Butyl (6-aminohexyl)carbamate (7a) White solid (781 mg,
42%), M.p. 67-69 °C; "H NMR (400 MHz, CDCl,): & 4.60 (brs,
NH), 3.03 (q, J= 6.0 Hz, 4H), 2.62 (t, /= 7.2, 6.4 Hz, 2H), 2.47
(brs, NH,), 1.37 (brs, 4H), 1.36 (brs, 13H), 1.26 (m, 4H). 1*C
NMR (100 MHz, CDCl,): 6 156.0, 79.0, 41.7, 40.5, 32.9, 30.0,
28.5, 26.6, 26.5. EIMS m/z: [M]" 216 (2), 159 (19), 143 (59),
131 (37), 98 (46), 86 (71), 57 (100). Spectroscopic data were in
good agreement with those reported in the literature [18].

tert-Butyl (7-aminoheptyl)carbamate (8a) White solid (8§14 mg,
46%), M.p. 39-41 °C; "H NMR (400 MHz, CDCl,): & 4.50 (brs,
NH), 3.02 (q, J = 6.4 Hz, 2H), 2.61 (t, J = 7.0 Hz, 2H), 1.56
(brs, NH,), 1.37 (brs, 13H), 1.24 (brs, 6H). *C NMR (100
MHz, CDCl,): 8 155.0, 78.0, 41.1, 39.6, 32.5, 29.0, 28.1, 27.4,
25.8, 25.7. EIMS m/z: [M]" 230 (2), 173 (23), 157 (51), 145
(31), 112 (28), 100 (54), 57 (100). Spectroscopic data were in
good agreement with those reported in the literature [19, 20].

tert-Butyl (8-aminooctyl)carbamate (9a) White solid (711 mg,
42%). "H NMR (400 MHz, CDCls): § 4.51 (brs, NH), 3.03 (q,
J=06.3,6.0 Hz, 2H), 2.62 (t, J = 7.0 Hz, 2H), 2.22 (brs, NH,),

Felipe Antonio Servin et al.

1.37 (brs, 13H), 1.23 (brs, 8H). *C NMR (100 MHz, CDCl,):
6 155.0, 78.0, 40.9, 39.6, 32.2, 29.0, 28.3, 28.2, 27.4, 25.8,
25.7. EIMS m/z: [M]" 249 (4), 187 (25), 171 (58), 143 (19), 114
(35), 57 (100). Spectroscopic data were in good agreement with
those reported in the literature [19, 20].

General protocol for monitoring Mono-Boc
Protection of diamines by gas
chromatography-mass spectrometry (GC-MS)

The analytical GC/MS system used was an Agilent 7890A GC
coupled to 5975C Mass detector Agilent Technologies,
equipped with a HP-SMS capillary column (30 m x 0.25 mm x
0.25 um) Agilent Technologies, Inc. An Agilent Technologies
7693 auto sampler was used to inject 1 uL of a solution sample.
The ionization energy was 70 eV with a mass range of 30 to 800
m/z. The initial temperature of the column was set at 70 °C,
held for 2 min, and then a ramp of 40 °C/min to 250 °C. The
temperature of the injector was set at 250 °C, and the detector
at 230 °C. The flow rate of the carrier gas (Helium) was 1.0 mL/
min injected with a gas dilution of 1:50. Identification of the
individual components was based on comparison with the mass
spectra library (NIST98).
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Abstract. Nano-Fe;0, particles were used as a green and heteroge-
neous catalyst for Beckmann rearrangement under ultrasound irradia-
tion and protic solvent condition in excellent yields. The advantage of
this method was simple, inexpensive, easy work-up procedure, sup-
pression of any side product.

Keywords: Beckmann rearrangement; Nano-Fe;O, particles; Ultra-
sound irradiation; Ketoximes; Heterogeneous catalyst.

Resumen: Se emplearon nanoparticuloas de Fe;O, como catalizado-
res sustentables y heterogéneos para efectuar transposiciones de Bec-
kmann en condiciones de irradiacion con ultrasonido y solventes
proticos con excelentes rendimientos. Las ventajas de este método es
que es simple, barato, facil de procesar y sin subproductos.

Palabras Clave: Transpocicion de Beckmann; nanoparticulas de
Fe;0,; irradiacion con ultrasonido; cetooxima; catalisis heterogenea.

1. Introduction

Although nanocatalysts encompass several advantages over
conventional catalyst systems [1], however, isolation and re-
covery of these tiny nanocatalysts from the reaction mixture is
not easy [2]. To overcome this issue, the use of magnetic
nanoparticles has emerged as a viable solution; their insoluble
and paramagnetic nature enables easy and efficient separation
of the catalysts from the reaction mixture with an external
magnet [3]. Moreover, better control and understanding of the
magnetic properties is now an essential tool [4, 5]. Na-
no-Fe;0, particles offer potential for creation of novelty in a
chemical reaction, such as a Sonogashira coupling reaction,
oxidation of alcohols, Munich-type reaction, and cross-cou-
pling Suzuki-Miyaura reaction [6]. On the other hands, short-
er reaction times and solvent-free condition provided by
ultrasound synthesis make it ideal for rapid reaction scouting
and optimization of reaction conditions [7]. Therefore, appli-
cations for sonochemistry can be found in many areas, but
sonochemical processes are most widely developed for het-
erogeneous reactions [8].

NOH

So, combination of nano-size magnetic (Fe;O,) particles as
green nanocatalyst and ultrasound irradiation provided a realis-
tic way for synthetic organic compounds [9].

The Beckmann rearrangement of ketoximes to secondary
amides is an important process step in production of organic
compounds [10]. For example, Beckmann rearrangement of cy-
clohexanone oxime produces e-caprolactam. e-caprolactam is a
colorless solid cyclic amide. (a lactam) with the formula
(CH,)sC(O)NH. Mainly all caprolactam production goes has
produced nylon 6 polymer. Nylon-6 is widely used in fibers and
plastics [11, 12]. Many methods have been developed for the
Beckmann rearrangement, such as Ti/montmorillanite [13],
SOCl,/B-cyclodextrin [14], pivaloylchloride [15], H,SO,/Nano
SiO, [16]. However, some of these methods suffer from differ-
ent disadvantages such as tedious work-up procedure, drastic
reaction conditions, long reaction times, undesired chemical
yields and use of expensive and toxic reagents. Therefore, a
milder, more selective, non-hazardous and inexpensive reagent
is still required for such transformation [17].

In this article, we have arrived at a method that produces
secondary amides in an ecologically responsible method, in
which no aggressive reagents and non-hazardous solvents are
used (Scheme 1).

Nano-Fe;0, particles R Jk

R R'

R,R'=CHj3,Aryl

> N7 R

Ultrasound irradiation/H,0 H

Schemel. Process for synthesis secondary amides.
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2. Experimental procedure:

2.1. Chemicals and apparatus

Sonication was performed by using a Cole Palmer high intensi-
ty ultrasonic processor (600W, 20 KHz) via a micro-tip probe
and 30% amplitude. Nano-Fe;0, particles and Oximes are pre-
pared with high purity according to the reported procedures in
the literature [18, 19]. Melting points were determined by Phil-
ip-Harris is melting point apparatus and are uncorrected. IR
spectra were recorded on a Thermo Nicolet Nexus 670 FT-IR
spectrophotometer. 'H and '3C NMR spectra were recorded on
a 300 MHz Bruker Avance spectrometer in 300.13 and 75.46
MHz as CDCI; solution. The J values are in Hertz and the
chemical shifts are expressed in ppm downfield from internal
TMS. XRD and SEM spectra were recorded on Philips X pert
PW3040/60 and MIRA3 TESCAN, respectively. All yields re-
fer to isolated pure products. TLC using silica gel 60 GF,s, alu-
minum sheet was applied for determination of the purity of
substrates and products as well as monitoring the reaction.

Method, General procedure for synthesis e-caprolactam of
cyclohexanone oxime with nano Fe;O4 under ultrasound
irradiation:

Nano Fe;O, (106.7gr, 0.5mol) and cyclohexanone oxime
(113.2gr, 1mol) was ground in a mortar for 10 minutes, com-
pletely mixture together, then add to 10 ml H,O in a round bot-
tom flask equipped with a magnetic stirrer. The stirred reaction
mixture was irradiated with ultrasound waves at 60 °C. Sonica-
tion was continued for 45 min, and the progress of the reaction
was monitored by TLC (eluent: CCL/Et,O (5/2)). At the end of
the reaction, the mixture was filtered in the presence of an effi-
cient magnetic bar and separate nanocatalyst then extracted
with diethyl ether (3x5 mL). The extracts were combined and
dried over Na,SO,. After evaporation of the solvent the e-capro-
lactam was obtained, in 98% yield (110.9gr, Table 2: entry 1).

2.2. Spectral data of selected products:

g-caprolactam (Table2,entry1). White solid, m.p. 68-70°C. IR
(KBr, v,,,.): 3294, 3196, 3083, 3045, 1665, 1599, 1538, 1489,
1393, 1324, 1265, 1042, 999.9, 908, 761, 694, 534, 506 cm™";
'HNMR (300 MHz, CDCl,, 6 ppm): 1.64-1.85 (m, 6H), 2.33-
2.47 (m, 2H), 3.02 (d, 2H, J=3.9), 6.59 (S,1H).; '*C NMR (75
MHz, CDCls, § ppm): 23.16, 29.63, 30.56, 36.56, 42.91, 77.45,
179.34.

N-(4-Aminophenyl) acetamide (Table 2, entry3). White sol-
id, m.p. 165°C. IR (KBr, v,,,,): 3358, 3231, 3038, 1654, 1549,
1513, 1321, 1257, 1015, 834, 522 cm™'.; "THNMR (300 MHz,
CDCl;, 0 ppm): 2.14 (s, 3H, CH;), 3.49 (bs, 2H, NH,), 6.64 (d,
J=8.1 Hz, 2H, Ar), 6.66(s, 1H, NH), 7.26 (d, /=12, 2H, Ar) .;
3C NMR (75 MHz, CDCls, & ppm): 24.27, 115.40, 116.74,
122.21, 144.3, 169.

Acetanilide (Table 2, entry 2). White solid, m.p. 114°C. IR
(KBr, v,,): 3294, 1662, 1602, 1551, 1493, 755, 698 cm..;
'HNMR (300 MHz, CDCl,, 6 ppm): 2.12 (s, 3H), 7.08 (t, IH, J
=8.0Hz), 7.23 (t,2H,J=8.0 Hz), 7.52 (d, 2H, J=8.0 Hz), 8.54
(br. s, 1H, NH) .; '*C NMR (75 MHz, CDCl;, 6 ppm): 168.9,
138.1, 128.8, 124.2, 120.2, 24.1 (CH,).

3. Results and discussion

Catalyzed organic transformations in the aqueous reaction me-
dium are one of the ideal solutions for the development of green
and sustainable protocols [20]. However, the execution of many
organic reactions in water is not simply due to the inherent lim-
itation of solubility of non-polar reactants in polar aqueous me-
dium [21]. Which can be overcome by using ultrasound and
microwave irradiation conditions [22]. Thus, when we applied
nanocatalyst with ultrasound irradiation in the water medium,
seems to be the perfect way to reach highly efficient chemical
process.

Among nanomaterials magnetic nanoparticles are of more
interest to chemical researchers owing to their praiseworthy
magnetic, catalysis, photo catalysis and environmental remedi-
ation properties [23]. While talking about, various magnetic
nanoparticles, magnetite (Fe;O,) has been used for a several
wide number of applications due to its super paramagnetic
properties [24, 25].

The literature review shows that some methods such as
chemical synthesis [26], thermal decomposition [27], hydro-
thermal synthesis [28], microwave assisted [29] synthesis is
widely used to produce pure Fe,O, particles due to its ability to
control the particle size, size distribution and morphology
through systematic monitoring of the reaction parameters. So
we prepared Nano-Fe;0, particles with the chemical synthesis
method and structure of nanoparticle elucidation was carried
out by FT-IR, XRD and scanning electron microscopy (SEM).
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Figure 1. Infrared spectra of the nano Fe;0,
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Figure 2. (A) XRD pattern of obtaining samples, (B) standard diffraction spectrum (JCPDS: 65-3107).
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Figure 3. SEM pattern of obtaining nano Fe;0,.

The FT-IR spectra of the synthesized Fe;O, nano particles
(Figurel) show the intense peaks at 562 cm™! band, that is due
to the stretching vibration mode associated with the metal-oxy-
gen absorption band (Fe — O bonds in the crystalline lattice of
Fe;0,) [30].

Figure 2 shows X-ray diffraction patterns of synthesized
Fe;0, nanoparticles. Comparing XRD pattern of synthesized
particles with the standard diffraction spectrum (JCPDS: 65-
3107), the synthesized product is crystalline Fe;O, and the av-
erage particle size was calculated to be 16.81 nm using the
Sherrer’s equation [31].

Therefore XRD particle size calculations are not quite accu-
rate, justifying SEM observations. Corresponding SEM micro-
graph is shown in Figure 3, where particles are homogeneously

dispersed. Particles are almost spherical with 20 nm average
diameter.

In continuation of our efforts towards the development of
application Nano-Fe;0, particles in organic synthesis [32] and
on the other hand, ultrasound irradiation as an unconventional
energy source has been widely used to perform many kinds of
chemical reactions and numerous reviews and papers demon-
strated its importance [33, 34, 35]. We decided to synthesis sec-
ondary amides of ketoximes at present of Nano-Fe;0,, particles
as green nanocatalyst under ultrasound irradiation as effective
method.

Although the Beckmann rearrangement is carried out with
FeCl; [36] and Silferc (anhydrous FeCl; supported on silica-gel
by co-grinding method) [37], however, the reported methods
suffer from the limitation in long reaction times, tedious work-
up procedures.

We first optimized reaction conditions with cyclohexanone
oxime compound by nano Fe;O, under ultrasound irradiation.
As shown in the experimental section, before adding H,O as a
green solvent to reaction, substrate and nanocatalyst grinding in
a mortar for a moment, that increase the number of collisions
between OH groups of ketoximes and nanoparticle surface, that
will increase the reaction rate. The results showed that using a
0.5 molar equivalent of nano Fe;0, per molar equivalent of the
oxime and 30% power amplitude of the ultrasound was the best
optimum for synthesis e-caprolactam. The reaction was com-
pleted in 45 min and e-caprolactam was obtained in 98% yield
(Table 1).

As described in Table 1, the higher yield, shorter reaction
time and milder reaction condition gained under ultrasonic irra-
diation over in the other reaction condition present in the table
(oil bath and reflux), even with a mixture of H,O(2ml)/
CH;CN(2ml) for increase solve cyclohexanone oxime in sol-
vent. that is a result of the implosive collapse of the cavitation
period of the sound waves. When the formed bubbles burst, it
results in high temperature and high pressure which facilitate
the intermolecular reaction [38].
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TABLE 1. Optimization experiments for synthesis e-caprolactam with nano Fe;O,, under ultrasound irradiation using 1mmol of cyclohexanone oxime.

Reaction Molar Time, Conversion®, Yields,

Entry components ratio Condition * min % %

1 Oxime /nano Fe;0, 1/0.5 H,0/US- irradiation 45 100 98

2 Oxime /nano Fe;0, 1/1 H,0/US- irradiation 15 Mix <10

3 Oxime /nano Fe;0, 1/0.25 H,O/US- irradiation 30 68 50

4 Oxime /nano Fe;0, 1/1 Solvent-free/oil bath 60 35 14

5 Oxime /nano Fe;0, 1/1 H,0:CH;CN/reflux 60 2 <1

6 Oxime /bulk Fe;0, 1./0.5 H,O/US- irradiation 75 <5 <1

7 Oxime /bulk Fe;0, 1/1 H,0/US- irradiation 50 <1 <1

# Temperature of oil bath was 70-80 °C and irradiation with ultrasound was carried out under 30% amplitude.

® monitored by TLC.

In routine chemical reaction applied nanocatalyst in sol-
vent less condition, occur more efficiently and with more selec-
tivity compared to reaction carried out in a solvent [39] (table 1,
entry 4,5).)

Likewise, we have applied this protocol for the rearrange-
ment of aliphatic, aromatic ketoximes and the result summa-
rized in Table 2. Both activated and deactivated aromatic
ketoximes were converted to corresponding amides.

On examination of Table 2 some observations can be made.
In all cases only one of the two possible amides were recovered.
However, in case of aliphatic and cyclic systems, the reaction
proceeds with quantitative conversion in reasonable time (35-
45min). Moreover the results showed that migration of an alkyl
group predominates over that of an aryl group (entry 5).

A case study in table 3 shows that aldoximes were deoxi-
mation completely to the corresponding carbonyl compounds
under the experimental conditions.

TABLE 2. Beakmann rearrangement of ketoximes with nano Fe;O, system.?

Molar Time, Conversion®, Yield®, M.p./°C
En Substrate Product ratio ° min % Yieldd, % % (Lit.)f
N
1 ij 1/0.5 45 100 98 97 70(71)
NOH u
N 114(114-
2 1/0.5 50 100 97 97
115)
NOH H
N ° 165(163
3 /O/ T 1/0.5 50 100 97 95 166)
H,N H,N
NOH 0
N O
4 /O/ T 1/0.5 50 100 95 95 215(215)
O,N O,N
(6]
5 /\!(OH /\Ek 1/0.5 35 100 95 95 -

* All reaction carry out under ultrasound irradiation(30% amplitude).
® Molar ratio as Sub./Nano Catalyst.
¢ monitored by TLC.

4 Determined after work-up procurer.
¢ Yields refer to isolated pure products from 5 g substrate.
TLit. m.p. obtained from ref. 41-44.



32 J. Mex. Chem. Soc. 2017, 61(1) Mostafa KarimKoshteh ez al.

TABLE 3. Deoximation of aldoximes to corresponding carbonyl compounds.?

Molar
En Substrate Product ratio ® Time, min Yield®, % Yieldd, %
CHNOH CHO
1 ©/ ©/ 1/0.5 32 98 95
CHNOH CHO
2 /©/ /O/ 1/0.5 45 96 95
H,;CO H,;CO
CHNOH CHO
3 /O/ /O/ 1/0.4 41 98 97
O,N O,N
Cl CHNOH Cl CHO
4 \O/ \O/ 1/0.5 35 98 95
Cl Cl
CHNOH CHO
5 1/0.5 45 97 95
Cl Cl
CHNOH CHO
1/0.5 35 98 98

Q
Q

Cl Cl

* All reaction carry out under ultrasound irradiation(30% amplitude).
® Molar ratio as Sub./Nano Catalyst.

Also for showing the advantages of this method, we ap-
plied the experiments for converting of five grams of some ox-
ime compound used in this protocol and the result shown in the
tables 2 and 3.

In continuous for application reported protocol, ketoximes
selective rearrangement to the corresponding amides in the
presence of aldoximes under the experimental conditions

¢ Determined after work-up procurer.
4Yields refer to isolated pure products from 5 g substrate.

In Beckmann rearrangement hydroxyl group of a ketoxime
is removed by the acidic catalyst and generate a divalent sp-hy-
bridized azacation. Were this to occur, both carbon substitutes
would be candidates for the subsequent 1, 2-shift, followed by
hydrolysis, an amide is formed. The present results thus also
indicate the migration of the group anti to the oxime hydroxyl

(Scheme 2). group [40].
CHNOH /O/\o
O,N
O,N Nano Fe;0, (0.5mol) 20%
1mol >
NOH Ultrasound irradiation (30% amplitude)/H,0/60 min H
N\H/
s /O/ (0]
O,N
ON 100%
Imol

Scheme 2. Competitive reaction of aldoxime and ketoxime in the presence of nano Fe;O, (approximately determined from TLC).
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Scheme 3. A plausible mechanism for synthesis -caprolactam.

As listed in Table 2, for substrate with less than 5 grams,
substrates bearing electron-donating groups in the para-posi-
tion of the phenyl ring (Entry 3) were found to undergo 1,2-mi-
gration much faster than those with electron-withdrawing
functionalities (Entry 4), suggesting that when an electron-do-
nating group is present, the ring becomes more electrostatically
negative, resulting in the enhancement of the migration rate,
but for substrate with more than of 5 gram scale, based on the
qualitative analysis by GC-MS, the cause of reducing the yield
of the amide (entry 3), could be known as a byproduct (corre-
sponding ketone).

A plausible mechanism for the Nano-Fe;0, particles cata-
lyzed Beckmann rearrangement on ketoxime to corresponding
amide was illustrated in Scheme 3. The Nano-Fe;0, particles
facilitate the rearrangement process through co-ordination with
— OH of ketoximes, followed by the transfer of R group.

