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A convenient, three-step synthesis of 1:1 thiacrown ether
macrocycles 5a—c containing a fused cyclopenteno|c]2,2'-bi-
pyridine subunit has been accomplished through first homo-
coupling of 1,2,4-triazine bisulfides 3a—c tethered to poly(eth-
ylene glycol) chains with potassium cyanide and second
Diels—-Alder/retro-Diels—-Alder reaction of such obtained thia-
macrocycles 4a—c¢ with 1-pyrrolidino-1-cyclopentene. Macro-

cycles 5a—c were oxidized to nonracemic monosulfoxides 6a—
¢ by using Davis' oxaziridine and tested in the asymmetric
addition of the diethylzinc to benzaldehyde. The crystal
structure determinations of 5a—c and 6b and theoretical cal-
culations at the DFT/B3LYP/6-311G** level were used to es-
tablish their cis or trans conformations in the solid state and
the gas phase.

Introduction

2,2'-Bipyridines (bpy) and their annulated derivatives oc-
cupy an important position in many areas of chemistry.
They are employed as chelating ligands in the field of catal-
ysis,l coordination and supramolecular chemistry,”) metal-
containing polymers,”*! molecular electronics and optoelec-
tronic devices, and as photoactivated species by coordina-
tion to transition metals.[! 2,2’-Bipyridines are also utilized
as molecular hosts in bpy-containing macrocycles.®) Par-
ticularly interesting and useful are their annulated deriva-
tives incorporated into the larger macropolycyclic struc-
tures, as they form stable luminescent complexes with a
variety of lanthanide cations.”) Attachment of a cyclo-
alkene ring into the bpy core can result in a higher effi-
ciency of metal-ligand interactions as a result of an increase
in the basicity of bipyridine nitrogen atoms.®! Besides the
well-known complexation of metal ions,”) C,-symmetric
2,2"-bpy crown ethers have been developed recently for the
enantiomeric recognition of amino acid derivatives and chi-
ral organic ammonium salts.l'% In view of these results and
our continuing interest in bpy-derived cyclophanes,'!l we
began exploring the sulfur analogues of such macrocycles
in which the sulfur atoms are directly attached to the bpy
ring. Such ligands should be able to coordinate to softer
metal ions better than those containing nitrogen or oxygen
donor atoms. Furthermore, these ligands may constitute a
valuable starting material for the synthesis of bpy chiral
sulfoxides as catalysts in asymmetric reactions.['”l However,
the study of the metal-complexing ability of these interest-
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ing compounds has been hampered by the lack of efficient
methods for their synthesis.['3] Our ongoing research on
ring transformation of biheterocycles revealed that 5,5'-bi-
1,2,4-triazines bearing alkylsulfanyl substituents on the tri-
azine rings easily undergo Diels—Alder/retro-Diels—Alder
(DA-rDA) reaction with electron-rich dienophiles to give
monocyclic or annulated bpy alkyl sulfides in good
yields.'¥ In this work, we report a new approach to 1:1
thiacrown ether macrocycles and their sulfoxides incorpo-
rating a cyclopenteno[c]2,2’-bipyridine subunit, as well as
X-ray crystallographic analysis of the target ligands. Our
preliminary findings!'”! and these studies suggest that this
approach is fairly general for the preparation of large-sized
rings, that is, rings having 13-22 or more atoms.

Results and Discussion

The important features of the synthetic strategy are sum-
marized in Scheme 1, wherein bisulfides 3a—c tethered to
poly(ethylene glycol)chains were envisaged as key interme-
diates and primary targets of the project. Application of the
homocoupling procedure to 3a—c should provide thia-
macrocycles 4a—c¢, which may be converted into bipyridine-
based thiamacrocycles Sa-c¢ using DA-rDA reactions.
Asymmetric oxidation of the DA-rDA adducts affords the
corresponding sulfoxides 6a—c.