In continuing to evaluate the recyclability and reusability
of the Fe;O, nanocatalyst, we performed the Beckmann rear-
rangement of cyclohexanone oximes with nanocatalyst under
the optimized reaction conditions. After the completion of the
reaction, the catalyst was easily separated from the reaction
system and the recovered Fe;O, nanocatalyst was washed by a
sufficient amount of water and acetone. Finally, the nanocata-
lyst was dried in an oven at 50°C overnight before the use for
next catalytic cycle, and reused for four consecutive runs, the
result showed that the Fe;O, nanocatalyst could be effectively
recycled and reused up (the conversions, yield and selectivity’s
were 100%, 98% and 100% for 1st run; 98%, 95% and 100%
for 2nd run; 97%, 89% and 95% for 3rd run; 90%, 86% and
95% for 4th run).

4. Conclusion

In this paper, we have shown the application of Nano-Fe;0,
particles efficiently catalyzed synthesis secondary amides in
high yields under green solvent conditions. Simplicity, excel-
lent yields, mildness and eco-friendly aspects of this synthetic
protocol are the advantages which make this system an effec-
tive way to the present methodologies in this area.
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Abstract. Various potentials antibacterial fluoroquinolone com-
pounds were prepared by the direct amination of 7-halo-6- fluoro-
quinolone-3-carboxylic acids with variety of piperazine derivatives
and (4aR,7aR)-octahydro-1H-pyrrolo[3,4-b] pyridine using (NH,),,
[Mo"1,M0Y ¢50575(CH;CO0),4(H,0)5,], a Keplerate-type giant-ball
nanoporous isopolyoxomolybdate, as a catalyst in refluxing water. The
results showed that this catalyst acts as effective catalyst and the reac-
tion proceeded more easily and gave the highest yields of the products
in short reaction time under refluxing water. Short reaction times, sim-
ple isolation of the products, and usage of eco-friendly catalysts are
some features of this procedure. In addition, the catalysts was easily
recovered and used in multiple catalytic cycles. This material was pre-
pared according to a previously published literature procedure using
inexpensive and readily available starting materials.

Keywords: Fluoroquinolone derivatives; fast and green synthesis;
Keplerate {Mo,3,}.

Resumen. Se prepararon varios derivados de la fluoroquinolona con
actividad antibacterial potencial por aminacion directa de acidos 7-ha-
lo-6-fluoroquinolona-3-carboxilicos con derivados de la piperazina
empleando como catalizador un isopolioxomolibdato nanoporoso
“giant-ball” en agua a ebullicion. Los resultados demuestran que este
catalizador actua como un catalizador efectivo y que la reaccion pro-
cede mas facilmente y da mejores rendimientos bajo tiempos de reac-
cidn cortos en agua a ebullicion. Algunas caracteristicas importantes
de este método son tiempos de reaccion cortos, aislamiento simple de
los productos y el empleo de catalizadores amigables con el ambiente.
Ademas, el catalizador fue facilmente recuperado y usado en multiples
ciclos cataliticos. El material fue preparado de acuerdo a un procedi-
miento previamente publicado empleando materiales baratos y dispo-
nibles comercialmente.

Palabras clave: Derivados de la flouroquinolona; sintesis rapida y
verde; Keplerate {Mo3,}.

Introduction

Fluoroquinolones have been a class of important of synthetic
antibacterial agents which are widely used in clinic for the
treatment of infectious diseases [1,2]. These compounds act
with an excellent activity against gram-negative and compara-
tively moderate against gram-positive bacteria [3-7]. Mecha-
nism of action of these compounds is based on inhibition of an
enzyme essential for bacterial DNA replication called DNA
gyrase [8]. It also appears that some fluoroquinolones possess
anticancer and even anti-HIV activities [9-11].

Despite there are still certain undesired events in usage of
fluoroquinolones for therapeutic purposes, fluoroquinolones
are one of the most important antimicrobial agents with many
advantages for clinical use. Therefore there has been a growing
interest in the structure modification of the fluoroquinolone
skeleton and in the development of its new derivatives with in-
creasing efficacy to prevention of hospital-acquired infections
induced by fluoroquinolone-resistant pathogens [12-14]. Re-
cent studies have shown that substituents at the 7-position of
the fluoroquinolone framework highly affect their biological

activity, antimicrobial spectrum, strength and target preferences
[15]. For example, piperazinyl moieties substitution at this po-
sition of fluoroquinolones increase their basicity, lipophilicity
and their ability to penetrate into cell walls which leads to a
wide range of clinically beneficial fluoroquinolone such as cip-
rofloxacin, enrfoloxacin, levofloxacin, etc. [16-18].

Many synthetic protocols have been developed to acceler-
ate the rate of amination of fluoroquinolones and to improve the
yield [19-29]. Major drawbacks of these procedures include
expensive reagents, use of large amounts of toxic organic sol-
vents, prolonged heating and side reactions or using micro-
wave. These disadvantages are not acceptable in the current
pharmaceutical industry. Therefore, the development of a new
greener and more convenient method for the synthesis of fluo-
roquinolones is highly desirable.

Giant nanosized porous Keplerate-type POMs was report-
ed for the first time by Miiller and co-workers [30]. The Ke-
plerate and giant nanosized porous POMs show unique features
which can be considered as the basis of a new type of nano-
chemistry and nanomaterials science [31, 32]. They find a large
variety of applications in principal and applied science, such as


mailto:nakhaei_a@yahoo.com
mailto:nakhaei_a@mshdiau.ac.ir

36 J. Mex. Chem. Soc. 2017, 61(1)

in modelling passive cation transport through membranes, en-
capsulation, nanoseparation chemistry, and magnetic and optics
properties [33,34].

According to the excellent acidic properties of solid poly-
oxometalate acids, in the last three decades, many applications
as the useful and versatile acid catalysts have found in these
structures [35]. Polyoxometalate acids are generally solids that
are unsolvable in non-polar solvents but extremely soluble in
polar ones and they can be used in both homogeneous and het-
erogeneous systems. Furthermore, these structures have a num-
ber of utilities involving powerful flexibility in qualification of
the acid potency, easy handling, environmental friendly,
non-toxicity and facile synthesis [36,37].

As a result of global interest in the ongoing research to-
wards the development of environmentally friendly methods
for the synthesis of organic compounds especially com-
pounds that are frequently used in current pharmaceutical in-
dustry, we report herein facile and efficient green synthesis of
fluoroquinolones as potential antibacterial with short reaction
time by the two-component condensation of variety amines and
some 7-halo-6-fluoroquinolone-3-carboxylic acids using a Ke-
plerate-type giant-ball nanoporous isopolyoxomolybdate,
{Mo,s,}, as a new catalyst with high catalytic activity under
reflux condition in high yield.

{Mo3,}
H,0, Reflux
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In continuation of our previous works on the applica-
tion of (NHy),[Mo"!;,MoY037,(CH;CO0)3(H,0)75], a
Keplerate-type giant-ball nanoporous isopolyoxomolybdate,
represented as {Mo;s,}, as a catalyst for a series of organ-
ic transformations [38-40], we report here the application of
this material as highly efficient and reusable novel catalyst to
promote the reaction time, and yields of fluoroquinolone de-
rivatives from the reaction of some 7-halo-6-fluoroquinolone
carboxylic acid 1 and amine 2 in refluxing water under clean
synthesis (Scheme 1). The diameter of this ball-shaped POM
which calculated theoretically is 2.9 nm [31,32]. For the first
time this molybdenum cluster has been characterized by the
TEM image by Polarz et al. [33]. The TEM picture clearly
shows a periodic structure with an average size approximate-
ly 3 nm diameter. This experimentally obtained diameter fits
nicely with the theoretical value for the inner diameter of the
ball-shaped POM [31, 32].

Results and discussion
The {Mo,s,} catalyst was characterized using FT-IR and UV—

visible spectroscopies as reported in our previous work [38].
The catalytic activity of this material was evaluated in the

R3H

1a X=Cl, R'= Cyclopropyl, R?*=H 2w R3= Piperazinyl

1b X=F, R'= Cyclopropyl,R?>= -OCHz 2X R3= 4-methylpiperazin-1-yl

1c X=F, R'& R2=-CH(CHy)CH,0- 2y R®= 4-ethylpiperazin-1-yl

ISR H ou
1d X=F, R'& R%= (')J\ N
2z R%= —N
H

Y

3aw (92%) R'= Cyclopropyl, R%=H, R3= Piperazinyl

3ax (96%) R'= Cyclopropyl, R?>=H, R®= 4-methylpiperazin-1-yl

3ay (97%) R'= Cyclopropyl, R?>=H, R3= 4-ethylpiperazin-1-yl
H H

N
3az (91%) R'= Cyclopropyl, R?>=H, R%= —N<j/\j
H

H
H N

3bz (89%) R'= Cyclopropyl, R>= -OCH; R3= —N

3cw (91%) R'& R2= -CH(CH3)CH,0- R3= Piperazinyl H
3cx (89%) R'& R?= -CH(CH3)CH,0- R®= 4-methylpiperazin-1-yl

3dw (95%) R'& R?= (I)\)\ R3= Piperazinyl
T
3dx (93%) R'& R?= O\/k R3= 4-methylpiperazin-1-yl

T
3dy (88%) R'& R?>= O\)\ R3= 4-ethylpiperazin-1-yl
H H

N
R3= —N

H
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Scheme 1. Synthesis of fluoroquinolone derivatives in the presence of {Mo3,} under refluxing water.
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synthesis of fluoroquinolone derivatives. At first, the synthesis
of compound 3ay was selected as a model reaction to determine
suitable reaction conditions. The reaction was carried out by
mixture of 7-chloro-1-cyclopropyl-6-fluoro-4-oxo-1,4-dihy-
droquinoline-3-carboxylic acid 1a (1 mmol) and N-ethylpiper-
azine 2y (1.5 mmol) in the presence of different amounts of
{Mo,3,}, and various solvents such as EtOH, H,0, MeOH,
CH;CN, CH,Cl,, and also under solvent-free conditions at dif-
ferent temperature (Table 1). Long reaction times (>120 min)
and not so good yields (45 %) of the product 3ay were obtained
in the absence of the catalyst in all cases (entries 1-5). On the
other hand, different amounts of the catalyst (0.02, 0.04, 0.06,
0.08, and 0.1) in the presence of the solvents or solvent-free
condition in various temperatures caused to improve the yields
and times of the reaction. Moreover, the best results in the pres-
ence of different amounts of catalyst were in refluxing solvents.
These outcomes show that catalyst, solvent, and temperature

are necessary for this reaction as well polar solvents were better
than other non-polars. Also, the best yields and short reaction
times were obtained in 0.08 g of the catalyst in water at differ-
ent temperature (entries 12-14). Whereas, further increase in
catalyst amount to 0.1 g, did not improve the product yield and
reaction time (entry 15). Among the tested solvents and also
solvent-free conditions and various amounts of the catalyst,
the reaction was more facile and proceeded to give the high-
est yield (97%), and short reaction time (30 min), using 0.08
g of {Mo,s,} in H,O (5 ml) at reflux temperature (entry 12).
All subsequent reactions were carried out in these optimized
conditions.

According to these results, and in order to generalize this
model reaction, we developed the reaction of 1a-d with a range
of various amines 2w-z under the optimized reaction condi-
tions. The condensation of 1a-d and 2w-z afforded the prod-
ucts 3 in high yields over relatively short reaction times in

Table 1. Optimization of reaction conditions for the synthesis of compound 3ay catalyzed by {Mo,3,}."

Entry Catalyst (g) Solvent T/°C Time/min Isolated Yield/%
1 None EtOH Reflux 125 29
2 None H,0 Reflux 125 42
3 None H,0 r.t. 160 34
4 None Solvent-free 100 150 16
5 None Solvent-free 120 150 19
6 0.06 Solvent-free 120 100 27
7 0.08 Solvent-free 120 100 31
8 0.08 Solvent-free 100 100 25
9 0.02 H,0 Reflux 80 59
10 0.04 H,0 Reflux 60 76
11 0.06 H,0 Reflux 40 88
12 0.08 H,0 Reflux 30 97
13 0.08 H,0 80 50 90
14 0.08 H,0 r.t. 40 82
15 0.1 H,0 Reflux 30 96
16 0.04 EtOH Reflux 70 58
17 0.06 EtOH Reflux 50 71
18 0.08 EtOH Reflux 45 86
19 0.08 EtOH r.t. 50 75

20 0.06 MeOH Reflux 60 63
21 0.08 MeOH Reflux 55 81
22 0.08 MeOH r.t. 60 74
24 0.06 CH,;CN Reflux 70 48
25 0.08 CH,;CN Reflux 65 78
25 0.08 CH;CN r.t. 70 67
26 0.06 CH,Cl, Reflux 70 45
27 0.08 CH,Cl, Reflux 60 57
28 0.08 CH,Cl, r.t. 80 49

* Reaction conditions: Ethyl 7-chloro-6-fluoroquinolone-3-carboxylic acids 1a (1 mmol) and N-ethylpiperazine 2y (1.5 mmol).
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refluxing water. The {Mo,;,} efficiently catalyzed the reac-
tions, giving the desired products in high yields over relatively
short reaction times. Easy separation of obtained products from
the catalyst makes this method useful for the synthesis of fluo-
roquinolones. Purity checks with melting points, TLC, HPLC
(>92%), and the "H NMR spectroscopic data reveal that only
one product is formed in all cases and no undesirable side-prod-
ucts are observed. The structures of all known products 3 were
deduced and compared with those of authentic samples from
their melting points, 'H NMR, '3C NMR, and FT-IR spectral
data [18-29].

To test the recyclability of {Mo,3,}, after completion of the
model reaction, the catalyst was recovered according to the pro-
cedure described in the experimental section. The separated
catalyst was dried at 60 °C under vacuum for 1 h before being
reused in the same reaction. The catalyst could be used at least
five times without significant reduction in its activity (97, 96,
94, 94, 93 % yields in first to fifth use, respectively) which
clearly demonstrates the practical reusability of this catalyst.

Although we did not investigate the reaction mechanism,
on the basis of our previous reports [38-40], it is reasonable to
assume that several accessible Mo sites and NH, groups in
{Mo,3,} could act as Lewis acid and Bronsted acid centers, re-
spectively, and therefore promote the necessary reactions. The
catalyst would play a significant role in increasing the electro-
philic character of the electrophiles in the reaction.

Conclusion

In conclusion, in this paper we developed the synthesis of fluo-
roquinolone derivatives 3aw, 3ax, 3az, 3bz, 3cw, 3cx, 3dw,
3dx, 3dy, and 3dz in the presence of {Mo,,}, a Keplerate-type
giant-ball nanoporous isopolyoxomolybdate, as a highly effec-
tive heterogeneous catalyst for the direct amination of 7-ha-
lo-6-fluoroquinolone-3-carboxylic acids la-d with several
amines 2w-z in refluxing water. This method provided these
products in high yields over short reaction time, following a
facile work-up process. The catalyst is inexpensive and easily
obtained, stable and storable, easily recycled and reused for
several cycles with consistent activity.

Experimental

Chemicals and apparatus

All chemicals were available commercially and used without
additional purification. The catalyst was synthesized according
to the literature [32]. Melting points were recorded using a Stu-
art SMP3 melting point apparatus. The FT-IR spectra of the
products were obtained with KBr disks, using a Tensor 27
Bruker spectrophotometer. The '"H NMR (300 MHZ) and "*C
NMR (75 MHZ) spectra were recorded using Bruker spectrom-
eters.

Yahya Mirzaie et al.
Typical procedure

A mixture of 7-chloro-1-cyclopropyl-6-fluoro-4-oxo-1,4-dihy-
droquinoline-3-carboxylic acid 1a (1 mmol) and N-ethylpiper-
azine 2y (1.5 mmol) and {Mo3,} (0.08 g) as catalyst in H,O (5
ml) was heated under reflux for the appropriate time. The reac-
tion was monitored by TLC. Since the catalyst solubility is very
high in cold water, after completion of the transformation, the
reaction mixture was allowed to cool down into room tempera-
ture. The crude product was collected by filtration, washed with
H,0 and recrystallized from ethanol to give desired compounds
3ay. The catalyst could be readily recovered from the combined
filtrate after evaporation to dryness under reduced pressure and
washing with hot ethanol.

1-Cyclopropyl-6-fluoro-4-oxo-7-(piperazin-1-yl)-1,4-dihydro-
quinoline-3-carboxylic acid (3aw)

HPLC Purity: 99.14%; Yield: 92%; 20 min; m.p: 254-256 °C
(lit. [23] 255-257 °C); FT-IR (v, em’! KBr disc): 3533, 3335,
3033, 2912, 1705, 1623, 1494, 1447, 1383, 1271, 1144, 1024,
804; 'H NMR (300 MHz, DMSO-dy): & 1.15-1.20 (m, 2H,
CH,), 1.30-1.35 (m, 2H, CH,), 2.90 (t, J = 6.0 Hz, 4H, 2CH,),
3.22 (t,J=6.0 Hz, 4H, 2CH,), 3.75-3.85 (m, 1H, CH), 7.47 (d,
J=9.0 Hz, 1H, C8H), 7.75 (d, J = 15.0 Hz, 1H, C5H), 8.58 (s,
1H, C2H); 3C NMR (75 MHz, DMSO-dy): 7.9 (CH,), 36.2
(NCH), 45.8 (2NCH,), 51.1 (2NCH,), 106.9 (C3), 107.1 (C8),
111.4 (CS), 118.7 (C4a), 139.6 (C8a), 146.1 (C7), 148.2 (C2),
154.0 (C6), 165.6 (COOH), 176.6 (C4); Anal. Calc. for C;;H-
18FN;05 (%): C, 61.62; H, 5.48; N, 12.68. Found: C, 61.54; H,
5.37; N, 12.62.

1-Cyclopropyl-6-fluoro-7-(4-methylpiperazin-1-yl)-4-oxo-1,
4-dihydroquinoline-3-carboxylic acid (3ax)

HPLC Purity: 97.92%; Yield: 96%; 25 min; m.p: 245-247 °C
(lit. [22] 248-250 °C); FT-IR (v, cm’! KBr disc): 3428, 3093,
2935,1729, 1626, 1507, 1469, 1378, 1299, 1142, 1007, 885; 'H
NMR (300 MHz, DMSO-dy): 6 1.17 (s, 2H, CH,), 1.32 (d, J =
9.0 Hz, 2H, CH,), 2.23 (s, 3H, NCH;), 2.20-2.35 (m, 4H,
2CH,), 3.00-3.10 (m, 4H, 2CH,), 3.75-3.85 (m, 1H, CH), 7.47
(d, J=6.0 Hz, 1H, C8H), 7.75 (d, /= 12.0 Hz, 1H, C5H), 8.62
(s, 1H, C2H); 3C NMR (75 MHz, DMSO-d,): 8.0 (2CH,), 31.2
(NCH,;), 36.3 (NCH), 45.9 (2NCH,), 49.4 (2NCH,), 106.0
(C3), 107.1 (C8), 111.0 (C5), 118.0 (C4a), 139.6 (C8a), 146.1
(C7),148.3 (C2), 151.0 (C6), 166.3 (COOH), 176.7 (C4); Anal.
Calc. for C gH,,FN;05 (%): C, 62.60; H, 5.84; N, 12.17; Found:
C, 62.53; H, 5.78; N, 12.11.

1-Cyclopropyl-7-(4-ethylpiperazin-1-yl)-6-fluoro-4-oxo-1,
4-dihydroquinoline-3-carboxylic acid (3ay)

HPLC Purity: 99.06%; Yield: 97%; 30 min; m.p: 218-220 °C
(lit. [22] 219-221 °C); FT-IR (v, em™' KBr disc): 3533, 3335,
3033, 2912, 1738, 1627, 1470, 1381, 1337, 1254, 1154, 1022,
803; 'TH NMR (300 MHz, DMSO-d,): 8 1.05 (t,J = 7.0 Hz, 3H,
CH,;), 1.10-1.35 (m, 4H, 2CH,), 2.42 (q,J= 6.0 Hz, 2H, NCH,),
2.50-2.60 (m, 8H, 4CH, overlapped with solvent), 3.75-3.85
(m, 1H, CH), 7.55 (d, /= 6.0 Hz, 1H, C8H), 7.88 (d, /= 15.0
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Hz, 1H, C5H), 8.65 (s, 1H, C2H), 15.23 (s br., 1H, COOH); *C
NMR (75 MHz, DMSO-dy): 8.0 (2CH,), 12.4 (CH;), 36.2
(NCH), 40.7 (NCH,), 49.8-52.4 (4NCH,), 106.5 (C3), 107.1
(C8), 111.3 (C5), 118.8 (C4a), 139.5 (C8a), 145.5 (C7), 148.1
(C2), 155.0 (C6), 166.3 (COOH), 176.5 (C4); Anal. Calc. for
C,oH,,FN;05 (%): C, 63.50; H, 6.17; N, 11.69; Found: C,
63.41; H, 6.09; N, 11.62.

1-Cyclopropyl-6-fluoro-7-((4aR,7aR)-hexahydro-1H-pyr-
rolo[3,4-b]pyridin-6(2H)-yl)-4-oxo0-1,4-dihydroquino-
line-3-carboxylic acid (3az)

HPLC Purity: 92.96%; Yield: 91%; 18 min; m.p: 258-260 °C
(lit. [24] 256-258 °C); FT-IR (v, cm™ KBr disc): 3504, 3308,
3076, 2938, 1719, 1629, 1549, 1509, 1412, 1336, 1180, 1108,
888; 'H NMR (300 MHz, DMSO-dy): & 1.10-1.35 (m, 4H,
2CH,), 1.55-1.70 (m, 4H, 2CH,), 2.50-2.60 (m, 1H, CH), 3.33
(t, J = 6.0 Hz, 2H, CH,), 3.30-3.55 (m, 4H, 2CH,), 3.63-3.75
(m, H, CH), 6.91 (d, /= 6.0 Hz, 1H, C8H), 7.65 (d, /= 15.0 Hz,
1H, C5H), 8.49 (s, 1H, C2H); Anal. Calc. for C,H,,FN;05 (%):
C, 64.68; H, 5.97; N, 11.31; Found: C, 64.61; H, 5.59; N, 11.25.

1-Cyclopropyl-6-fluoro-7-((4aR,7aR)-hexahydro-1H-pyr-
rolo[3,4-b]pyridin-6(2H)-yl)-8-methoxy-4-oxo-1,4-dihydro-
quinoline-3-carboxylic acid (3bz)

HPLC Purity: 96.58%; Yield: 89%; 30 min, m.p: 239-241 °C
(lit. [29] 238-242 °C); FT-IR (v, em™ KBr disc): 3529, 3470,
3033, 2929, 1708, 1624, 1517, 1457, 1353, 1324, 1186, 1047,
805; 'H NMR (300 MHz, DMSO-dy): & 0.81-1.25 (m, 4H,
2CH,), 1.63-1.85 (m, 4H, 2CH,), 2.60-2.70 (m, 2H, CH,),
3.10-3.20 (m, 1H, CH), 3.37 (s, 3H, OCH};), 3.60-3.65 (m, 1H,
CH), 3.70-3.80 (m, 1H, CH), 3.80 -3.97 (m, 2H, CH,), 4.04-
4.19 (m, 2H, CH,), 7.63 (dd, J = 12.0, 3.0 Hz, 1H, C5H), 8.64
(s, 1H, C2H), 15.15 (s br., COOH); '*C NMR (75 MHz, DM-
SO-dg): 8.8 (2CH,) 10.0 (CH,), 17.2 (CH,), 20.9 (CH), 34.6
(NCH,), 39.1 (NCH), 41.1 (NCH,), 41.8 (NCH), 54.4 (NCH,),
62.3 (OCHy;), 106.8 (C3), 117.6 (C5), 134.9 (C4a), 137.1 (CB),
140.6 (C8a), 150.8 (C7), 151.7 (C2), 154.0 (C6), 166.3
(COOH), 176.4 (C4); Anal. Calc. for C, H,,FN;0, (%): C,
62.83; H, 6.03; N, 10.47; Found: C, 62.78; H, 5.94; N, 10.41.

9-Fluoro-3-methyl-7-oxo-10-(piperazin-1-yl)-3,7-dihydro-
2H-[1,4]oxazino[2,3,4-ij]quinoline-6-carboxylic acid (3cw)
HPLC Purity: 95.19%; Yield: 91%; 27 min; m.p: 258-260 °C
(lit. [27] 257-260 °C); FT-IR (v, em’! KBr disc): 3255, 3092,
2968, 1723, 1573, 1454, 1392, 1254, 1023, 1011, 805; 'H NMR
(300 MHz, DMSO-dy): & 1.44 (d, J = 6.0 Hz, 3H, CH,), 2.80-
2.85 (m, 4H, 2CH,), 3.18-3.25 (m, 4H, 2CH,, overlapped with
solvent), 4.37 (d, J=12.0 Hz, 1H, CH27 diastereotopic proton),
4.58 (d,J=12.0 Hz, 1H, CH, diastereotopic proton), 4.85-4.95
(m, 1H, CH), 7.51 (dd, /= 12.0, 6.0 Hz, 1H, C5H), 8.91 (s, 1H,
C2H); >C NMR (75 MHz, DMSO-dy): 18.4 (CH;), 46.6
(2NCH,), 52.0 (2NCH,), 55.2 (NCH), 68.4 (OCH,), 103.6
(C5), 107.1 (C3), 120.0 (C4a), 125.2 (C8a), 132.3 (C7), 140.5
(C8), 146.5 (C2), 154.0 (C6), 166.5 (COOH), 176.7 (C4); Anal.
Calc. for C;H gFN;0,4 (%): C, 58.78; H, 5.22; N, 12.10; Found:
C, 58.72; H, 5.17; N, 10.36.

9-Fluoro-3-methyl-10-(4-methylpiperazin-1-yl)-7-oxo-3, 7-dihy-
dro-2H-[1,4]oxazino[2,3,4-ij]quinoline-6-carboxylic acid (3cx)
HPLC Purity: 99.89%; Yield: 89%; 20 min; m.p: 253-255 °C
(lit. [27] 250-257 °C); FT-IR (v, cm™' KBr disc): 3419, 3335,
3043, 2968, 1714, 1622, 1523, 1469, 1371, 1255, 1146, 1056,
804; 'TH NMR (300 MHz, DMSO-d,): 5 1.44 (d, /= 9.0 Hz, 3H,
CH;), 2.22 (s, 3H, NCH3;) 2.35-2.50 (m, 4H, 2CH,), 3.20-3.40
(m, 4H, 2CH,), 4.35 (dd, J = 12.0, 3.0 Hz, 1H, CH, diastereo-
topic proton), 4.59 (dd, J = 12.0, 3.0, 1H, CHZ’ diastereotopic
proton), 4.85-4.98 (m, 1H, CH), 7.52 (d, /= 12.0 Hz, 1H, C5H),
8.95 (s, 1H, C2H), 15.17 (s br,, 1H, COOH); *C NMR (75
MHz, DMSO-d;): 18.4 (CH;), 46.5 (NCH;), 50.5 (2NCH,),
55.2 (2NCH,), 55.7 (NCH), 68.4 (OCH,), 103.5 (C5), 107.0
(C3), 119.8 (C4a), 125.2 (C8a), 132.5 (C7), 140.5 (C8), 146.5
(C2), 154.2 (C6), 166.5 (COOH), 176.7 (C4); Anal. Calc. for
CgHy0FN;O, (%): C, 59.83; H, 5.58; N, 11.63; Found: C,
59.77; H, 5.08; N, 11.58.

(S)-9-Fluoro-3-methyl-7-oxo-10-(piperazin-1-yl)-3,7-dihydro-
2H-[1,4]oxazino[2,3,4-ij]quinoline-6-carboxylic acid (3dw)
HPLC Purity: 99.65%; Yield: 95%; 32 min; m.p: 260-262 °C
(lit. [29] 263-265 °C); FT-IR (v, em’! KBr disc): 3255, 3092,
2968, 1723, 1573, 1454, 1392, 1254, 1023, 1011, 805; 'H NMR
(300 MHz, DMSO-dy): 6 1.45 (d, J = 6.0 Hz, 3H, CH,), 2.75-
2.85 (m, 4H, 2CH,), 3.15-3.25 (m, 4H, 2CH,, overlapped with
solvent), 4.30-4.40 (m, 1H, CH,, diastereotopic proton), 4.52-
4.62 (m, 1H, CH,, diastereotopic proton), 4.85-4.95 (m, 1H,
CH), 7.51 (d, J = 12.0 Hz, 1H, C5H), 8.92 (s, 1H, C2H); '3C
NMR (75 MHz, DMSO-d,): 18.4 (CH,), 45.8 (2NCH,), 51.0
(2NCH,), 55.2 (NCH), 68.5 (OCH,), 103.6 (C5), 107.2 (C3),
120.2 (C4a), 125.2 (C8a), 132.3 (C7), 140.5 (C8), 146.5 (C2),
154.2 (C6), 166.5 (COOH), 176.7 (C4); Anal. Calc. for C;;H-
1sFN30,4 (%): C, 58.78; H, 5.22; N, 12.10; Found: C, 58.70; H,
4.93; N, 11.51.

(S)-9-Fluoro-3-methyl-10-(4-methylpiperazin-1-yl)-7-oxo-3, 7-di-
hydro-2H-[1,4]oxazino[2,3,4-ij]quinoline-6-carboxylic acid (3dx)
HPLC Purity: 100%; Yield: 93%; 22 min; m.p: 225-227 °C (lit.
[25] 225-226 °C); FT-IR (v, em’! KBr disc): 3251, 3079, 2973,
1721, 1539, 1517, 1439, 1394, 1289, 1087, 1004, 801; 'H NMR
(300 MHz, DMSO-dy): 6 1.44 (d, /= 6.0 Hz, 3H, CH;), 2.22 (s,
3H, NCH;) 2.35-2.50 (m, 4H, 2CH,), 3.20-3.30 (m, 4H, 2CH,),
4.36 (dd,J=12.0,3.0 Hz, 1H, CHZQ diastereotopic proton), 4.59
(dd, J = 12.0, 3.0 Hz, 1H, CH, diastereotopic proton), 4.85-
4.95 (m, 1H, CH), 7.48 (d, J=12.0 Hz, 1H, C5H), 8.94 (s, 1H,
C2H), 15.15 (s br., 1H, COOH); '*C NMR (75 MHz, DM-
SO-d¢): 18.4 (CHj;),46.5 (NCH,), 50.5 (2NCH,), 55.2 (2NCH,),
55.7 (NCH), 68.4 (OCH,), 103.8 (C5), 107 (C3), 120 (C4a),
125.2 (C8a), 132.3 (C7), 140.4 (C8), 146.5 (C2), 154.2 (Co),
166.5 (COOH), 176.7 (C4); Anal. Calc. for C;sH,,FN;0, (%):
C,59.83; H, 5.58; N, 11.63; Found: C, 59.78; H, 5.50; N, 11.56.

(S)-10-(4-Ethylpiperazin-1-yl)-9-fluoro-3-methyl-7-oxo-3, 7-dihy-
dro-2H-[1,4]oxazino[2,3,4-ijquinoline-6-carboxylic acid (3dy)

HPLC Purity: 99.26%; Yield: 88%; 20 min; m.p: 230-232 °C
(lit. [26] 229-230 °C); FT-IR (v, ecm™' KBr disc): 3432, 3042,
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2975, 1714, 1623, 1529, 1478, 1306, 1243, 1200, 1010, 743; 'H
NMR (300 MHz, DMSO-dy): 6 1.05 (t, J = 6.0 Hz, 3H, CH,),
1.45 (d, J = 9.0 Hz, 3H, CH,), 2.35-2.40 (m, 2H, CH, over-
lapped with solvent) 2.40-2.60 (m, 4H, 2CH,), 3.15-3.20 (m,
4H, 2CH,), 4.37 (d, J = 12.0 Hz, 1H, CH,, diastereotopic pro-
ton), 4.57 (d, J= 9.0 Hz, 1H, CH, diastereotopic proton), 4.91
(d, 1H, J= 6.0 Hz, CH), 7.56 (d, J = 12.0 Hz, 1H, C5H), 8.94
(s, IH, C2H); *C NMR (75 MHz, DMSO-d): 12.2 (CH;), 18.4
(CH;), 46.5 (NCH,), 50.5 (2NCH,), 53.4 (2NCH,), 55.3
(NCH), 68.5 (OCH,), 103.0 (C5), 107.0 (C3), 125.2 (C4a),
126.8 (C8a), 132.3 (C7), 140.0 (C8), 146.7 (C2), 154.0 (C6),
166.5 (COOH), 176.6 (C4); Anal. Calc. for C;,H,,FN;0, (%):
C,60.79; H, 5.91; N, 11.19; Found: C, 60.72; H, 5.84; N, 11.11.

(S)-9-Fluoro-10-((4aR, 7aR)-hexahydro-1H-pyrrolo[3,4-b]pyr-
idin-6(2H)-yl)-3-methyl-7-o0x0-3,7-dihydro-2H-[1,4] oxaz-
ino[2,3,4-ij]quinoline-6-carboxylic acid (3dz)

HPLC Purity: 98.63%; Yield: 94%; 25 min; m.p: 265-267 °C
(lit. [24] 265-268 °C); FT-IR (v, em™ KBr disc): 3319, 3044,
2932, 1719, 1622, 1527, 1472, 1357, 1191, 1087, 1045, 862; 'H
NMR (300 MHz, DMSO-dy): 6 1.30-1.70 (m, 4H, 2CH,), 1.45
(d, J= 6.0 Hz, 3H, CH3), 2.10-2.20 (m, 1H, CH) 2.80-2.90 (m,
1H, CH), 3.15-3.40 (m, 4H, 2CH,), 4.00-4.15 (m, 2H, CH,),
4.23(d,J=12.0Hz, 1H, CHZ, diastereotopic proton), 4.59 (d, J
=12.0 Hz, 1H, CH,, diastereotopic proton), 4.80-4.92 (m, 1H,
CH), 7.47 (d, J = 15 Hz, 1H, C5H), 8.85 (s, 1H, C2H); Anal.
Calc. for C,jH,,FN;0, (%): C, 62.01; H, 5.72; N, 10.85; Found:
C,61.96; H, 5.74; N, 10.78.
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Abstract: A series of new 3,4-diarylmaleimides were synthesized in
an optimized and efficient lineal sequence of three steps, starting from
commercial maleimide. The biological evaluation of these compounds
as enhancers (activity modulators) in the co-administration with doxo-
rubicin treatment in breast cancer cells directly obtained from a pa-
tient, were essayed. The cancerous tissue BT026-512N was provided
by the National Institute of Cancerology (INCAN) of México. This
tissue was obtained by biopsy from a patient diagnosed with stage 11B
ductal breast cancer. The results obtained in the assays, show de-
creased cell viability on the cultured cells for all of the maleimides
synthesized in combinatorial administration with doxorubicin. The
highest mortality effect was determined for maleimides 9 and 29 in-
creased in close to three times the effect compared with treatment us-
ing only doxorubicin. Based on previous functionalized maleimides
core reports and Molinspiration chemoinformatic analysis, these re-
sults could possibly point out to the Pg-p glycoprotein as bio-molecu-
lar action target of maleimides by kinase phosphorylation-inhibition,
although more experimental data is necessary.

Keywords: Breast cancer, Maleimide; Doxorubicin; synergistic can-
cer treatment.

Resumen: Una serie de nuevas 3,4-diarilmaleimidas fueron sinteti-
zadas en una secuencia lineal optimizada y eficiente de tres pasos,
iniciando de maleimida comercial. La evaluacion biologica de estos
compuestos como potenciadores (moduladores de actividad) en la
coadministracion con el tratamiento de doxorrubicina en un caso de cé-
lulas obtenidas de un paciente con cancer de mama, fueron ensayados.
El tejido canceroso BT026-512N fue provisto por el Instituto Nacional
de Cancerologia (INCAN) de México. Este tejido fue obtenido por
biopsia de un paciente diagnosticado con cancer de mama izquierdo
con infiltracion ductal en etapa IIB. Los resultados obtenidos en los
ensayos muestran de manera general incremento en la mortalidad ce-
lular de los cultivos para todas las maleimidas sintetizadas en admi-
nistracion combinatoria con doxorrubicina. El efecto de mortalidad
mas alto fue determinado para las maleimidas 9 y 29 incrementando
cerca de tres veces el efecto comparado con el tratamiento utilizan-
do solamente doxorrubicina. Con base a reportes previos del nucleo
funcional de las maleimidas asi como un analisis quimioinformatico
en Molinspiration, estos resultados pudieran sugerir a la glicoproteina
Pg-p como blanco biomolecular de acciéon de las maleimidas por la
inhibicién de la fosforilacion de la cinasa, aunque mas experimentos
son necesarios para corroborarlos.

Palabras Clave: Cancer de mama; maleimida; doxorrubicina; trata-
miento sinérgico para cancer.

Introduction

Breast carcinoma is the most prevalent invasive malignancy
among women worldwide, and constitutes one-third of all can-
cers and is the second cause of mortality only after lung cancer.
Of all histological types of breast carcinomas, invasive ductal
carcinoma (IDC), is the most prevalent type with an incidence
of about 83%. [1] Anthracyclines are among the most effective
and commonly used chemotherapeutic drugs [2] and are the

most effective classes of cytotoxic agents for early stage breast
cancer.

Anthracyclines are able to diffuse across the cell mem-
brane, intercalate between DNA base pairs, generate free radi-
cals (thus damaging DNA), target topoisomerase II (TOPOII),
and induce cell apoptosis. [3]

The first generation of anthracyclines such as doxorubicin
(Dox) and daunorubicin (Dnr), were isolated from Streptomy-
ces peucetius, and display good activity against murine tumors
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[4-5]. Dox is an antibiotic with broad spectrum of antitumor
activity in a variety of solid tumors including neuroblastoma,
leukemia, Hodgkin’s lymphoma, bladder and breast cancers,
among others. However, it has a limited therapeutic index due
to toxic side effects such as cardiotoxicity and high incidence of
multiple drug resistance (MDR). [6-7]

The MDR mechanisms of anthracyclines are complicated
and not fully understood. The most established mechanism of
resistance is the over-expression of drug efflux proteins, partic-
ularly members of the ATP-binding cassette (ABC) superfami-
ly: P-glycoprotein (P-gp), multidrug resistance protein 1
(MRP1), and breast cancer resistance protein (BCRP). Anthra-
cyclines are known to be efficient substrates for ABC transport-
ers. For example, P-gp, a membrane transporter encoded by
MDRI1 gene, pumps out a variety of hydrophobic anticancer
drugs out of the cell, resulting in a decreased intracellular drug
accumulation. [8-9] Therefore, the task of maintaining doxoru-
bicin inside the tumor site, with high efficacy combined with
low systemic exposure is a major challenge. Verapamil, a calci-
um channel blocker, was the first MDR reversal agent that was
found to inhibit P-gp-mediated drug efflux. [10] Several com-
pounds, containing a common 3,4-diaryl-substituted pyrrole
nucleus bearing 2- or 2,5-carboxylates, can reverse MDR more
effectively than verapamil by inhibiting the P-gp-mediated
drug efflux at a noncytotoxic concentration. [11] Thus, in this
work, new 3,4-diaryl maleimides were synthetized in order to
improve doxorubicin cytotoxic activity, by modifying its sub-
stituents using the Suzuki-Miyaura cross-coupling reaction.
These novel compounds and doxorubicin were assessed for
their synergistic cytotoxic activity on cancer cells obtained
from a breast cancer patient.

Results
Organic Synthesis

The synthesis of compounds 5-24 (table 2) was carried
out by using Suzuki cross-coupling reaction among three

Jessica R. Gutierrez-Cano et al.

N-alkyl-substituted 3,4-dibromomaleimide derivatives 2-4 and
different aryl boronic acids. Thereby the synthetic protocol was
developed in two lineal stages: 1) Synthesis of N-alkyl-3,4-di-
bromomaleimides and 2) The Suzuki cross-coupling to obtain
the different drugs. The first stage is outlined in Scheme 1.
Mild bromination of commercially available maleimide yields
compound 1 in 92%. The consecutive N-alkylation of 1 with
Me,SO,, benzyl bromide and 3,4-dimethoxyphenethylbromide
yield 2-4 respectively.

It is important to mention that compound 4 was obtained in
very low yield, just enough for chemical characterization and it
was not used in subsequent reactions.

The second stage consists on the Suzuki cross-coupling re-
action. In order to get optimal yields for the different molecules
to be synthesized, the organometallic procedure was optimized
using 2 and phenylboronic acid as model system (Table 1).

Different palladium catalyst sources (Pd” and Pd") were
tested in catalytic amount corresponding to 2, 4, 6 and 8 mol%.
The reaction was carried out at room temperature and 90 °C.
On the other hand, sodium carbonate, cesium carbonate and
tribasic potassium phosphate were tested as the bases. Also
1,4-dioxane, tetrahydrofuran (THF) and toluene:ethanol
(PhMe:EtOH) (3:1) were the solvents explored. Finally, the re-
actions were monitored from 3 to 24 h and the corresponding
yields were determined by "H NMR spectroscopy using anisole
as internal standard. In the first set of reactions, Pd(PPh;), and
sodium bicarbonate in PhMe:EtOH (3:1) were tested during 3.5
to 6.5 h (entries 1-6). For this set of reactions, the use of 2 mol%
gives better yield at 90 °C than room temperature. Thus, 2%
and 84% of yield were obtained (entries 1 and 4). The best yield
of this set was obtained using 4 mol% of catalyst at 90 °C (88%,
entry 5) while increasing the catalytic charge decreased the
yield to 10% and 60% respectively (entries 3 and 6). Under the
previously set assayed conditions taking Pd(PPh,),Cl, instead
of palladium tetrakis, the yields decreased (entries 7-12). For
the next group of reactions (entries 13-16) tribasic potassium
phosphate and 1,4-dioxane was used keeping Pd(PPh;),Cl, as
palladium catalyst in 4 and 8 mol%. The reactions at room

Br Br
ﬂ x--(so4}2 -Br —
0 0 C >
H 48h 50 0 K,COj 12 h, 0™ >\"0
DMF 23 °C, Me,CO )
Maleimide 1, 92% 2.4
Br Br

02:&0

Br Br
ILO n
CHs
Me
2, 75% 3,77% 4, 5%

Scheme 1. Synthesis of the N-alkyl-substituted 3,4-dibromomaleimides 2-4.
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Table 1. Suzuki cross-coupling reaction optimization in the synthesis of 3,4-diphenyl-N-methylmaleimides.