Synthesis of bisulfides 3a—c requires the use of a tri-,
tetra-, and penta(ethylene glycol)dibromides la—c, which
can be readily prepared by using literature procedures.['6!
Reaction of thiosemicarbazide with 0.5 equiv. of the appro-
priate poly(ethylene glycol)dibromides la—c¢ in boiling eth-
anol leads to the corresponding diquaternary salts 2a—c in
excellent yields. The condensation of crude diquaternary
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Scheme 1. Synthesis of 1,2,4-triazine bisulfides 3a—¢, 5,5'-bi-1,2,4-
triazine thiacrown ethers 4a-c, cyclopenteno[c]-2,2'-bipyridine-
based thiacrown ethers 5a—¢, and sulfoxides 6a—c.

salts 2a—c with glyoxal in the presence of sodium hydrogen
carbonate affords 1,2,4-triazine bisulfides 3a—¢ in good
yields after flash chromatography (Table 1). The structures
of new compounds are clearly supported by 'H and 3C
NMR spectroscopy, elemental analysis, or HRMS. The 'H
NMR spectra exhibited two pairs of doublets between 6 =
8.35 and ¢ = 8.92 ppm corresponding to the protons at C-
5 and C-6 of the 1,2,4-triazine unit, in addition to signals
ranging from 6 = 3.43 to 6 = 3.82 ppm for the aliphatic
protons of the ethylene glycol units. With bisulfides 3a—c in
hand, the next task was to evaluate the homocoupling reac-
tion in the presence of potassium cyanide, leading to macro-
cycles 4a—c. Previous studies from Paudler et al.['”l showed
that treatment of 5-unsubstituted 1,2,4-triazines with potas-

Table 1. Reaction conditions, yields, and melting points of com-
pounds 3a-c, 4a—c, 5a-c, 6a—c, 9, and 10.

Compound Time [h] Yield [%0] M.p. [°C]
3a 24 64 73-74
3b 24 55 48-49
3c 24 36 49-50
4a 0.25 69 228-229
4b 0.2 70 150151
4c 0.17 77 108-109
5a 18 68 149-150
5b 14 67 121-122
5¢ 15 65 167-168
6a 24 41 oil
6b 24 42 163-164
6¢c 24 51 140-141
9 20 39 35-36
10 24 62 233-234
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sium cyanide gives predominantly 5,5'-bi-1,2,4-triazine de-
rivatives.

The possibility of preparing 4a—c by using potassium cy-
anide for intramolecular dimerization of bisulfides 3a—c was
therefore studied. To establish optimal conditions for the
dimerization process we first investigated conditions for the
homocoupling reaction of 1,5-bis(1,2,4-triazin-3-ylsulfan-
yl)pentane (9) with an excess amount of potassium cyanide
in water (Scheme 2). A two-step, one-pot procedure involv-
ing S-alkylation of thiosemicarbazide with 1,5-dibromopen-
tane (7) followed by condensation of the resulting diquater-
nary salt 8 with glyoxal afforded compound 9.
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Scheme 2. Synthesis of 1,7-dithia[7]3,3'-5,5'-bis(1,2,4-triazin-3-yl)-
cyclophane (10).

To avoid unwanted intermolecular side products, the re-
action was carried out under high-dilution conditions. After
stirring the reaction mixture for 24 h at room temperature,
thiacrown ether 10 was obtained in 62% yield, together
with some unreacted starting material. In contrast, the reac-
tion between 3a and potassium cyanide under the same re-
action conditions was completed within 15 min (TLC),
yielding thiamacrocycle 4a exclusively. The amount of 4a
formed strongly depended on the reaction time. Increasing
the reaction time did not lead to a higher yield of isolated
4a but instead resulted in partial decomposition of the
product. The isolation of compounds 4a—c as the only prod-
ucts in 70-77% yield after reaction of bisulfides 3a—c with
potassium cyanide under identical reaction conditions dem-
onstrates the generality of this procedure (see Table 1).