] §

Br Br OH
— . B Pd© or Pd(
07N 0 ©/ 07 \"=0
CHj, )
CHj;
2 5
Temperature Time Yield®
Entry Pd mol % (°C) Base Solvent (h) (%)

1 Pd(PPh;), 2 23 Na,CO;, PhMe:EtOH 6.5 2
2 4 23 6.5 26
3 8 23 6.5 10
4 2 90 3.5 84
5 4 90 3.5 88
6 8 90 3.5 60
7 Pd(PPh,),Cl, 2 23 Na,CO, PhMe:EtOH 6 54
8 4 23 6 86
9 8 23 6 28
10 2 90 3 61
11 4 90 3 74
12 8 90 3 66
13 Pd(PPh;),Cl, 4 23 K;PO, 1,4-dioxano 20 21
14 8 23 24 33
15 4 90 3.5 88
16 8 90 3 65
17 Pd(PPh;),Cl, 4 23 Cs,CO;4 THF 20 44
18 8 23 20 41
19 4 90 3 48
20 8 90 18

“ Chemical yields were determined by 'H NMR using anisole as internal standard.

temperature gave low yields (21% and 33% respectively, en-
tries 13 and 14). On the other hand, by increasing the tempera-
ture to 90 °C we found the best results for our optimization. The
reaction proceeded in only 3.5 h (88%, entry 15). Additional
experiments increasing the catalytic charge (entry 16) or chang-
ing solvent and base, resulted in low to modest chemical yields
18-44% (entries 17-20). From our optimization we conclude
that conditions in entries 5 and 15 were the best. However re-
agents in entry 15 were chosen mainly by the lower cost of
palladium catalyst.

With the Suzuki cross-coupling reaction optimized condi-
tions in hand, we synthesized a pool of 3,4-diarylmaleimides
substituted at nitrogen with methyl and benzyl group (Table 2).

Thus a wide variety of boronic acids from commercial
sources were acquired. We considered those containing elec-
tron-donating, electron-attracting, electron-neutral as well as
heterocyclic and polyaromatic groups. It is relevant to highlight

that some groups like fluorine and chlorine have displayed im-
portant biological activities, as consequence were included in
the substitution pattern of the prepared molecules in this work.

As we can see, several 3,4-diaryl-N-alkylmaleimides were
synthesized in modest to excellent yields. As planned, maleim-
ides containing electron-rich (entries 2-3, 6-7, 12-13 and 15-
16), electron-poor (entries 4-5, 8-10, 14 and 17-19) and neutral
aryls (entries 1 and 11) were prepared.

On the other hand, some related 3-bromo-4-aminomaleim-
ides structurally related were synthesized using 1, as starting
material (Scheme 2).

The compounds 25-27 were conveniently prepared by
mixing compound 1 with benzylamine, phenethylamine and
3,4-dimethoxyphenetyl amine respectively. The reaction takes
place in two consecutive steps: the first one corresponding to
the transamidation intermediates 25a-27a, followed by bro-
mine substitution via a Michael addition-elimination.
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Table 2. Synthesis of 3,4-diaryl-N-alkylmaleimides by Suzuki cross-coupling reaction.

Br,  Br OH Pd(PPh3),Cl, Rl R
— 1_ Ean ——
ﬂ i "R KsPOa. 4_&:
0770 S 3.5-5 h, 90 °C, 0= N0
IIQ 1,4-dioxano R
2 5-24
Comp., Yield (%) Comp., Yield(%)
Entry R=Me (5-14) R'-B(OH),  Entry R = Bn (15-24)
1 5, 88 A 11 15, 87
2 6, 86 B 12 16, 64
3 7, 50 C 13 17, 52
4 8, 79 D 14 18, 76
5 9, 72 E/K 20 24, 73
6 10, 78 F 15 19, 62
7 11, 49 G 16 23, 51
8 12, 84 H 17 20, 62
9 13, 67 I 18 21, 65
10 14, 87 J 19 22, 93
B(OH), B(OH), B(OH), B(OH), B(OH), B(OH),
R'B(OH),=
OMe Cl Br Me F
A B D E F H
B(OH), B(OH), B(OH),
B(OH), BF 3K
g
MeO F cl N
OMe F F H
C I J G K
Br _ Br R- NH2
07>y 0 &Sh 20, Ph-(CHp),-
|_'1 CH-OH 3.4-(OMe)-Ph-(CH3)o-
1 25a-27a 25-27
MeO OMe
Br NH Br NH Br NH
0>y 0 0™>N"0 o™~y 0
25, 58% 26, 96% 27, 65%

Scheme 2. Synthesis of 3-bromo-4-aminomaleimides 25-27.
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Figure 1. Additional C-monoarylmaleimides 28-29 tested.

Finally, compounds 28-29 (monsubstituted maleimides)
were synthesized according to the procedure described in
Figure 1.

Drug screening
BT 026-512N breast cancer cells from primary culture

BT 026-512N breast cancer cells, obtained from a patient biop-
sy, who was diagnosed with (left) stage IIB infiltrating ductal
breast cancer, were stabilized in primary cell cultures. As shown
in Figure 2, these cells were immunoreactive to cytokeratin 19,
a breast cancer marker. [12] The synergistic cytotoxic effect ex-
erted by doxorubicin and 3,4-diarylmaleimides derivatives (5-
29) were tested on these primary cell cultures.

Synergistic effect of doxorubicin and 3,4-diarylmaleimides
derivatives

In the present study, the series of 25 3,4-diarylmaleimides de-
rivatives (5-29) synthesized were tested in combination with
doxorubicin in BT 026-512N cells from secondary culture.
Breast cancer cell cytotoxicity to Dox alone or in combination

LT T
- = A . il - - ’q.'
B ‘e o - . " S "
- "
| AR RN
v - L] . .
ey - 8
" . |
& - .
M .

(2)

with 3,4-diarylmaleimides derivatives (5-29) was evaluated by
determining the cell proliferation inhibition as a percentage af-
ter 72 h of treatment with concentration range of 2-49 mM of
each derivative as shown in Table 3. Combination of 3,4-diaryl-
maleimides derivatives 9, 16, 20 and 29 at concentrations 2.4,
12.5, 26.6 and 8.9 mM respectively with 0.4 mM of Dox
showed the best degree of cell proliferation inhibition above
two-fold change compared with the cell proliferation inhibition
of Dox alone (25.6%, Figure 3).

Secondary cultures of BT 026-512N cells maintained reac-
tivity to cytokeratin 19 antibody showing a stable phenotype as
breast cancer cells after subculture for 3,4-diarylmaleimides
derivatives testing (data not shown).

Predicted physicochemical and biological activities
of 3,4-diarylmaleimides derivatives

Molinspiration property engine v2014.11, were used to calcu-
late the physicochemical and bioactive theoretical properties of
3,4-diarylmaleimides derivatives, which exerted the highest
synergistic cytotoxic effect with Dox. Molinspiration offers a
molecular processing and property calculation toolkit written in
Java. The toolkit may be used in a batch to process large num-
ber of molecules (processing speed is about 10,000 molecules/
minute), or accessed through web interface directly on your in-
tranet. Calculated molecular descriptors may be used for prop-
erty based virtual screening of large collections of molecules to
discard structures without drug-like properties and to pick po-
tential drug candidates. These calculations were performed
along with the experimental procedure. Through molecular de-
scriptors such as log P, Molecular weight, number of Hydrogen
donators and acceptors at the molecule, used as the “rule of
five”, described by Lipinski in 1997, [13] is able to predict
drug-likeness in new molecules. The rule states, that most
“drug-like” molecules have log P less than 5, molecular weight
less than 500, number of hydrogen bond acceptors less than 10,
and number of hydrogen bond donors less than 5. Molecules

(b)

Figure 2. Detection of cytokeratin 19 a breast cancer marker on BT 026-512N cells from primary culture. Cells were treated with cytokeratin 19
BAI16 as primary antibody and Alexa Fluor-488, anti-mouse secondary antibody (Molecular Probes) for analysis with DXR Raman microscope,
positive cytokeratin 19 cells are shown as a green cells on dark field panel. (a) Bright field image showing cells on the preparation; (b) Dark field

image showing green fluorescent cells positive for cytokeratin 19.
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Figure 3. Structure and degree of modulation of 3,4-diarylmaleimides derivatives on Dox cytotoxicity activity. Four maleimide derivatives 9, 16,
20 and 29 at three diferent concentrations (values on top of bars, mM) and a previously reported compound 17 were tested in combination with
Dox (0.4 mM). Fold change in cytotoxicity effect versus Dox alone was calculated. Structure of tested derivatives are shown above the graphic.

violating more than one of these rules may have problems with
bioavailability. In Table 3 the physicochemical properties and
drug-likeness of 3,4-diaryl-maleimides are shown.

Discussion

The screening essays were started by determining cell prolif-
eration inhibition using doxorubicin only (table 3, entry 1). A
25.6% of cell proliferation inhibition was obtained; this val-
ue was used as reference to calculate the relative fold (RF),
which is defined as the ratio between cell proliferation inhibi-
tion with and without enhancer. Afterwards, compounds 5-29
were tested in combination with a fixed Dox concentration =
0.4 mM and 72 hours of incubation. Moreover, as previous-
ly described, compound 17 was used as reference [11]. Com-
pound 17 is a Ningalin B analogue, obtained by Zhang et al., by
linking 3,4-diaryl-substituted pyrrole-2,5-dione with a benzene
ring (D-ring) containing various alkyl linkers. Ningalin B is a
member of a newly described family of marine natural products
which have been reported to act as nontoxic inhibitors of MDR
in various cancer cell lines. [11] Compound 17 at a very high
concentration (100 uM), did not show any cytotoxicity toward
the breast cancer cell lines used nor to normal mouse connective
tissue fibroblast. It contains one methylene linker to the D-ring,
and it displayed about 2-fold higher enhancer paclitaxel cyto-
toxic activity than compounds with bismethylene, suggesting

that shorter linker in permethyl ningalin B analogues is crucial
for modulating Pgp. [11].

Obtained results reveal the expected enhancement of Dox
activity for every synthesized maleimide resulting in increasing
cell proliferation inhibition. Remarkably by using maleimide
modulators 9, 16, 20 and 29 cell proliferation inhibition in-
creases by 2-fold or more (Table 3).

Three different combinatorial concentrations of maleimid-
es were tested. The reference compound 17 shows a moderate
RF=1.50 at 32.6 mM (Table 3, entry 15). N-methylmaleimide
9 (Table 3, entries 2-4), containing electron-poor bromine
group, results in the best biological activity regarding a good
RF= 2.77 and a lower concentration (2.4 mM). Other concen-
trations 4.7 and 7.1 mM resulted in a lower RF. On the other
hand, monosubstituted electron rich N-benzyl-3,4-dimethoxy-
phenyl maleimide 29 (Table 3, entries 11-13) shows a compara-
ble but slightly lower good activity with RF=2.66 at 3 mM
concentration. For this compound a consistent decreased activ-
ity was observed by increasing the modulator concentration.
Modulator 16 (Table 3, entries 5-7), shows a good RF=2.69 but
in 12.5 and 25 mM. Finally, the fluorinated maleimide modula-
tor 20 (Table 3, entries 8-10), gives the highest activity at a 26.6
mM concentration observing a consistent fold increasing while
concentration does.

Drug-like properties may be expressed as the concise bal-
ance of several molecular properties and structural features,
which determine if a particular molecule is similar to lead
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Table 3. Cell proliferation inhibition values of treatments with doxorubicin and 3,4-diaryl Maleimides derivatives and the respective Fold change.

Cell Cell

proliferation Fold change proliferation Fold change
Derivative inhibition Concentration (degree of Derivative inhibition Concentration (degree of
modulator (%) [mM] modulation) modulator (%) [mM] modulation)

- 25.64 0.4 - 38.42 32.6 1.50

5 44.87 19.0 1.75 30.82 435 1.20

39.54 30.4 1.54 18 39.18 12.2 1.53

37.14 38.0 1.45 32.81 19.6 1.28

6 33.88 15.5 1.32 33.77 24.5 1.32

37.38 247 1.46 19 36.10 13.6 1.41

36.84 30.9 1.44 29.75 21.8 1.16

7 31.94 13.0 1.25 26.20 27.2 1.02

34.01 20.9 1.33 20 33.97 133 1.33

33.40 26.1 1.30 49.16 21.3 1.92

8 43.75 15.1 1.71 63.16 26.6 2.46

46.40 24.1 1.81 21 39.02 243 1.52

43.10 30.1 1.68 35.58 36.5 1.39

9 71.00 24 277 39.69 48.6 1.55

45.89 4.7 1.79 22 4431 11.3 1.73

56.60 7.1 2.21 36.80 18.0 1.44

10 37.37 17.2 1.46 40.33 22.5 1.57

43.20 275 1.68 23 48.22 11.4 1.88

36.26 343 1.41 29.81 18.2 1.16

11 27.27 13.8 1.06 43.37 22.8 1.69

27.88 22.0 1.09 24 25.77 12.0 1.01

39.41 27.5 1.54 27.54 19.2 1.07

12 36.05 16.7 1.41 28.11 24.0 1.10

42.02 26.7 1.64 25 45.42 13.5 1.77

26.52 33.4 1.03 4535 21.5 1.77

13 40.00 14.9 1.56 36.87 26.9 1.44

30.27 239 1.18 26 39.54 25.0 1.54

33.27 29.8 1.30 42.24 37.6 1.65

14 28.05 13.6 1.09 4433 50.1 1.73

31.82 217 1.24 27 39.76 9.6 1.55

29.27 27.2 1.14 36.80 15.4 1.44

15 28.30 14.7 1.10 32.59 19.3 1.27

31.65 23.6 1.23 28 36.55 15.5 1.43

28.09 29.5 1.10 46.11 24.7 1.80

16 68.92 12.5 2.69 33.77 30.9 1.32

30.67 20.0 1.20 29 39.35 3.0 1.53

69.40 25.0 2.71 41.63 5.9 1.62

17 35.46 21.8 1.38 47.67 8.9 1.86
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Table 4. Molinspiration analysis of theoretical physicochemical and bioactive properties of N-alkylmaleimide derivatives.

MW Physicochemical properties Drug-likeness score
Comp (g/mol) O+N OH+NH cLog P TPSA Nviol KI NRL El
9 421 3 0 4,85 39 0 0,25 -0,01 -0,2
16 399 5 0 4,94 57 0 0,16 0,09 0,08
20 375 3 0 5,16 39 1 0,24 0,13 0,12
29 323 5 0 2,75 57 0 0,33 0,03 0,06
17 459 7 0 4,12 76 0 0,17 0,06 0,08

MW Molecular Weight; O+N number of hydrogen bond acceptors; OH+NH number of hydrogen bond donors; cLog P calculated log P value;
TPSA Total Polar Surface Area; Nviol number of violation; K7 kinase inhibitor; NRL Nuclear receptor ligand; £/ enzyme inhibitor.

drugs. These properties, mainly hydrophobicity, electronic dis-
tribution, hydrogen bonding, molecular size, flexibility and the
presence of some pharmacophoric influence parameters of a
given molecule like bioavailability, distribution, plasma protein
binding, bioactivity prediction, toxicity, and metabolic stability.
Molinspiration is a chemoinformatic software that can estimate
all of the above properties. [15]

Molinspiration software calculations were carried out for
the molecules shown in Table 4. Mainly the hydrophilicity or
hydrophobicity (cLog P) and Molecular Polar Surface Area
(TPSA) parameters were analyzed to estimate the bioavailabil-
ity of drug molecules. The compounds 9, 16, 29 and 17 show
values below 5, which imply a good membrane penetration ac-
cordant to the rule of Lipinski. [13] Compound 20 with slightly
higher cLog P= 5.16 will show less water affinity by overpass-
ing the highest limit of 5 for this parameter, incurring in the
only violation for the rule of five in this series of molecules.
Regarding the TPSA for these five molecules is important to
highlight that a value no bigger than 76 A was calculated. The
value is important by the fact that according to the rule of five,
when a drug presents a number higher than 140 A% a poor intes-
tinal absorption is expected. The compounds 9, 16, 20, 29 and
17 show all of them minor values for this TPSA descriptor. The
aforementioned means that a good drug absorption including
intestinal absorption, blood-brain barrier penetration as well as
bioavailability may be favorable.

Bioactivity prediction by Molinspiration analysis of chem-
ical structures showed the highest scores for kinase inhibitors in
the compounds 9, 16, 20, 29 and 17. Molinspiration miscreen
engine allows fast prediction of biological activity - virtual
screening of large collections of molecules and selection of
molecules with the highest probability to show biological activ-
ity. The screening is based on identification of fragments or
substructure features typical for the active molecules. No infor-
mation about the 3D structure of receptor is necessary, the set of
active molecules (encoded as SMILES or SDfile) is sufficient
for training, therefore the procedure may be applied also in the
early project stage when detailed information about the binding
mode is not yet available. [15]

The predicted activity of the synthetized molecules sug-
gested that the modulation of doxorubicin effect may be medi-
ated through P-gp as previously reported for compound 17. [11,

14] P-gp phosphorylation has been reported as a mechanism of
regulation of drug efflux [17], particularly in sensitive and re-
sistant MCF-7 cell lines, an inhibition of a protein kinase Ca
(PKCa) showed an increase of intracellular Dox [16]. This data
suggests that drugs 9, 16, 20, 29 and 17, could act as potential
inhibitors of a kinase and improve the anticancer effect exerted
by Dox through modulation of P-gp activity. Experimental evi-
dence is necessary in order to demonstrate its participation as
modulator of P-gp activity and its kinase target as predicted in
the Molinspiration analysis.

The rule of five is a set of defined parameters, to predict if
a chemical compound has a promising or viable pharmacologi-
cal or biological activity as drug in oral administration. These
parameters are 1) The molecule should not contain more than 5
hydrogen bond donors, 2) No more than 10 hydrogen bond ac-
ceptors, 3) The molecular weight should be lower than 500, 4)
The value for cLog P should not be higher than five. The pa-
rameters in the rule of five were fully covered for the set of our
synthesized maleimides excluding to 20 with only 1 violation
in cLog P. Remarkably compounds 9, 16, 20 and 29 show the
highest activity in the series of 3,4-diarylmaleimides synthe-
sized.

Compound 9 contains bromine in its structure, which could
suggest this bulky element is necessary to block P-gp pump and
allow an increased intracellular concentration of Dox. Com-
pound 20 contains instead of bromine, fluorine which potential-
ly interacts in less effective way with P-gp pump, due to its
minor atomic size. This is reflected by its slightly lower degree
of modulation on Dox cytotoxicity activity compared with
compound 9.

As previously reported for Ningalin B analogues [11, 14],
partial or full methylation of phenol rings might significantly
improve P-gp-modulating activity, this structural characteristic
is shared by compounds 16 and 29 and the reference compound
17. In addition, the results obtained with Molinspiration analy-
sis that predict biological activity of these compounds, suggest
that methylation of phenol rings allows interaction with P-gp
pump. On the other hand, compound 16 and 29 improved the
modulation effect on Dox cytotoxicity activity compared with
reference compound 17, however in this work, our compounds
showed higher activity with less methylated phenolic groups
compared with compound 17.



Synthesis and Biological Evaluation of New 3,4-diarylmaleimides as Enhancers (modulators) of Doxorubicin Cytotoxic Activity... 49

Conclusions

In summary for this primary breast cancer cell culture the
3,4-bisarylmaleimide core is a promising structure in a poten-
tial combination treatment with doxorubicin. The electron-defi-
cient group in a 3,4-diarylmaleimide is a key structural factor.
In addition, bigger substituents in both aryl and nitrogen in ma-
leimide core, such as bromine and benzyl, increase the activity.
Both characteristics in the same molecule not improved the cy-
totoxic effect according to this observation. On the other side
N-alkyl or benzyl substituted maleimides containing elec-
tron-donating groups at the aryl ring show also excellent activ-
ity. Those electron-rich and monoarylated maleimides will be
in this sense the better combination. So big electron-poor and
small at nitrogen or electron-rich monoarylated with big alkyl
group at nitrogen is the other good possible combination.