All the reactions were rapid and went to completion
within 10-15 min. These results strongly suggest that the
template effect of the potassium ion['®! is effective in the
case of bisulfides 3a—c tethered to poly(ethylene glycol)
chains, and may not be operative for compound 9 without
an oxygen atom in the tether. It is reasonable to assume
that the reactions of 3a—c proceed by initial addition of the
potassium cyanide at position C-5 of the triazine ring in
accordance with an intermolecular dimerization process.'”]
After adduct formation, preorientation of the correspond-
ing bisulfide takes place as a result of a template reaction
that occurs between its coordination sites (oxygen and ni-
trogen atoms) and the alkaline metal ion. Finally, the tem-
plate effect involves a cation of structure 3'a—c (Figure 1)
4869
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guiding together the 1,2,4-triazine rings, thus increasing the
rate of dimerization reaction. It is noteworthy that this
mechanism might explain the absence intermolecular di-
merization products after treatment of bisulfides 3a—¢ with
potassium cyanide.

N= NC =N

N )7 N
R

S : S

N

Figure 1. The template effect of potassium ion.

The preparation of pyridine or 2,2'-bipyridine derivatives
by the inverse-electron-demand DA-rDA reaction of mono-
meric or dimeric 1,2,4-triazines with enamines is a well-
established strategy in organic synthesis.['”) However, the
DA-rDA reaction of macrocycles containing the bi-1,2,4-
triazine unit has never been studied. It has been previously
reported that the DA-rDA reaction of bi-1,2,4-triazines
with cyclic enamines without solvent is the method of
choice for obtaining cycloalkeno-2,2'-bipyridines.?”! Com-
pound 4a reacted with 1-pyrrolidino-1-cyclopentene under
the same conditions in freshly distilled enamine at 150 °C
for 17 h to afford thiacrown ether 5a in 64% yield. This
methodology was shown to be quite general, allowing the
preparation of annulated thiamacrocycles Sa—c with an at-
tached cyclopentene ring in good yield (Table 1). The 'H
NMR spectroscopic data of thiacrown ethers Sa—c are out-
lined in the Experimental Section. The preferred conforma-
tions of these macrocycles are ascertained by the size of the
polythioether bridge and are determined by analyzing the
chemical shifts of the bipyridyl hydrogen atoms using litera-
ture procedures.?!! The resonances of the bipyridine hydro-
gen atoms in Sa and 5b (0 = 7.36-7.47 ppm) indicate a cis
arrangement for these macrocycles. In contrast, the chemi-
cal shifts of bipyridine protons in 5¢ (6 = 7.85 ppm and
their downfield shift Ao = 0.42-0.57 ppm) suggest a trans
conformation for this pentaethylene chain ligand with the
two pyridine nitrogen atoms oriented 180° with respect to
each other. This is consistent with the chemical shifts of
pyridine protons (6 = 7.85 ppm) in the annulated 6,6'-bis-
(methylsulfanyl)-2,2'-bipyridine®” 11 (see Figure 2) and the
crystal structures of compounds 5a—c (see below).

SMe

Figure 2. Annulated 6,6'-bis(methylsulfanyl)-2,2’-bipyridine (11).

As an extension of these investigations, monosulfoxides
6a—c were obtained after direct asymmetric oxidation in the
presence of the chiral oxaziridine developed by Davis et
al.l??l The highest enantioselectivity was obtained for sulf-
oxide 6b, which contained a 19-membered ring. The pre-
ferred conformation of this macrocycle in the solid state
4870
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was established by X-ray crystal structure analysis. This
new class of monosulfoxide ligands 6a—c is currently being
tested as a chiral auxiliary in some asymmetric reactions.
However, the results obtained in the asymmetric addition
of diethylzinc to benzaldehyde demonstrate low catalytic
efficiency of the ligands and the ee values of the chiral 1-
phenyl-1-propanol were much lower than those observed
for other catalysts.>’] The application of these chiral sulfox-
ides as complexing agents is under investigation.