Supplementary Materials

A copy of 'H and '*C NMR for compounds 1-29 as well as bi-
ological experimentation full data for all described maleimides
are available online.
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Abstract. A simple and efficient two-step method was implemented
for the synthesis of ethyl 7-chloro-4-oxo-1,4-dihydro-1,8-naphthyri-
dine-3-carboxylate. Comparing with the reported Grohe-Heitzer reac-
tion, the time and the reaction steps have been reduced using
microwave irradiation. This compound is an important intermediate
for the preparation of naphthyridone derivatives which have received
significant attention due to their broad spectrum of biological activity.
Keywords: Grohe-Heitzer reaction; 1,8-naphtyridone; microwave ir-
radiation; tautomeric equilibrium.

Resumen. Se implementd un método simple y eficiente de dos etapas
para la sintesis de 7-cloro-4-oxo-1,4-dihidro-1,8-naftiridin-3-carboxila-
to de etilo. Comparado con la reaccion de Grohe-Heitzer reportada, el
tiempo y los pasos de reaccion se redujeron empleando irradiacion de
microondas. Este compuesto es un importante intermediario para la pre-
paracion de derivados de naftiridonas, los cudles han recibido una con-
siderable atencion debido a su amplio espectro de actividad bioldgica.
Palabras clave: Reaccion de Grohe-Heitzer; 1,8-naftiridona; irradia-
cion de microondas; equilibrio tautomérico.

Introduction

The 1,8-naphthyridone derivatives have received significant at-
tention due to their exceptionally broad spectrum of biological
activities. The first 1,8-naphthyridone group was nalidixic acid
used as a synthetic quinolone antibiotic [1, 2]. However, this
quinolone showed activity only against Gram-negative micro-
organisms. Subsequent structural modifications of this quino-
lone led to a wide range of biological properties established
them as potent scaffolds in therapeutic and medicinal research.
The broad spectrum of activities includes antibacterial [3, 4],
antitumor [5-9], antiviral [10, 11] and some antimycobacterial
activities [12, 13] as well as anti-inflammatory activity [14-17].
The structural features of the more potent, newer generation
quinolones such as tosufloxacin, trovafloxacin, enoxacin and
gemifloxacin (Figure 1) include C-6 fluorine and a C-7 nitro-
gen-containing heterocycle including piperazine or pyrrolidine
into the 1,8-naphthyridone group [3, 4, 16].

In spite of a significant number of fluoroquinolones being
approved for treatment of bacterial infections [18]; there is still
need for developing new derivatives that could overcome the
emerging problem represented by bacterial chemoresistance.
Furthermore, some antibacterial quinolones have important
significant side effects. For example, trovafloxacin was recent-
ly removed due to its liver toxicity [19].

Numerous synthetic methods have been reported for the
preparation of quinolones under conventional conditions; how-
ever, these methods describe long reaction times, low yields
and elaborated work-up procedures. In this paper, we describe
a fast microwave-assisted synthesis for the preparation of ethyl
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Figure 1. Some antibacterial naphthyridones.

7-chloro-4-ox0-1,4-dihydro-1,8-naphthyridine-3-carboxylate
reported in the literature [5, 6, 20, 21].
Results and Discussion

The 1,8-naphthyridine ring can be prepared by two-step synthe-
sis of 3 as showed on Scheme 1. First, 2,6-dichloronicotinic
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acid (1) is reacted with 1,1-carbonyldiimidazol (CDI) to give an
imidazolide intermediate at room temperature and 2-2.5 h, ac-
cording to the literature [5, 6, 21]. Which reacts with ethyl
malonate potassium, MgCl, and triethylamine to generate ethyl
3-(2,6-dichloropyridin-3-yl)-3-oxopropanoate (2) using inter-
vals of room temperature to 60°C and 1-15 h as reactions con-
ditions, reaching 59-93% yield. Nevertheless, these conditions
were improved using microwave radiation, decreasing the reac-
tion time to 5 min for the synthesis of imidazolide intermediate,
the rest of the reaction was performed according to a previous
report described in the literature with a 93% yield.

Then, a usual route of synthesis proposes that molecule 2
reacts with acetic anhydride and triethyl orthoformate, to gen-
erate an intermediate vinyl ether in 55 to 90% yield, using a
nitrogen atmosphere and temperatures between 130-140 °C.
Following by the addition of an amine or amine substituted at
room temperature for 1-5 h or overnight, resulting 55 to 90%
yield. After this, the synthesized intermediate proceeds to cy-
clization reaction using 50-60°C and time lapse of 1-3 h, with
63-92% yield of compound 3. A pathway with three-step syn-
thesis that can be easily converted into one-pot synthesis. The
molecule 2 reacts with acetic anhydride and triethyl orthofor-
mate under MW conditions (70W, 140 °C, 3.6 min) to yield an
intermediate vinyl ether in which CeCl; and either NH; or
(NH,),CO; was added to produce a vinyl amine using 100W
and 100 °C that allowed easily undergoes cyclization at the
same time. The crude product obtained, was purified by a sim-
ple column chromatography using hexane to obtain the 1,8-na-
phythyridone product 3. The yields using NH; or (NH,),CO;
were 73% and 75% respectively.

Compounds 2 and 3 were confirmed by '"H NMR and FT-
IR spectroscopy [19], both presented a keto-enol tautomeric
equilibrium as shown in Scheme 2. Tautomer 2a had a CH,
signal (4.09 ppm) while 2b gave a broad OH signal (12.54
ppm) and a vinyl H signal (5.72 ppm). In the case of 3a, a vinyl
H signal (8.53 ppm) and a broad NH signal (1.59 ppm) were
observed while 3b, an OH signal (2.57 ppm) was obtained. Ac-
cording to an extensive aromatic system and intramolecular
hydrogen bond, the enol tautomer 3b was strongly favored.
Furthermore, the FT-IR spectra of 2 and 3 showed absorbance
bands corresponding to the presence of O-H alcohol, C=O eno-
lic ester, as well as a C=0 ester and a ketone.
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Experimental

The reactions were carried out using a CEM monomode MW
synthesizer with a CEM Discover System workstation and
monitored by thin-layer chromatography (TLC) using silica gel
60 F254 plates, eluting with hexane/ethylacetate. FT-IR spectra
were obtained in KBr pellets on a Fourier Nicolet (iS10 FT-IR)
spectrometer. NMR spectra were recorded on a Varian Mercury
Plus 400 MHz spectrometer. Mass spectra were done on a JEOL
MStation JMS-700 apparatus.

Procedure and spectral data

Ethyl 3-(2,6-dichloropyridin-3-yl)-3-oxopropanoate (2a)
and ethyl 3-(2,6-dichloropyridin-3-yl)-3-hydroxyacrylate
(2b)

To a solution of 2,6-dichloronicotinic acid (0.20g, 1.04 mmol)
in THF-CH;CN (1:1, 3.0 mL) was added 1,1-carbonyldiimidaz-
ole (0.19 g, 1.17 mmol). The resulting mixture was stirred and
heated using MW (5 Watts power at 50°C for 5 min). This crude
imidazolide solution was used without purification in the fol-
lowing step. To a solution of ethyl malonate potassium salt (0.19
g, 1.09 mmol) in CH;CN (2.50 mL) was added dropwise a mix-
ture of MgCl, (0.14 g, 1.52 mmol) and Et;N (1.50 mL) under
ice cooling. After the mixture was stirred at room temperature
for 5 h, the imidazolide was added. The reaction mixture was
stirred at room temperature for 15 h, poured onto ice water (5
mL) resulting in a pH about 11, so we acidified this mixture
using concentrated HCI to pH = 6. The crude product was ex-
tracted with AcOEt, dried with Na,SO, and concentrated under
vacuum to give product 2, obtained as a yellow oil (93% yield).
The product consisted of a mixture of the ketone 2a and the enol
2b tautomers (confirmed by spectroscopic methods) [6].

IR (KBr) n,,,, 3133 (C-H aromatic), 2984, 2936 (C-H ali-
phatic), 1761 (C=O0 ester), 1736 (C=0 ketone), 1631 (C=0 es-
ter enolic), 1573 (C=C aromatic), 1541 (C=N aromatic), 1385
and 1341 (C-N aromatic), 1282, 1242 and 1141 (C-O ester and
alcohol), 1095 and 1020 (C-Cl aromatic), 843 and 772 (C-H

o 0 0 0 0
= OH a 7 0 b = 0
N N
cl N Cl a N Cl cl N E
3

1 2

(a) 1) CDI, THF/CH,CN, MW, 5 min; 2) EtOCOCH,COOK, MgCl,, E;N, RT;
(b) 1) CH(OEY);, Ac,0, MW, 3.6 min, 2) CeCl,, NH; or (NH,),CO5/1 4-dioxane, MW, 15 min.

Scheme 1. Microwave-assisted synthesis of ethyl 7-chloro-4-oxo-1,4-dihydro-1,8-naphthyridine-3-carboxylate.
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Scheme 2. Tautomeric equilibrium.

aromatic out of plane) cm™'. MS, m/z (%): 262.0 (M", 21), 216
(13), 167 (32), 149 (85), 136 (46).

(2a) 'TH NMR (CDCl,; 400 MHz) & 1.26 (t, 3 H, J = 7.20
Hz), 4.09 (s, 2 H), 4.20 (q, 2 H, /=720 Hz), 740 (d, 1 H, J =
8.0 Hz), 7.98 (d, 1 H, J= 8.0 Hz). *C NMR (CDCl, 400 MHz)
8 192.41 (C=0 ketone), 172.39 (C=0) ester, 152.93, 141.69,
141.41, 140.85 and 123.04, (aromatic C), 60.38, 48.68 (CH,)
and 14.01 (CHy).

(2b) '"H NMR (CDCl, 400 MHz) § 1.35 (t, 3 H, J = 7.20
Hz),4.29 (q,2 H,J=7.20 Hz), 5.72 (s, 1 H), 7.36 (d,  H, J =
8.0 Hz), 7.94 (d, 1 H, J = 8.0 Hz), 12.54 (s, 1 H). >*C NMR
(CDCl, 400 MHz) 6 171.16 (C=0) ester, 166.57 (C-OH alco-
hol), 152.94, 141.69, 141.41, 132.47 and 123.04 (aromatic C),
123.46 (vinyl C), 61.78 (CH,) and 14.16 (CH,).

Ethyl 7-chloro-4-oxo-1,4-dihydro-1,8-naphthyridine-3-
carboxylate (3a) and ethyl 7-chloro-4-hydroxy-1,8-
naphthyridine-3-carboxylate (3b)

A mixture of 2 (0.40 g, 1.50 mmol) and acetic anhydride
(0.36 ml, 2.25 mmol) was heated using MW at 70 Watts until
it reached 140°C. Then triethyl ortoformate was added
(0.38 mL, 3.75 mmol) stirring under MW heating (70 W,
140°C) for 3.60 min. The reaction mixture changed from yel-
low to an intense red color. AcOEt and CH;CO,H were dis-
tilled off under reduced pressure. The resulting crude product
was mixed with CeCl;.7H,0 (5.60 mg) and stirred for 10 min.
Then, a solution of either NH; or (NH,),CO; (2.50 mmol) in
5.10 mL of 1,4-dioxane was added in three fractions to the
mixture under open vessel MW at 100 Watts until it reached
100°C for 15 min. The crude product was purified by column
chromatography using hexane as the mobile phase to obtain 3
as colorless solid in a mixture of ketone 3a and enol 3b tau-
tomers with m.p. 283-286°C [20]. 73% yield was achieved by

using NH;, while in the case of (NH,),CO; the yield was 75%.
IR (KBr) n,,,, 3423 (O-H alcohol), 3071 (C-H aromatic),
2986, 2926 and 2852 (C-H aliphatic), 1723 (C=0 ester), 1664
(C=0 ketone), 1623 (C=0 ester enolic), 1594 (C=C aromat-
ic), 1550 (C=N aromatic), 1406 (C-N amine), 1385 (C-N aro-
matic), 1289, 1219 and 1130 (C-O ester and alcohol), 1073
and1016 (C-CI aromatic), 796 (C-H aromatic out of plane)
em’l. MS, m/z (%): 222 [(M-CO-H,)", 9], 220 (16), 167 (20),
154 (100), 149 (79), 137 (55).

(3a) '"H NMR (CD;COCD; 400 MHz) & 1.41 3 H, t,J=9
Hz), 1.59 (1 H, bs, NH),4.42 (2 H, q,J=9Hz),7.36 (1 H,d,J
=10 Hz), 8.15 (1 H, d, J = 10 Hz), 8.53 (1 H, s). '*C NMR
(CDCl1;400 MHz) 6 173.86 (C=0 ketone), 164.03 (C=O ester),
159.53, 155.80, 141.96, 123.42 and 120.56 (aromatic C),
142.23 and 116.80 (vinyl C), 62.32 (CH,) and 14.10 (CH,).

(3b) 'H NMR (CD,COCD; 400 MHz) § 1.40 3 H, t,J=9
Hz), 2.57 (1 H, s, OH), 4.42 (2 H, q, J=9 Hz), 7.27 (1 H, s),
7.46 (1 H, d, J =10 Hz), 8.52 (1H, d, J = 10 Hz). *C NMR
(CDCl; 400 MHz) & 163.46 (C=0 ester), 163.08 (C-OH alco-
hol), 156.67, 154.95, 148.29, 139.06, 122.78, 111.17 and 110.92
(aromatic C), 62.12 (CH,) and 14.15 (CHy;).

Conclusion

An improved Grohe-Heitzer methodology [21-24] was de-
veloped by the use of microwave energy reducing 2.5 h to 5
min for the synthesis of the intermediate imidazolide. Which
was employed in the generation of ethyl 3-(2,6-dichloro-
pyridin-3-yl)-3-oxopropanoate with 93% yield, while the
preparation of ethyl 7-chloro-4-oxo-1,4-dihydro-1,8-naphthyri-
dine-3-carboxylate was made as one-pot reaction with 73%
yield resulting in shorter reaction times and cleaner products.
This useful alternative procedure could be helpful to prepare
the skeleton of 1,8-naphthyridone agents.
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Abstract. Isolated placentas of the highly pungent Capsicum chinense
(Habanero pepper), readily transformed ferulic acid and vanillin into
capsaicinoids, whereas those from a mild C. annuum cultivar showed
a low transformation rate of ferulic acid, in comparison to vanillin.
Cell cultures from both species showed low levels of capsaicinoids
and exposure to both intermediaries did not increase their amounts.
Results suggest that the transformation of ferulic acid to vanillin is a
limiting step in capsaicinoids synthesis in C. annuum, but not in C.
chinense and thus, may account for its higher pungency.

Keywords: Capsaicinoids; ferulic acid; peppers; vanillin.

Introduction

Habanero pepper (Capsicum chinense Jacq.) is considered one
of the most pungent peppers, reaching values between 100,000
and 600,000 Scoville Heat Units (SHU), equivalent to 7-40 mg g’!
DW capsaicinoids (CAPs), the active compounds of peppers’
typical hot flavor [1]. CAPs are solely synthetized and accumu-
lated in the epidermal cells of the placenta, the tissue holding the
seeds inside the fruit [2]. The pathway leading to CAPs synthe-
sis involves shortening of the C; chain of phenylalanine, through
the phenylpropanoid route, to produce an aromatic amine (vanil-
lylamine), which would be condensed with a 10-C acyl unit,
derived from a branched amino acid (either leucine or valine;
Fig. 1). The last reaction in CAP synthesis involves the forma-
tion of an amide bond between the amine group of vanillylamine
and the acyl chain, catalyzed by capsaicinoid synthase [1]. Most
cDNA’s of genes coding the corresponding enzymes involved in
CAPs biosynthesis have been isolated [3] and transcriptional
profiles during fruit development revealed that most of them are
simultaneously accumulated previous to maximal CAPs accu-
mulation [4]. Moreover, regulatory enzymes involved in the
synthesis of the required amino acids are coordinately activated
with those of CAP synthesis during fruit development [5, 6].
Besides CAPs, the phenylpropanoid pathway produces a
number of different phenolic compounds. Each intermediary
between Phe and vanillylamine (see Fig. 1) might be used as
the initial compound of branches leading to different products
[7]. In this way, the formation of this amine represents a

Resumen. Tejido placentario de frutos de Capsicum chinense (chile
habanero) de alto picor transformo eficientemente acido fertlico y vai-
nillina en capsaicinoides. Una variedad de pungencia moderada de C.
annuum mostrd baja transformacion de acido fertilico, en comparacion
con la de vainillina. Por su parte, células en suspension de ambas espe-
cies contenian bajos niveles de capsaicinoides y la adicion de los pre-
cursores no produjo aumentos significativos. Los resultados sugieren
que la transformacion de acido ferulico en vainillina es un paso limi-
tante en la sintesis de capsaicinoides en C. annuum, mas no asi en C.
chinense, lo que podria explicar su mayor grado de picor.

Palabras clave: acido fertlico; capsaicinoides; chiles; vainillina.

committed step towards CAPs synthesis and could function as
a regulatory step [1]. In here, we compared the efficiency of
Habanero pepper’s placentas to transform externally supplied
ferulic acid (FA) and vanillin (V) into CAPs to that of a mild C.
annuum cultivar. These two compounds were selected since
both are involved in critical steps of the biosynthetic pathway.
The propanoic lateral chain of FA must be cleaved to produce V
(3-methoxybenzaldehyde), which is the direct vanillylamine
precursor (Fig. 1). Our results showed that, even though exter-
nally supplied V was equally transformed in both pepper spe-
cies, C. chinense placentas were more efficient in transforming
FA into CAPs than those of C. annuum, suggesting that the
channeling of these late intermediaries may play a role in defin-

ing pepper pungency.

Results and Discussion

Total CAPs (capsaicin plus dihydrocapsaicin) content in intact
placentas from C. chinense and C. annuum cultivars used in our
experiments were 21.4 + 1.63 and 8.6 + 1.31 pmoles g”! DW,
respectively. These values decreased markedly, up to 2.3 and
0.7 umoles g"! DW respectively, upon introduction to in vitro
culture due to damage caused to the external surface of the pla-
centas, where CAPS are stored (see Fig 2). However, placentas
recovered after their introduction to in vitro culture, remaining
metabolically active as it has been shown previously [8]. Two
different concentrations of the intermediaries were assayed
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(50 and100 uM) for up to 48 h. Mock water-fed placentas were
used as controls. Similar effects were recorded for both inter-
mediaries’ concentrations, 50 and 100 uM, although in a less
marked fashion at the lower concentration. Therefore, the re-
sults for 100 uM are shown only. Moreover, in water-exposed
isolated placentas (controls), CAPs levels were maintained

with little variation between 2.0 and 4.0 and between 0.6 and
0.8 umoles g”! DW for C. chinense and C. annuum, respective-
ly (data not shown). In general, low levels of the analyzed inter-
mediaries (FA and V) were detected in intact placentas from
both species (at least two orders of magnitude lower than CAPs;
Fig. 2) and this trend was maintained after introducing them
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Figure 2. Accumulation of capsaicinoids and biosynthetic intermedi-
aries in C. chinense (A-B) and C. annuum (C-D) isolated placentas
exposed to 100 uM ferulic acid. Contents of ferulic acid and vanillin
in C. chinense (A) and C. annuum (C) placentas. Contents of total
capsaicinoids in C. chinense (B) and C. annuum (D) placentas. Aver-
age of triplicates with standard deviation.

into culture. The external supply of 100 uM FA to isolated pla-
centas had different responses, depending on the Capsicum spe-
cies employed.

In C. chinense placentas, the addition of FA increased the
initial value of V (Fig. 2A), its direct biosynthetic product, as
well as that of FA (Fig. 1). This was more evident after 12 h, but
always remaining in the nanomol range (Fig. 2A). This data
suggest that FA was incorporated and transformed into V under
the experimental conditions used. CAPs content showed maxi-
mal accumulation (12.3 umoles g”! DW) 24 h after exposure
(Fig. 2B). Although those values represented over a five-fold
increase of the initial in vitro values (0 h in Fig. 1B), they only
accounted for nearly 60 % of those found in intact tissues (21.4
+ 1.63 umoles g'! DW). In isolated placentas of C. annuum, the
amounts of FA and V were comparable (Fig. 2C) to those in C.
chinense. Interestingly CAPs levels slightly increased in re-
sponse to FA exposure (Fig. 2D) and maximal accumulation in
C. annuum (1.4 pmoles g”! DW) occurred 48 h after exposure.
This represented a two-fold increase over the initial in vitro

Felipe Vazquez-Flota et al.

values, which in turn represented a 16% recovery of the con-
tents of the intact tissues (8.6 = 1.31 pmoles g} DW). In this
way, placentas from both C. chinense and C. annuum increased
FA and V levels, in response to the addition of FA, suggesting
its incorporation to tissues and further utilization. In contrast,
those from C. annuum showed a limited transformation rate to
CAPs (Fig. 2D).

The external supply of V, which is a closer intermediary to
CAP formation than FA (Fig. 1), increased V, but not FA con-
tents in C. chinense placentas (Fig. 3A). CAPs levels also in-
creased in the same extent as those observed in placentas
exposed to FA, following a similar trend (Fig. 3B). C. annuum
placentas also increased V contents when exposed to this com-
pound (Fig. 3C). Furthermore, a noticeable increase in the ac-
cumulation of CAPs occurred after 12 h of exposure, reaching
values comparable to those of intact placental tissues (ca.
5 umoles g DW; Fig. 3D). All together, these data suggest that
Habanero pepper (C. chinense) higher pungency, compared to
mild C. annuum cultivars, might be related to a higher efficien-
cy in transforming FA into subsequent intermediaries.
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Figure 3. Accumulation of capsaicinoids and biosynthetic intermedi-
aries in C. chinense (A-B) and C. annuum (C-D) isolated placentas
exposed to 100 uM vanillin. Contents of ferulic acid and vanillin in C.
chinense (A) and C. annuum (C) placentas. Contents of total capsaici-
noids in C. chinense (B) and C. annuum (D) placentas. Average of
triplicates with standard deviation.
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Undifferentiated cell cultures of both C. chinense and C.
annuum presented a low capacity for CAPs accumulation [9].
In an attempt to promote CAPs formation, cell suspensions
were treated in the same way as isolated placentas (Fig. 4 and
5). As expected, the two species showed very low CAPs levels.
Interestingly, C. chinense cell cultures accumulated a fair
amount of V under normal conditions (around 100 nmoles g’!
DW; Fig. 5A), contrasting to those of C. annuum (under 20
nmoles g”! DW; Fig. 5B). Under the assayed conditions, no in-
creases in CAPs accumulation were recorded in response to the
external supply of either FA (Fig. 4A and B) or V (Fig. 5SA and
B). Nevertheless, FA as well as V contents, increased in the
corresponding treatments (Fig. 4 and 5), suggesting that, to a
certain extent, both intermediaries were taken up by the ex-
posed cell cultures. Interestingly, a slight increase in V levels
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Figure 4. Accumulation of capsaicinoids and biosynthetic intermedi-
aries in C. chinense (A-B) and C. annuum (C-D) cell suspension cul-
tures exposed to 100 uM ferulic acid. Contents of ferulic acid and
vanillin in C. chinense (A) and C. annuum (C) cultures. Contents of
total capsaicinoids in C. chinense (B) and C. annuum (D) cultures.
Average of triplicates with standard deviation.

could be observed in the FA-treated C. chinense cells, but not in
those from C. annuum, indicating that some of the externally
supplied FA could have been converted into V, without induc-
ing CAPs accumulation (Fig. 4 and 5).

The capacity to synthetize and accumulate CAPs is exclu-
sively located in epidermal cells of the placental tissue of hot,
pungent genotypes of the Capsicum genus [10]. This trait be-
haves as a single, dominant and epistatic character, controlled
by the presence of at least of one functional allele at the Punl
loci [11]. No clear correlation between CAP accumulation and
the genetic condition at Punl, either homozygous or heterozy-
gous, has been observed [2]. Moreover, most QTL’s associated
to CAP accumulation can account only to up to a 20% of the
maximal variations [2] and wide differences in CAP amounts
have been detected in highly isogenic C. annuum varieties
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Figure 5. Accumulation of capsaicinoids and biosynthetic intermedi-
aries in C. chinense (A-B) and C. annuum (C-D) cell suspension cul-
tures exposed to 100 uM vanillin. Contents of ferulic acid and vanillin
in C. chinense (A) and C. annuum (C) cultures. Contents of total cap-
saicinoids in C. chinense (B) and C. annuum (D) cultures. Average of
triplicates with standard deviation.
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cultured under the same conditions [1]. Therefore, as a quanti-
tative trait, pungency is controlled in a complex way, probably
involving a multilevel mechanism. In here, we have shown that
the availability of late intermediaries, such as FA and V, may
affect the final outcome regarding CAPs accumulation. Cin-
namic acid, the first product of the phenylpropanoid pathway
(Fig. 1), is used in the synthesis of lignin and number of other
metabolites. In fact, when cell cultures of C. annuum var.
Tampiquefio were presented with an external supply of Phe,
cinnamic, coumaric and caffeic acids, CAPs accumulation did
not increase, whereas the addition of FA, V and vanillylamine,
the late biosynthetic intermediaries, had an important effect
[12]. It should be pointed out that C. annuum cell suspensions
are able to incorporate externally supplied FA to CAPs [12, 13],
even though the actual intermediary for CAP synthesis is feru-
loyl-CoA ester [2]. C. frutescens immobilized placentas were
also able to incorporate FA into CAPs [14].

In our experiments, Habanero pepper (C. chinense) placen-
tas incorporated FA into CAPs, and no differences were found
when V was used (Fig. 2 and 3). Conversely, C. annuum pla-
centas were more efficient using V over FA (Fig. 2 and 3).
These data suggest that C. chinense placentas readily synthe-
sized feruloyl-CoA ester (C6-C3) from the exogenously sup-
plied acid, which was quickly transformed into the benzoic
derivative (C6-C1), channeling the intermediaries to CAPs and
some other phenolic products [1]. This higher ability of C. chin-
ense to use FA, in comparison to the mild C. annuum variety,
marks a clear difference, and may explain, at least partially, the
higher capacity of the Habanero pepper to produce CAPs. The
efficient formation of benzoates in Habanero pepper may re-
duce the possible diversions of the C6-C3 units to other phenyl-
propanoid compounds, increasing their channeling towards
CAPs formation.

It is interesting to notice that cell cultures, which evidently
lack tissue organization, only accumulated very low amounts of
CAPs (Fig. 4 and 5). Hence, the role of epidermal cell swelling
to form blisters, where these compounds are accumulated, has
been clearly established [10]. Such blisters remain intact when
placental tissues are cultured in vitro, although some damage
could be observed, thus explaining the decrease in CAPs levels
after manipulation required for initiating the cultures [8].

Experimental

Biological material and treatments. Placentas were collected
from immature pods of C. chinense (local landrace Naranja)
and C. annuum (local landrace ‘Katic’). C. chinense corre-
sponds to a highly pungent genotype, whereas the Katic variety
of C. annuum is a mild type of pepper (see Results for a com-
parison). Peppers were collected once they have attained their
final dimensions and taken to the laboratory where they were
washed in soapy water, rinsed with tap water and disinfested by
subsequent 5-min incubations in 70% ethanol and 3 mg L™ so-
dium hypochlorite (50% dilution of commercial bleach). After
rinsing the pods in sterile distilled water, the entire placentas

Felipe Vazquez-Flota et al.

were exscinded using scalpel and tweezers and rinsed in sterile
water. Square sections of ca. 3 mm per side were pre-incubated
for 1 h in half strength Murashige and Skoog (MS) medium.
After rinsing the tissues with a 10% dilution of the culture me-
dium, they were kept in 125 mL Erlenmeyer flasks, containing
25 mL half strength MS, supplemented with 20 g L™! sucrose
[8]. Placentas were cultivated for 12 h before supplying CAP
intermediaries. Ferulic acid (FA) or vanillin (V) (Sigma-Al-
drich, St Louis MO) were diluted in water and added to reach
final doses of 0 (control, water), 50 and 100 uM. Tissues were
incubated for periods shown in the figures, rinsed with sterile
distilled water, frozen in liquid nitrogen and kept at -80 °C until
analysis. Each treatment was applied in triplicate.

Cell suspension cultures from hypocotyls of C. chinense
and C. annuum (local landraces Naranja and ‘Katic’, respec-
tively) were maintained by biweekly subcultures in MS medi-
um as described before [9]. Ten-day cultures were exposed to
similar treatments as isolated placentas and kept under constant
agitation. Cultures were collected by filtration under vacuum
and frozen until analysis.

Analytical procedures. After harvest from the culture
flasks, tissues were freeze-dried and one gram was extracted
with 12 mL acetronitrile overnight with gentle shaking (50
rpm) at 60°C. Extracts were decanted and centrifuged to elimi-
nate tissue debris, dried under reduced pressure, and the residue
was then dissolved in 0.5 mL methanol. Prior to injection (total
volume: 20 uL), extracts were centrifuged and filtered through
a nylon membrane (pore size: 0.45 mm). Capsaicin, dihydro-
capsaicin and intermediaries were quantified by DAD-HPLC
[15], using an Agilent Technologies liquid chromatographer
(Santa Clara CA), Model 1200 with a diode array UV-visible
detector coupled to an Agilent LC Chem Station. A Zorbax C18
ODS column (4.6 x 250 mm, 5 mm particle size) from Agilent,
was used as stationary phase. Solvents used for separation were
as follows: solvent A, 10% methanol in water; solvent B, 100 %
methanol. The separation was carried out isocratically with
70% B plus 30% A, at a flow rate of 1.0 mL min™' for 10 min.
The eluant was monitored at 280 nm, and capsaicin (Rt 4.25
min) was completely separated under these conditions from di-
hydrocapsaicin (Rt 5.75 min), ferulic acid (Rt 1.61 min), vanil-
lin (Rt 1.87 min) and vanillylamine (Rt 2.14 min).
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Abstract. The most computationally intensive part of the SOS-MP2
algorithm for the calculation of the correlation energy [1], as executed
in Q-Chem, is implemented for use in a graphical processing unit
(GPU). Our approach adds new routines to the library initially devel-
oped by Aspuru-Guzik and co-workers [2], aiming at maximization of
bandwidth and performance, by taking advantage of the asynchronous
CPU-GPU communication capability of modern GPUs. These changes
permit an almost six-fold acceleration in the correlation energy calcu-
lation of linear alkanes. This was achieved employing a NVIDIA Tesla
K40C (Kepler) GPU and the Compute Unified Device Architecture
(CUDA).

Keywords: GPUs; SOS-MP2; correlation energy; Q-Chem.

Resumen. La parte computacional mas intensiva del algoritmo SOS-
MP2 para el célculo de la energia de correlacion [1], como se lleva a
cabo en Q-Chem, es implementada para su uso en unidades de proceso
grafico (GPU). Nuestro método agrega nuevas rutinas a la biblioteca
inicialmente desarrollada por Aspuru-Guzik y colaboradores [2], con
la intencion de maximizar el ancho de banda y la eficacia al aprove-
char la comunicacién asincrona GPU-CPU presente en GPUs moder-
nos. Estos cambios permiten una aceleracion por un factor de casi seis
en el célculo de la energia de correlacion de alcanos lineales. Los re-
sultados se obtuvieron al emplear un GPU NVIDIA Tesla K40C (Ke-
pler) y la Arquitectura de Dispositivo de Computo Unificado (CUDA).
Palabras Clave: GPUs; SOS-MP2; energia de correlacion; Q-Chem.

1. Introduction

The use of accelerators to improve scientific computing perfor-
mance is not exclusive of recent years. Their early application
in scientific code can be traced back to the beginning of the
1980s, when a floating point accelerator was implemented in
computers [3]. Recently, Graphic Processing Units (GPUs)
have attracted a lot of attention, as can be seen in their extensive
use in the high performance computing field.

Early use of GPUs was precluded by their inherent pro-
gramming complexity, which relied on either OpenGL or Di-
rectX graphic programming languages. This issue limited
general purpose computation on GPUs and circumventing this
limitation was the motivation for additional efforts [4]. Howev-
er, the release of NVIDIA’s compute unified device architecture
(CUDA [5]) provided a high level abstraction model through
the incorporation of relatively simple extensions of the standard
C language, which permitted the development of libraries that
are useful for common problems in quantum chemistry and sol-
id state physics, such as Fourier transforms (CUFFT [6]) and
linear algebra (cuBLAS [7]).

The success of this model is evident: since the CUDA re-
lease, a variety of codes have been developed for molecular
dynamics applications [8, 9], astrophysics simulations [10] and
electronic structure methods. Within the last mentioned appli-
cations, special efforts have been made concerning the GPU
implementation of Hartree-Fock (HF) [11, 12], evaluation of
electron repulsion integrals [13, 14], density functional theory

[15], geometry optimization [16], solvation models [17], reso-
lution of the identity MP2 (RI-MP2) [2, 18], coupled-cluster
theory (CC) [19, 20, 21] and quantum Monte-Carlo [22]. In
addition, popular electronic structure codes have adopted hy-
brid CPU/GPU schemes in order to speedup calculations, for
instance GAMESS [23], NWChem [24], TeraChem [25] and
Q-Chem [26].

Our work constitutes an additional effort to extend the
scope of GPU applications in electronic structure methods. We
are interested in the GPU implementation of the so-called
scaled opposite-spin second order Moller-Plesset theory (SOS-
MP2). This is a simplified and economical treatment of elec-
tronic correlation energy calculations [1]. In this approach, only
the a-f component of MP2 energy is calculated and scaled by
an empirical factor (which turns out to be 1.3), which yields
statistically improved energies and derivative properties over
the conventional MP2 method. In addition, the introduction of
the Resolution of the Identity (RI) approximation, and a La-
place transform results in an improved method without any
fifth order computational steps, in contrast with the original
MP2 formulation.

A similar effort has been carried out recently by the intro-
duction of a new SOS-MP2 algorithm by Maurer et al. [27] in
which they reduce the scaling by modifying the rate determin-
ing step in such a way that it is efficiently evaluated in a GPU
without using any GPU-based linear algebra library. However,
we believe that our present work is still relevant as it comple-
ments the one initiated by Aspuru-Guzik and co-workers [2],
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by adding the non-blocking feature to the set of routines that
constitutes the library in development. This has the advantage
of reducing the programming effort in the addition of new ma-
trix-multiplications related algorithms, at which the program-
mer could simply call a single function that automatically
carries out the whole process of the non-blocking calculation.

In this work, the main details concerning the GPU im-
plementation of the most computational intensive part of the
SOS-MP2 algorithm of Q-Chem, are exposed. This article is
organized as follows: in the Theory and Implementation sec-
tion, the theoretical basis of the SOS-MP2 algorithm are pre-
sented and the details of the implementation process and the
use of asynchronous calls in CUDA as an option to improve
performance are described. In the Results section, the most im-
portant results concerning the process of benchmarking are dis-
cussed. In the Discussion section we comment on the speedups
observed by the use of this GPU implementation. Finally in the
Conclusions section we summarize our results.

2. Theory and Implementation

2.1. SOS-MP2 method

The theoretical basis of the SOS-MP2 method was reported by
Head-Gordon and co-workers [1]. In this method, the energy is
expressed as a series of matrix multiplications (within a dis-
crete quadrature that involves Q points), according to:

0 a p 0
MPzz_ZZZZBKB BLB]b— ZZXI()(!LXIEL (1)
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Here, the major computational task consists in the con-
struction of the X matrix (or matrices, if open shell), which is
defined in terms of three-center bielectronic integrals:
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Here, A]‘}, =€,+€,—€—¢€;,and €, €; (€,.€,) are the en-
ergies, in the canomcal basis, of occupied (virtual) orbitals.

In Q-Chem, for each quadrature point ¢, the X matrix (or
matrices, if open shell) is constructed through the evaluation of
Eq. 1. This step is fourth order in molecular size.

In actual Q-Chem SOS-MP2 calculations, the algorithm is
timed in the six main steps that are illustrated in Figure 1,
namely 1) construction and inversion of the (P|(Q) matrix,
2) construction of the (ia|P) matrix, 3) construction of Bg ,
4) scaling of the B,g coefficients, 5) construction of the X ma-
trices and 6) increment of energy.

It is worth noting that the SOS-MP2 method preserves the
size-consistency property given that the OS component of the
MP2 energy conserves it, even though, it is possible that due to
its approximate nature the size-consistency property might
brake down in unexpected situations. Some physical deficien-
cies are known: firstly, it underestimates the correlation energy
in the limit of long separation, due to the fact that the OS com-
ponents and the same-spin (SS) ones are equal in this limit; and,

Result: SOS-MP2 algorithm

Step 1.;

Construction of (P|Q)~! coefficients;
Step 2.;

Construction of (ia|P) coefficients;
Step 3.;

Construction of BS coefficients;

for i + 0 to ¢ do
for j < 0 to () do
Step 4 starts.;
Read B matrix;
Scale Bm coefficients;
Step 4 ends.;

Step 5 starts.;

X «+— BB,

Step 5 ends.;

end

Step 0O starts;
Increment energy;
Step 6 ends;

end

Algorithm 1: SOS-MP2 algorithm

Figure 1. Pseudocode showing the main steps in the SOS-MP2 energy
evaluation algorithm in Q-Chem. In this scheme Q denotes the number
of points in the numerical quadrature introduced in Equation 7. In ac-
tual calculations, Q = 7.
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secondly, it can overestimate the correlation energy in systems
where the SS component is small [1].

2.2. Implementation

During the development of GPU applications, memory optimi-
zations are fundamental to increase performance, thus a second
goal is to maximize bandwidth in data transfer. This is com-
monly done through minimizing CPU-GPU communication,
which can be achieved by batching many small transfers into a
larger one or enhancing the bandwidth between the host and the
device by taking advantage of the non-blocking data transfers
capabilities available in modern GPUs [5]. The second option is
realized using page-locked (or pinned) memory together with
the so-called streams, which are sequences of commands (pos-
sibly issued by different host threads) that are executed in the
order issued. In contrast with common blocking data transfers,
the non-blocking version allows the programmer to issue sever-
al memory copies and kernel executions in different streams at
a time, so that the operations can be interleaved and overlapped,
which translates into a greater occupancy of the device memory
(See Fig. 2).

Data parallelism (which focuses on distributing the data
across different parallel computing nodes) is common in high
performance computing (HPC) oriented to scientific applica-
tions, an example of this model is the parallel programming
“Single Instruction Multiple Data” of CUDA. Since the on-
board memory of GPUs is a finite resource and the amount of
data to be processed in HPC fairly exceeds this limit, it is usual
to process chunks of the whole data set by the GPU in the most
demanding tasks. However, the disadvantage of this scheme is
that the number of data transfers that have to be issued is high
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Figure 2. Schematic timeline of asynchronous data transfer in the
non-blocking developed version. This approach enables the program-
mer to overlap communication with computation time by issuing data
transfers and kernel executions in different streams (streams are repre-
sented with the same color).
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for large data sets. Although in this case the communication
host-device overhead can be reduced, when the algorithm al-
lows it, by reducing data transfers (which can be done by batch-
ing several chunks into a larger one and executing the kernel
sequentially over segments of the buffer). Nevertheless, in the
GPU implementation presented here, we adopted a non-block-
ing model primarily because it permits to hide memory copy
more effectively by overlapping CPU-GPU communication
(and viceversa, i. e. GPU-CPU) with kernel execution. Addi-
tionally, the bandwidth is enhanced by using pinned memory,
and different sets of data can be processed simultaneously when
the device has this capability.

In order to show that the most demanding step of the SOS-
MP2 algorithm corresponds to the one associated with Eq. 1,
we carried out a benchmark to analyze the execution times of
different steps involved in the SOS-MP2 algorithm, consider-
ing linear alkanes and employing the cc-pVDZ/rimp2-cc-pVDZ
basis set. The results are summarized in Figure 3.

From these results, it is noted that the wall-time of the en-
ergy evaluation is dominated by the fifth step of the algorithm,
which correspond to the calculation of the X§, coefficients.
Since it has been shown that this is the most expensive step in
the algorithm, we investigated the possibility of achieving a
speedup based on the use of Graphical Processing Units by
working exclusively on this step.

Firstly, and in order to set goals regarding the speedup that
can be achieved parallelizing the section of the code corre-
sponding to the fifth step, we analyzed the trend in the percent-
age of the total wall-time SOS-MP2 energy evaluation spent in
that section as the system size increases. This trend is illustrated
in Figure 4.
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Figure 3. Comparison of the wall-time required by the algorithm steps
of'the SOS-MP2 energy evaluation, for linear hydrocarbons. The Dun-
ning cc-pVDZ basis and the rimp2-cc-pVDZ auxiliary basis set were
used. Only the stages that account for the major percentages of total
wall-time are shown: construction of three-center integrals (ia|P), con-
struction of B coefficients, and construction of X% coefficients.
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Figure 4. Percentage of total wall-time required by the SOS-MP2 en-
ergy evaluation algorithm in the construction of X§, coefficients in
the original Q-Chem code. The systems employed here were linear
alkanes of variable chain length, and the basis sets was ccpVDZ/
rimp2-cc-pVDZ.

From these results, we noted that at most, step 5 represents
approximately 82% of elapsed time, and the trend observed
seems to prevail for bigger systems. Considering this propor-
tion as parallelizable, and assuming that the 18% of elapsed
time left is sequential, we can set the expected upper-bound
speedup by employing Amdahl’s law [5]

S’=_____l_____ (8)

a_m+§

Where P is the fraction of the total serial execution time
taken by the portion of code that can be parallelized and N is the
number of processors where the parallel portion of the code
runs. By using Eq. 8, we find that the maximum speedup that
can be achieved assuming strong scaling is 5.6.

Equation 1 corresponds to the fifth step of the algorithm. In
Q-Chem this is evaluated within a loop over active occupied
molecular orbitals. If N is the number of auxiliary orbitals and
v the number of active virtual orbitals, first a matrix of size
v x N is read from a temporal file and it is multiplied by its
transpose afterwards. Then, this result is augmented into a
N x N matrix X. In order to use the GPU more effectively, we
implemented a batch scheme to group K matrices together in
such a way that each matrix is processed by an independent
stream.

3. Results

The most intensive part of the algorithm, as shown above, cor-
responds to matrix multiplications. In order to assess the perfor-
mance of this operation with two different CUDA approaches
(namely non-blocking and blocking communication versions),

we developed two different code toy models. Both models pro-
cess 100 random matrices, multiplying each of them by its
transpose and augmenting the result into a final matrix. The
difference between them resides in that one uses asynchronous
communication (non-blocking version) and the other uses the
common communication routines (blocking version). These
test codes were written with CUDA version 6.0 (CUDA driver
version 6.0) and were compared with the performance achieved
by the Intel® MKL library (Fig. 5). The calculations were car-
ried out on Intel Xeon® processors at 2.40 GHz, on a node with
the Red Hat Enterprise Linux OS, release 6.5. In the GPU cal-
culations, a Tesla K40C GPU was employed. From the results
obtained (Fig. 5), it is worth noting that the reduction in perfor-
mance due to PCI bus latency is minimal in the case of small
matrices, when the non-blocking communication approach is
employed (as a result of the computing-communication over-
lap), and the maximum observed speedup with respect to CPU
timings is approximately 6 % greater that the maximum speed-
up using blocking communication.

It is worth mentioning that the performance achieved using
the MPI model is approximately the same as that achieved
when six CPUs are used in conjunction with the use of a GPU
as a coprocessor. However, as previous work shows [28], one of
the advantages of GPU computing over a multicore approach,
is the low energy amount per floating point operation in numer-
ical computations that involve BLAS level 3 operations (ma-
trix-matrix operations). Although a mixed MPI-CUDA scheme
can be proposed to take advantage of modern clusters with sev-
eral GPUs and CPU cores, we preferred to employ the CUDA
scheme in the current study, given the availability of a matrix
multiplication library in the Q-Chem code, and considering that
the new functions can be easily incorporated in a future MPI
implementation.

For comparison and exploration purposes, the first ap-
proach used to introduce acceleration in the calculations was a
simple substitution of the subroutine that carries out the matrix

10

Speedup

1000 2000 3000 4000 5000
Matrix length

Figure 5. Performance comparison between the two developed CUDA
versions for data processing. Speedup=CPU elapsed time/GPU elapsed
time.
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multiplication used during the construction of the X¢;, matrix,
for a subroutine which performs the matrix multiplication em-
ploying the NVIDIA cuBLAS library, already implemented in
the Q-Chem code. With this simple modification, we observed
a significant reduction in the elapsed time associated with the
construction of the X¢, matrix, as shown in Figure 6. Results
shown in Figure 6 from this approach were obtained with a Tes-
la M2090 GPU; however, similar results are expected when
using more modern GPUs, specially for large systems where
the speedup achieved is close to the theoretical limit even when
using an old GPU.

To introduce non-blocking communication and with the
aim on concurrent execution of matrix multiplications, we pro-
posed a batching scheme in which batches of K matrices are
initialized and then are processed and multiplied by its trans-
pose within a single call of a function, carrying out these tasks
in different streams for each matrix. The value of K is set dy-
namically according to a threshold value which reflects the on-
board GPU memory constraint. From the results illustrated in
Figure 6, we note that this approach introduces a significant
time improvement, with respect to the blocking version. How-
ever, this improvement seems to be less effective when the

18000

e—e Original code
160001 «—e CUDA / non-blocking
e—e CUDA / blocking

14000

12000

10000

8000

Elapsed time (s)

,_F,:;,-.—’///‘

10 20 30 40 50 60 70 80
Chain length

W Blocking
B Non-blocking

Speedup

40 50

Chain length

Figure 6. (a)Timing comparison between blocking and non-blocking
versions, developed in this work, for the construction of X, coeffi-
cients in the SOS-MP2 algorithm. The systems employed were linear
alkanes and the cc-pVDZ/rimp2-cc-pVDZ basis set. (b) Speedup com-
parison between the blocking and the non-blocking versions, consider-
ing the construction of X§, coefficients only. These results were
obtained using a NVIDIA Tesla M2090 GPU.
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system size increases, as a consequence of the reduction in the
percentage of time invested in communications.

In order to include all these advantages in Q-Chem, a series
of subroutines were implemented within the code responsi-
ble of the computation of the SOS-MP2 energies. These sub-
routines accomplish the streams setup, the matrix multiplication
using CUBLAS in a concurrent and batched fashion, and the
shutting down of the mentioned streams. Furthermore, to take
into account the possibility to process big matrices that do not
fit the GPU on-board memory, we employed the matrix multi-
plication library developed by Aspuru-Guzik and co-workers
[2] which has the capability to chop big matrices and process
the matrix multiplication by pieces. The modified algorithm is
described in more detail in Figure 7. The speedups achieved
with the implementation of these subroutines are shown in Fig-
ure 8. To avoid possible fluctuations in the speedups data due to
changes in processing time of the different stages of the calcu-
lations, we considered that the only variable in the calculation
wall-time was the time spent on step 5, between the GPU and
CPU version. This was done since we noticed that the speedup
calculations based on the GPU and CPU raw data gave rise to
spurious speedups above the maximum theoretical speedup for
the biggest systems.

We tested also for the numerical precision of results ob-
tained on a GPU as coprocessor as they compare to results run
on a CPU. As expected for double-precision calculations on
both CPU and GPU, results are equal, except for one alkane
whose correlation energy is within a margin of less than 0.1
kcal/mol. Since there was only one case of slight discrepancy
between GPU and CPU results, we believe that the error source
is not algorithmic but due to an error in data processing.

Result: Construction of X matrices with CUDA
Initialization of CUDA context,
Set NBatehsize;
Stream creation;
for i + 0 to @ do
Allocate page-locked memory for B and X matrices ;
for j < 0 to @ in NBatchsize steps do
Read Batchsize B matrices;
for k <+ 0 to Batchsize do
‘ Scale Bfﬁ coeflicients;
end
for k < 0 to Batchsize do
if matrizsize < threshold then
‘ Chop and multiply matrix;
end
Asynchronous CPU-GPU transfer at streamlil;
Kernel execution at streamli];
X ¢+ Asynchronous GPU-CPU transfer at streamli
end

end
Increment energy
end

Algorithm 2: Construction of X matrix with CUDA

Figure 7. Pseudocode showing the main steps of the proposed algo-
rithm to build the X matrix in SOS-MP2 calculations. As in Figure 1,
O denotes the number of points in the quadrature for the evaluation of
Eq. 7.
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6 T T T

10 20 30 40 50 60 70 80

Figure 8. Speedups achieved in the calculation of the correlation ener-
gy of SOS-MP2 algorithm after the implementation of the asynchro-
nous CUDA approach described in the main text. The basis set
employed is cc-pVDZ.

4. Discussion

We have found that the concurrent capacity supported by the
majority of GPUs introduces an important enhancement in
the execution of the most demanding step of the SOS-MP2 al-
gorithm. On the other hand, given that the speedup in this algo-
rithm has an upper bound of 5.6, the increase in performance
compared with the blocking version of the code seems small
(see Figure 6), yet it is noteworthy that the speedup achieved
constitutes approximately 87% of that maximum value.

On the other hand, it should be mentioned that the main
drawback of this method is that pinned memory is a scarce re-
source which means that an excessive use of this kind of mem-
ory can reduce the overall system performance, that limits its
use in very big systems. Unfortunately it is difficult to know
how much page-locked memory allocation can interfere with
performance, given that it depends on the operative system and
other OS applications that compete for resources. However, we
think that this problem can be ameliorated with the use of ap-
propriate queue systems that limit the amount of resources allo-
catable by users, which is the case in modern clusters oriented
to HPC.

5. Conclusions

In this paper we have evaluated the most computationally in-
tensive part of the SOS-MP2 algorithm for the calculation of
the correlation energy with particular application to its execu-
tion within the Q-Chem suite. We built on the asynchronous
CPU-GPU communication capability of modern GPUs to in-
crease bandwidth and performance. These capabilities were
tested on the calculation of a set of linear alkanes from 10 to 80

carbon atoms, where we were able to find an almost three-fold
increase in the speed of the computation of the correlation ener-
gy. While these results are slightly different depending on the
particular GPU employed, considerable speedups are present in
all cases. As implementation of the proposed code is simple,
use of mixed GPU-CPU schemes like the present one are rec-
ommended.
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Abstract: Sapium macrocarpum (Euphorbiaceae) is a tropical tree lo-
cated mainly in the southern part of Mexico and in Central America,
and it is used in the Mayan traditional medicine for the treatment of
several skin diseases. The dichloromethane-MeOH extract of the aeri-
al parts displayed cytotoxic activity against certain cancer cell lines.
Lupeol (1), lupenone (2), sitostenone (3), B-sitosterol (4), stigmasterol
(5), sitosteryl B-D-glucopyranoside (6) and the rare diterpene tonantzi-
tlolone A (7) were characterized from this extract. The structural anal-
ysis allowed the 'H NMR reassignments for H-120 and H-12p, and for
H-130 and H-13f of tonantzitlolone A (7). The cytotoxic activity of
compounds 1-3, 6 and 7 was evaluated against selected cancer cell
lines. Compounds 3, 6 and 7 displayed clear activity against K562
(leukemia). This is the first report on the chemical constituents of S.
macrocarpum, and points out that this species is an additional source
of tonantzitlolone A. Compound 7 has only been reported previously
from species of the Stillingia, Sebastiania and Sapium genera, which
belong to the Hippomaninae subtribe of the family Euphorbiaceae.
Keywords: sitostenone; diterpenes; flexibilane; Euphorbiaceae; NMR
reassignments, cytotoxicity.
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Resumen: Sapium macrocarpum (familia Euphorbiaceae) es un arbol
localizado en la parte central de México y en Sudamérica, el cual es
usado en la medicina tradicional Maya para el tratamiento de diversas
enfermedades de la piel. El extracto de diclorometano-metanol de las
partes aéreas de esta especie mostro actividad inhibitoria de la prolife-
racion de ciertas células cancerosas humanas. Lupeol (1), lupenona (2),
sitostenona (3), B-sitosterol (4), estigmasterol (5), B-D-glucopirandsido
de sitosterilo (6) y el diterpeno relativamente raro tonantzitlolona A (7)
fueron caracterizados de este extracto. El analisis estructural de la to-
nantzitlolona A (7) permitié la reasignacién de las sefiales de RMN 'H
de H-12a y H-128, y de H-13a y H-13f. La actividad citotoxica de los
compuestos 1-3, 6 y 7 fue evaluada frente a las lineas celulares cance-
rosas selectas. Los compuestos 3, 6 y 7 mostraron actividad clara con-
tra K562 (leucemia). Este es el primer reporte sobre los constituyentes
quimicos de S. macrocarpum, encontrando que esta especie constituye
una fuente adicional de tonantzitlolona A. El compuesto 7 ha sido ais-
lado de los géneros Stillingia, Sebastiania y Sapium, los cuales perte-
necen a la subtribu Hippomaninae de la familia Euphorbiaceae.
Palabras clave: sitostenona; diterpenos; flexibilano; Euphorbiaceae;
reasignaciones de RMN, citotoxicidad.

Introduction

Sapium 1s a cosmopolitan genus of the Euphorbiaceae plant
family which includes 23 accepted names of species, consoli-
dated from 254 former names of synonyms. Several species of
this genus have been used in traditional medicine in several
parts of the world for treating wounds, snake bites, and skin-re-
lated diseases, among other ailments [1,2]. From Sapium spe-
cies collected in Asia, phenolic compounds were identified as
constituents of S. insigne [3,4], S. sebiferum [5,6]; phorbol es-
ters were identified as secondary metabolites of S. indicum
[7,8] and S. insigne [3,9]; and the alkaloid bukittinggine and
triterpenes were identified as constituents of S. baccatum [10-
12]. Among species collected in the American continent, ter-
penoids have been isolated from S. rigidifolium [13] and S.
haematospermum [14], and coumarins from S. sebiferum [15].
S. macrocarpum is a tree native mainly to the southern part
of Mexico and Central America. It is used in Mayan traditional

medicine to cure skin infections, and particularly, for treating
warts [16]. It has not been chemically analyzed previously, but
some phytotoxic compounds have been isolated from an endo-
phytic fungus of this species [17]. Here we report the chemical
constituents isolated from an extract of the aerial parts of S.
macrocarpum, which displayed cytotoxicity in selected tumor
cell lines. We identified tonantzitlolone A (7), an uncommon
diterpene with a flexibilane skeleton, together with a series of
known compounds, and determined their cytotoxicities.

Results and Discussion

The '*C NMR spectrum of compound 1 showed 30 signals
which were defined by DEPT experiments. The results showed
seven methyl groups, eleven methylenes (one vinylic methy-
lene), six methines (one oxymethine), and six quaternary car-
bons. The 'H NMR spectrum displayed six singlets for methyl
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groups between 6y 1.03 and &4 0.76, and one methyl group at
Oy 1.68; the latter signal belonged to an isopropenyl fragment,
consistent with the presence of the vinylic methylene men-
tioned above. These NMR data were identical to those reported
for lupeol (1) [18], and a direct comparison with an authentic
sample confirmed its structure. The less polar fractions of the
chromatogram provided a white solid. Its '3C NMR spectrum
also displayed 30 signals that included a carbonyl group of a
ketone (6. 218.40) and signals with chemical shifts similar to
those for 1, but did not show the oxymethine observed for 1 (5
79.02). The EIMS showed a molecular ion at m/z 424 in agree-
ment with the molecular formula C;,H,5O. The '*C NMR data
and its physical constants were identical to those reported for
lupenone (2), confirming its structure [19]. Four structurally
related compounds were isolated, whose 'H and '*C NMR data
indicated the presence of four tertiary methyls, three secondary
methyls and one primary methyl, characteristic for phytos-
terols. Sitostenone (3) [20,21], B-sitosterol (4), stigmasterol (5)
[22] and B-sitosteryl B-D-glucopyranoside (6) [23] were char-
acterized. The identities of these compounds were confirmed
by comparing their 'H and '*C NMR data and their physical
constants with those published in the literature, and with au-
thentic samples available in our laboratory.

The molecular formula of C,cH,4,O, for metabolite 7, was
established from the analysis of its NMR and EIMS data. The
13C NMR spectra (Table 1) exhibited 26 carbon signals, which
comprised seven methyl groups (three tertiary, two secondary,
one primary and one vinylic), four methylenes, nine methines
(four bonded to oxygen, three olefinic, and two aliphatic), and
six non-protonated carbons (two carbonyls, one olefinic, one
aliphatic, one bonded to oxygen, and one bonded to two oxy-
gens). The presence of a methyl senecioate fragment (CcHyO,)
was established by the '3C and '"H NMR signals assigned (by
HMBC analysis) to an ester carbonyl (5 166.58) bonded to the
olefinic methine (8. 113.86, 8;; 5.70) of a trisubstituted double
bond (8. 162.97), having an ethyl (6. 33.88, 8,7 2.17; 8 11.83,
Oy 1.07) and a methyl group (8- 18.99, &y 2.16) as the other
substituents. Therefore, this compound was a diterpene with
five degrees of unsaturation bonded to a methyl senecioate
fragment. The presence of a B,y-unsaturated-a-methyl ketone
fragment was deduced from the '3C and '"H NMR signals of a
ketone (8. 211.30) bonded to a methine (5;; 3.34, according to
HMBC correlation), which was further linked to a methyl group
(¢ 16.00, 8 1.12, HMBC and COSY correlations) and to a
trans disubstituted double bond (3 126.81, 8;; 5.24; 5 140.07,
3y 5.86). In addition, the remaining 'H and '*C NMR signals,
particularly those for two aliphatic methylenes, three
oxymethines, and one hemiketal carbon, were consistent with
the presence of a d-lactol and a tetrahydrofuran in the diterpene
skeleton. The NMR data were almost identical to those reported
for tonantzitlolone (7, named so after the Aztec goddess
Tonantzin, by Dr. X. A. Dominguez), a metabolite previously
isolated from Stillingia sanguinolenta, an endemic plant used
traditionally in northern Mexico [24]. However, a number of
inconsistencies in the reported 'H NMR assignments were de-
tected, particularly those for the H-12a and H-12f, and the
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H-130 and H-13p [25-27]. The correct assignments are shown
in Table 1. These assignments were based on the analysis of the
coupling constants between the hydrogens of the tetrahydrofu-
ran ring, which indicated that the observed Jj,, 133 = 0 (not in-
formed in references 24-27) was in agreement with the E,
arrangement of the conformational itinerary of an oxolane ring
[28]. Consequently, some reported NOESY correlations should
also be corrected according to the new assignments. For in-
stance, the NOESY crosspeak between H-14 (8, 3.77) and the
signal at 8y 2.45 informed by Lima [26], was not detected, in-
stead, a correlation between H-14 and H-138 (& 1.77) was
clearly observed. Some minor inconsistencies were due to the
use of different numbering systems for the macrocycle, in addi-
tion to the fact that one of the first structures published was
later corrected [29]. Selected relevant NOESY correlations are
illustrated in the X-ray structure depicted in Figure 1(a), since
the conformation determined by X-ray analysis (vide infra) was
in agreement with the H-H dihedral angles deduced from the
Jiy 'THNMR coupling constants. Some fragments of this com-
pound were previously synthesized [30], the total synthesis has
also been completed [24,31], and its absolute configuration
has been established [32], as depicted in formula 7.

An X-ray analysis of compound 7 confirmed the molecular
connectivity and the absolute configuration. In addition, we
could identify two intramolecular hydrogen bonds: one be-
tween OH-9 and the tetrahydrofuranic oxygen, and the second
between OH-10 and the pyranyl oxygen (Figure 1(b)). On the
basis of these findings, the structure of 7 could be considered to
have some rigidity, which further supported the observed 'H-"H
NMR coupling constants, consistent with the conformation of
the metabolite in the solid state. The absolute configuration for
this compound was the same as that obtained for a compound
isolated from Stillingia lineata (Euphorbiaceae) in the search of
antichikunguya agents; and thus, compound 7 was renamed by
Grondin et al. as tonantzitlolone A [27], since Kirshning et al.
previously characterized an structural variant with difference in
the ester side chain, named tonantzitlolone B [25].

The inhibitory activities of the extract of Sapium macro-
carpum and of compounds 1-3, 6, and 7 were tested against
U251, PC-3, K562, HCT-15, MCF-7, and SKLU-1 human tu-
mor cell lines using the protein-binding dye sulforhodamine B
(SRB) microculture assay to measure cell growth [33]. The re-
sults revealed that the extract (at 50 pg / mL) and the assayed
compounds (at 50 uM) displayed differential activity (Table 2).
Lupeol (1) exhibited clear activity against PC-3 cells, and all
the natural compounds (1-3, 6 and 7) were active against the
leukemia cell line (K562). B-Sitosteryl B-D-glucopyranoside
(6) displayed the highest activity in the K562 cell line (77% of
inhibition), consistent with results with other leukemia cells
(CEM/ADRS5000) [34]. However, evaluations of these pure
compounds against other tumor cell lines indicated inhibitory
activities below 40%. Sitostenone (3) was previously reported
to possess anti-proliferation and anti-tyrosinase activities in
melanoma cells [35]. The activities displayed by tonantzi-
tlolone A (7) were similar to those reported previously for
tonantzitlolones B-F [36]. Recently, tonantzitlolone A (7) was
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Table 1. 'H (400 MHz) and '*C NMR (100 MHz) data of 7 (3 in ppm, .J in Hz, CDCl5)

4 R=H

5 R=H; A??23
6 R =p-D-Glcp

69

Position Oy M J (Hz) d¢c NOESY HMBC (H — C)
1 5.86,d Ji215.2 140.07 13a, 3, 17 C2,C3,Cl14, C15,
C17
2 5.24,dd J1215.2,J,59.6 126.81 16,3,5 C3,C4,Cl15
3 3.34,dq J239.6,J5,506.8 49.53 20 Cl1, C2, C4, C20
4 211.30
5 4.63, dd Is.60 12, J5,652.9 74.14 6P, 7 C4, Co
60 1.39, ddd J6a,6[5 13.5, Jg,7 13.0 28.82 19, 68 Cs5, C8, C19
6p 1.85, ddd Jep7 32 19, 6a, 5,7
7 2.34, dddq J782.6,J7196.9 29.05 5,8,6pB, 19 Co, C19
4.90,d J752.6 73.17 10,7, 19 Ceo, C19, C9
97.14
10 343,s 78.20 120, 8, 18 C9,Cl12,C18
11 87.65
120 2.45,dd J120.128 12.5, J120.130 7-5, 37.35 128, 130, 10 C13,C18
J126,135 0.0
128 1.54, ddd Jiap13p 75 18, 13p, 12a
130 2.05, dddd Ji3a13p 125, 126,130 125, 28.06 138, 12a, 1 Cl12
130,14 12.5
138 1.77, ddd J12p.13p 7-55 J124.13 0-0 17,12, 130, 14
Ji3p,14 50
14 3.77,dd 88.89 136, 16, 17, 12, 18 Cl1,Cl12,C13, Cl6,
C17
15 38.73
16 1.14,s 25.09 17, 14, 2,0H-9 Cl1,Cl14, Cl15,C17
17 091,s 25.44 16,13p, 14 Cl1,Cl14,C15,Cl16
18 1.38,s 28.11 12, 10, OH-9 C10, C11,C12
19 0.85,d J7.196.9 17.01 7, 6B, 60 Co, C7,C8
20 1.12,d, J320 6.8 16.00 3 C2,C3,C4
r - 166.58 -
2’ 5.70,q Jype 12 113.86 5,4 C4’, Co’
3 - 162.97 -
4 2.17,q Jyps5 7.2 33.88 5’ Cc2’,C5,C6’
5 1.07,t Iy 7.7 11.83 4 c4
6’ 2.16,d Jy e 1.2 18.99 5’ C2’,C4
OH-9 5.66, s - 5,10,18 C8, C9, C10
OH-10 3.10, s - - -
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(a)
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(b)

Figure 1. (a) Selected NOESY correlations of tonantzitlolone A (7) using the drawing derived of the X-ray analysis. (b) X-ray crystal structure of
tonantzitlolone A (7) indicating the intramolecular hydrogen bonds (by broken lines).

identified as a potent anti-tumor agent in renal cancer cells as a
PKC activator [37], and as a cytostatic compound on tumor
cells, inducing monoastral half-spindle formation [38].

Table 2. Cytotoxic activities (% of inhibition) of the extract and isolat-
ed products from S. macrocarpum (50 pg / mL for the extract, 50 uM
for pure compounds, DMSO as vehicle).

Human tumor cell lines
U251 PC-3 K562 HCT-15 MCF-7 SKLU-1

CH,Cl,-MeOH 17.5 59.8 96.5 453 39.5 44.6
(1:1) Extract

Sample

1 273 50.7 4838 10.4 223 13.0
2 83 12.1 532 9.1 8.2 28.9
3 1.5 184 66.1 2.8 11.6 25.9
6 11.9 32,6 77.0 12.6 2.6 27.7
7 29.2 36.8 645 32.1 38.1 27.6

Etoposide*  91.1° 51.4° 60.2°  80.8° 56.8°  81.7°

 Positive control.
b Concentration at 10pM.
¢ Concentration at 31puM.

Conclusion

In our search for bioactive natural products, we found that the
extract of S. macrocarpum (collected in the State of Chiapas,
Mexico), a plant used in Mayan traditional medicine for the
treatment of warts [16], displayed inhibitory activity toward
some cancer cell lines. This species had not been previously
analyzed, and in the present chemical investigation we charac-
terized compounds 1-7. The '"H NMR analysis of the secondary
metabolite 7 allowed the reassignments of the tetrahydrofuran
hydrogens. Tonantzitlolone A (7) was previously isolated from
a Mexican population of Stillingia sanguinolenta (collected in
the State of Nuevo Leén) [25], and later from Sebastiania ma-
crocarpa (from the Brazilian State of Ceara) [26], and from
Stillingia lineata (from La Reunion Island, Indian Ocean,
France) [27]. The cytotoxic evaluations of the chemical constit-
uents showed activity and selectivity for some cell lines, al-
though the extract displayed in some cases higher activity, may
be due to synergistic interactions. The best cytotoxicities were
found with tonantzitlolone A (7) and sitostenone (3), which
showed clear activity against a leukemia cell line. The cytotox-
icity results for tonantzitlolone A (7) were comparable to those
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found for tonantzitlonones B-F in a previous study [36]. It is
interesting to note that flexibilane diterpenes have been charac-
terized from Stillingia, Sebastiania and Sapium species; all
these genera belong to the Hippomaninae subtribe, tribe Hippo-
maneae, subfamily Euphorbioideae of the family Euphorbiace-
ae [39].

Experimental

General Experimental Procedures

Analytical TLC was carried out on precoated silica gel 60 F,s,
sheets (Merck), and revealed with cerium ammonium sulfate
(1%) in sulfuric acid 2N. For preparative chromatography
(PLC) were used glass plates (20 x 20 cm) on precoated silica-
gel 60 F,s,, 2mm (Merck). Column chromatography (CC) was
performed using silica gel (230-400 mesh). All solvents were
dried and distilled before use. Melting points were determined
on a Fisher Johns apparatus (Cole Parmer) and are uncorrected.
'H (400 MHz), '*C (100.0 MHz), and 2D NMR spectra (in
CDCl;) were obtained on Bruker Avance III NMR 400 spec-
trometer. Chemical shifts were expressed in parts per million
(0) relative to TMS as internal standard. EIMS were taken in a
JEOL JMS-AX 505 HA. Analysis by X-ray diffraction was per-
formed using a Bruker D8 Venture automatic diffractometer
with a CCD area detector at 173(2) K using Helios multilayer
mirror Cu Ko radiation (A = 1.54178A).

Plant material, extraction and isolation

The aerial parts of S. macrocarpum Miill. Arg. was collected in
Arriaga district, in the state of Chiapas, Mexico, in 2007. Prof.
Esteban M. Martinez identified the plant material and a voucher
specimen (39273 Esteban M. Martinez) was deposited in the
collection of the National Herbarium (MEXU), Instituto de
Biologia, UNAM.

Aerial parts of S. macrocarpum (leaves and branches, 1.1
kg) were dried, powdered and extracted three times at room
temperature with a mixture of CH,Cl,—methanol (1:1), and a
residue (41 g) was obtained after evaporating the solvent under
reduced pressure. Part of this residue (38 g) was adsorbed in a
1:1 mixture of celite and silica gel (30 g) and chromatographed
over a silica gel column eluted with hexane—EtOAc mixtures of
increasing polarity, yielding 130 eluates which were joined in
eight main fractions (A-H), according TLC analyses. Fraction
D (124 mg) was subjected to column chromatography over sil-
ica gel with hexane-EtOAc gradient system, to give a fraction
that was further purified by preparative TLC eluted with a mix-
ture of hexane-EtOAc (85:15), yielding lupenone (2, 15 mg).
(Rf 0.69, hexane-EtOAc, 85:15). EIMS m/z (% rel): 424 (M,
6), 355 (4), 313 (4), 245 (3), 232 (4), 205 (100), 189 (30), 109
(60), 95 (58), 69 (45), 67 (47). 'H NMR (CDCl;, 400 MHz): 6
4.63 (1H, d, J=2.4 Hz, H-29b), 4.50 (1H, dd, J = 2.6, 1.4 Hz,
H-29a), 2.35 (1H, m, H-19), 1.62 (3H, s, H-30), 1.50 (1H, s,
H-2b), 1.37 (1H, s , H-11), 1.00 (3H, s, CH;-26), 0.96 (6H, s,

CH;-23, CH;-27), 0.81 (3H, s, CH;-25), 0.79 (3H, s, CH;-24),
0.73 (3H, s, CH;-28). *C NMR (CDCl; 100 MHz): § 218.4
(C-3), 151.1 (C-20), 109.6 (C-29), 55.1 (C-5), 49.9 (C-9), 48.4
(C-18), 48.1 (C-19),47.5 (C-4),43.2 (C-17),43.1 (C-14), 40.9
(C-8), 40.1 (C-22), 39.8 (C-1), 38.3 (C-13), 37.0 (C-10), 35.7
(C-16), 34.3 (C-2), 33.7 (C-7), 29.9 (C-21), 27.6 (C- 15), 26.8
(C-23),25.3 (C-12), 21.6 (C-11), 21.2 (C-24), 19.8 (C-6), 19.5
(C-30), 18.2 (C-28), 16.1 (C-25), 15.9 (C-26), 14.6 (C-27).

Fraction E (170 mg) was subjected to silica gel column
chromatography using a hexane-EtOAc gradient to afford 92
fractions. Subfractions E,;,-E;, (20 mg) were combined and
subjected to preparative TLC to yield tonantzitlolone A (7, 8 mg)
as colorless crystals (from acetone). Rf 0.59 (hexane-EtOAc,
85:15), mp 172-173 °C. EIMS m/z (% rel): 464 (M", 25), 446
(29), 364 (12), 350 (10), 180 (25), 126 (25), 97 (100), 69 (65).
'"H NMR (CDCl; 400 MHz) and *C NMR (CDCl; 100 MHz),
see Table 1. Subfractions Esg-E4; were combined and the resi-
due (29 mg) was subjected to preparative TLC to yield sitoste-
none (3,9 mg). Rf0.42, hexane:EtOAc 85:15. 'HNMR (CDCl;,
400 MHz): 6 5.72 (1H, s, H-4), 1.18 (3H, s, H - 19), 0.92 (3H,
d, J=8 Hz, H-21), 0.85 (3H, s, H-29), 0.83 (3H, d, /=4 Hz,
H-26),0.81 (3H, s, H-27), 0.71 (3H, s, H-18). *'CNMR (CDCl;,
100 MHz): & 199.91 (C-3), 171.9 (C-5), 123.9 (C-4), 56.7
(C-1), 56.2 (C-14), 56.0 (C-17), 54.0 (C-9), 45.97 (C-24),42.5
(C-13), 39.8 (C-12), 38.8 (C-10), 36.3 (C-20), 35.8 (C-8), 34.1
(C-22), 34.0 (C-7), 33.1 (C-6), 32.2 (C-2), 29.3 (C-23), 28.4
(C-16), 26.2 (C-25), 24.3 (C-15), 23.21 (C-28), 21.2 (C-11),
19.97 (C-27), 19.2 (C-19), 18.9 (C-21), 17.54 (C-26), 12.1
(C-18, C-29).

Fraction F (440 mg) was rechromatographed over silica
gel using hexane-EtOAc elution system to obtain 35 eluates.
Subfractions F,-F 4 (64 mg) were combined and rechromato-
graphed over silica gel eluting with hexane-EtOAc gradient
system, and some fractions were joined and further purified by
preparative TLC to yield lupeol (1, 19 mg). Rf 0.40 (hex-
ane-EtOAc, 85:15). From subfractions F,,-F, was obtained a
solid that was characterized by 'H NMR as a 4.3:1 mixture of
[B-sitosterol (4) and stigmasterol (5) (72 mg), Rf 0.26, hex-
ane-EtOAc, 85:15. Sequential recrystallizations from ace-
tone-di-isopropyl ether-hexane allowed the purification of the
compounds.

From fraction H was obtained a solid which was purified by
repeated recrystallizations from methanol-CH,Cl,-di-isopropyl
ether, affording a white amorphous solid that was characterized
by its spectroscopic constants and by chromatographic compar-
ison with an authentic sample as B-sitosteryl-B-D-glucopyrano-
side (6, 38 mg). Rf 0.31, CH,Cl,-MeOH, 9:1 [23].

Cytotoxicity Assay

The cytotoxicity of pure compounds was determined against a
number of tumor cells by proliferation assay using the colori-
metric method of the sulforhodamine B (SRB, protein binding
dye). Cell lines of human tumors, central nervous system
(U251), prostate (PC-3), leukemia (K562), colon (HCT-15),
breast (MCF-7) and lung (SKLU) were provided by the
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National Cancer Institute (USA). Colored solutions were ex-
tracted and optical densities were read on an Ultra Reader of
Microplate (Elx 808, Bio-Tek Instruments, Inc.) at wavelength
of 515 nm.

X-ray crystallographic analysis of 7

X-ray structural analysis was achieved on a Bruker D8 Ven-
ture automatic diffractometer with a CCD area detector at
173(2) K using helios multilayer mirror Cu Ka radiation (A =
1.54178A). The structure was solved by direct methods and
refined by full-matrix least-squares on F2 using the program
SHELXS-2014 (Bruker, 2014). The crystal data can summa-
rized as follows: empirical formula C,cH,,0-; formula weight
464.58 amu; colorless prism, crystal system orthorhombic,
crystal size 0.278 x 0.175 x 0.098 mm, space group P 2, 2, 2,,
Z=4,a=10.1588(2) A, b =10.2763(2) A, c = 25.2894(6) A,
V =2640.08(10) A3, Doy 1.171 Mg/m®; F(000) = 1012; u =
0.681 mpu'; 19338 collected reflections (3.49° < @ < 68.27°),
-11<=h<=12, -12<=k<=7, -30<=1<=30; 4827 independent re-
flections (R,,, = 0.0615); goodness-of-fit on F2 is 1.148, final R
indices for /> 26(/), R, = 0.066, wR, = 0.174, R indices for all
data R, = 0.0777, wR, = 0.1873; refining 331 parameters and
83 restraints; the largest difference peak and hole was 0.359
and -0.232 e.A3; completeness to 0 (25.24°) 99.8%, absorption
correction was not applied. Selected crystallographic data are
available as supplementary material of this article. Complete
crystallographic data were deposited at the CCDC, deposition
number 1432773. These data can be obtained free of charge via
http://www.ccdc.cam.ac.uk/conts/retrieving.html.
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understanding that the subject matter has not been previously
published or submitted for publication elsewhere. Editors, referees
and authors have to follow and maintain the ethical standards widely
accepted in chemical research (see for example: the ACS guidelines or
the RSC guidelines). Authors must accept full responsability for the
accuracy, content and selection of the data presented. All papers are
sent to referees who recommend the Editor on the acceptance or
rejection of the script. Referee’s names are not disclosed, but their
comments are forwarded to the authors. Authors submitting a
manuscript do so on the understanding that if it is accepted for
publication, copyright of their article is transferred to the Sociedad
Quimica de México.

General Guidelines for Manuscript Preparation

Authors are encouraged to send contributions in electronic form as
MS Word file toeditor.jmcs@gmail.com. On submitting their
manuscripts, authors are encouraged to supply a cover letter
suggesting the names and e-mail addresses of at least four potential
referees. The cover letter may include the name of a member of the
Editorial Board or the Advisory Editorial Board for manuscript
assignment. If no acknowledgement receipt has been received after
five working days, authors should contact the editor. All pages of the
manuscript should be consecutively numbered. Accepted manuscripts
should be resubmitted as MS Word file and separate files of the
artwork in .TIFF, .JPG or PostScript formats. Black and white
photographs must be scanned with a resolution of no less than
600 dpi. It is advisable to provide illustrations (figures, schemes,
charts, tables, graphics) in the actual size at which they should appear
in the printed version and should be designed to fit in one- or two-
columns format. The journal will publish a graphical abstract which
includes the title and the author list, and illustrates the content of the
paper in a pictorial form. The graphical abstract is limited to 9.0 cm
wide and 4.5 cm tall, and authors may examine J. Mex. Chem.
Soc. 2005, 49, 55-60 (joint issue with the J. Braz. Chem. Soc.) for
appropriate examples. Page 1 should contain the article title (brief and
informative), author(s) name(s) (first names and surnames, do not use
initials for names, the corresponding author(s) should be indicated
with an asterisk, use superscripts to indicate different addresses),
complete affiliation(s) (the corresponding author’s mailing address,
phone number, fax number or e-mail address should be included).
Page 2 should contain an abstract (both in English and Spanish, about
80 words) and five to eight key words in both languages.

A suggested organization of an article is: Introduction, Results and
Discussion, Experimental, Acknowledgements and References. All the
sections of the paper must be presented with the utmost conciseness
and clarity. The measurements and data should be given in the
International Units System (Sl), and abbreviations should be used
consistently through the text. Avoid reiteration of information. The
discussion should present only the new results and relate them to
existing knowledge in the field, and a paragraph summarizing the
principal conclusion of the article is recommended. Complete X-ray
data should be deposited at the Cambridge Crystallographic Data Centre
(http://www.ccdc.cam.ac.uk/products/csd/fags/#deposition_scheme)

or to Fachinformationszentrum Karlsruhe (FIZ), which will provide
codes for each data set, which are then cited in a reference in the
manuscript. If a representation of the crystal structure is to be
included, it should be accompanied by pertinent crystallographic
data, method of collection, and methods of structure solution and
refinement. The experimental section must contain all the information
necessary for reproducibility. Convincing evidence to confirm the
identity of a compound should be provided. All new compounds
should be fully characterized with relevant and detailed spectroscopic
data. For physical and spectroscopic data, the following general style
must be used:

(3S)-7-Hydroxy-2’,3’,4’,5’,8-pentamethoxyisoflavan (1). Amorphous
powder: mp 125-126°C; [o], + 3.12 (c 0.320, MeOH); UV (MeOH) A
(log €) 218 (3.91); 284 (2.89) nm; CD (c 0.0136, MeOH): [6]210 -2.699,
[6],55 0.4130, [6],5, -0.8567, [6],4; 5 -0.6865; IR (CHCI,) v, . 3530, 2939,
2840, 1603, 1494, 1193, 1040 cm™; 'H NMR (CDCl,, 500 MHz) 6 6.72
(1H, dd, J;, = 8.5, J, s = 1.0 Hz, H-5), 6.53 (1H, dd, J, ; = 8.5 Hz, H-6),
6.40 (1H, s, H-6’), 5.80 (1H, brs, OH), 4.39 (1H, ddd, J,;,, = 10.5, J, 44
=8.5, Jyg45 = 1.0 Hz, H-2B), 4.05 (1H, dd, Jy,, = J,, 45 10.5, Hz, H-20),
3.95 (8H, s, CH, O-C-3’), 3.92 (3H, s, CH,0-C-8), 3.89 (3H, s, CH,0-C-
4’), 8.83 (8H, s, CH,0-C-2’), 3.79 (8H, s, CH,0-C-5’), 3.61 (1H, dddd, J
=10.5, 3.5, 5.5, 10.5 Hz, H-3), 2.96 (1H, ddd, J,,, ,, = 16.0, J,, 53 = 10.5,
Jyos = 1.0 Hz, H-40), 2.90 (1H, ddd, J = 16.0, Jyy 45 = 5.5, Uy, = 1.0 Hz,
H-4B); *C NMR (CDCl,, 125 MHz, assignments by APT and HMQC) 3
149.67 (C-5’), 147.60 (C-7), 147.15 (C-3’), 147.12 (C-8a), 145.50 (C-
2’), 141.95 (C-4’), 134.80 (C-8), 128.90 (C-1’), 124.20 (C-5), 115.00 (C-
4a), 107.10 (C-6), 70.28 (C-2), 61.89 (OCH,-C-4’), 61.51 (OCH,-C-2’),
61.00 (OCH,-C-3’), 60.90 (OCH,-C-8), 56.25 (OCH,-C-5'), 31.85 (C-3),
31.32 (C-4); EIMS mlz (rel. int.): 376 [M]* (73), 224 (100), 209 (42), 152
(16), 151 (38), 121 (14). Anal. C 63.65%, H 6.68%, calcd for C,,H,,0,,
C 63.82%, H 6.43%.
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For computational results, pertinent data such as force field parameters
and equations should be included, to allow readers to repeat and
reproduce the calculations. References to the literature should be
noted in the text in order of appearance with numerals between
brackets and should coincide with entries in the References section. It
is not recommended to include bibliography of difficult access (theses,
abstracts of meetings, unpublished material, technical reports, work in
press, etc.) as references. The style and punctuation should rigorously
conform to the format in the following examples:

1. Kingsbury, J. S.; Corey, E. J. J. Am. Chem. Soc. 2005, 127, 13813-
13815

2. Vanden Berghe, D. A.; Vlietinck, A. J., in: Methods in Plant
Biochemistry, Vol. 6, Hostettmann, K., Ed., Academic Press,
London, 1991, 47-70.

. Lehn, J.-M. Supramolecular Chemistry. VCH, Ed. Weinheim, 1995.

. Kadin, S.B. US patent 4,730,004 1988. (CA 110, P23729y)

. http://www.jmcs.org.mx, accessed in January, 2005

. Sheldrick, G. M. SHELXL-93. Program for Crystal Structure
Refinement. University of Goéttingen, Germany. 1993.
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Journal abbreviations, technical terms and nomenclature should be
those used by Chemical Abstracts. Figures and tables must not
be included in the body of the text. Tables and figures with their
respective legends, each on an individual page, should be added
after references.

The galley proofs of the accepted paper in PDF format will be sent to
the author who submitted the script. Corrected galley proofs should be
returned preferably within 48 hrs. by e-mail.
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