To establish the conformation preferences of annulated
2,2'-bipyridine thiamacrocycles and their ability to complex
metal ions, crystal structure analysis of 5a-¢ and 6b and
theoretical calculations at the DFT/B3LYP/6-311G** level
were undertaken. The structures of the molecules are shown
in Figure 3. One can see that macrocycles 5a and Sb con-
taining 16- and 19-membered rings, respectively, exist in the
crystal in the cis (syn) conformation with a torsion angle
N1A-C2A-C2B-N2B about the central bond of the bipyr-
idyl system of —0.6(3)° for 5a and 0.4(2)° for Sb. In 5¢ with
a 22-membered macrocyclic system, the bipyridyl group
adopts a trans (anti) conformation with a torsion angle of
175.21(18)°. In all three molecules, the S10-C11 bonds of
the thiaethereal chain are oriented in a cis conformation
with respect to the N1-C6 bonds of the pyridine rings. The
torsion angles N1A-C6A-S10A-C11A and NI1B-C6B-
S10B-C11B are —6.00(19) and —1.64(18)° in 5a, —-8.5(6) and
—1.66(17)° in 5b, and 23.2(2) and 13.6(2)° in 5¢c. A different
conformation is observed in 6b, which was obtained after
sulfoxidation of Sb. The presence of the sulfinyl group
causes the pyridine rings to be inclined at an angle of
33.2(1)°. As a result, the bipyridyl group adopts an interme-
diate conformation in which both pyridine rings are some-

Figure 3. A view of the X-ray molecular structures of 5a—¢ and 6b
with the atomic labeling scheme. Non-hydrogen atoms are repre-
sented by displacement ellipsoids of 50% probability.
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where between the perpendicular and parallel positions.
The torsion angle NIA-C2A-C2B-N1B is 148.1(3)° in 6b.
The conformation of the thiacthereal chain from the sulfox-
ide side to the pyridine ring is changed from cis to gauche
with a torsion angle N1A-C6A-S10A-C11A of —63.6(3)°.
The torsion angle O10A-S10A-C6A-N1A of -175.9(3)°
means that the polarization vectors of the S=O and N-C
bonds are in the most profitable antiparallel position and
the nonbonding electron pairs of the O and N atoms are
located two bonds away from each other. The existence of
this electronic effect is confirmed by the charge distribution
at the N1A (-0.519 ¢), C6A (+0.158 ¢), SI0A (+1.165 ¢),
and O10A (-0.967 e) atoms, obtained from DFT/B3LYP/6-
311G** calculations. These electronic and steric effects of
the sulfinyl group and pyridine ring in 6b probably cause
the twisting of the heterorings in the bipyridyl group in the
direction of a trans conformation, which is not observed in
precursor Sb.

European Journal
of Organic Chemistry

In all molecules investigated, the bond lengths and angles
are within normal ranges.*¥ They are practically identical
within experimental error for the pyridine rings and statis-
tically significant differences appear in the thiaethereal
bridges mainly due to large thermal motions. The C, sym-
metry of macrocycles Sa—c is not retained in their crystals
because the molecules occupy an asymmetric position in
the unit cell. In particular, departure from C, symmetry is
visible in the symmetry related parts of the thiaethereal
bridges in 5a and 5b. The torsion angles around following
bonds of thiaethereal chains (Table 2) show that the confor-
mations of the symmetry related left (A) and right (B) parts
are: cis-trans-gauche-gauche-gauche-gauche and cis-gauche-
trans-trans-trans in  S5a, and cis-gauche-gauche-gauche-
gauche-gauche-gauche  and  cis-trans-trans-trans-trans-
gauche-trans in 5b. In 5S¢, both parts have approximately the
same cis-gauche-trans-trans-gauche-gauche-trans-trans-trans
conformation. The conformations of molecules Sa—c in the

Table 2. Selected torsion angles from X-ray analysis (standard deviations in parentheses) and DFT calculations.

Torsion angle [°]

Torsion angle [°]

X-ray DFT X-ray DFT
5a
NIA-C2A-C2B-N1B -0.6(3) -24.1 NI1B-C6B-S10B-C11B —-1.64(18) 11.5
NI1A-C6A-S10A-C11A —-6.00(19) 1.4 C6B-S10B-C11B-C12B =79.71(17) -84.5
C6A-S10A-C11A-CI2A 161.08(16) 154.1 S10B-C11B-C12B-O13B -176.72(14) -179.9
S10A-C11A-C12A-O13A -68.7(2) -66.0 C11B-C12B-O13B-C14B —172.36(18) -176.1
C11A-C12A-O13A-Cl14A -101.8(2) -105.4 C12B-O13B-C14B-C14A 171.80(18) 174.2
C12A-O13A-Cl14A-C14B 75.4(3) 81.4
O13A-C14A-C14B-O13B -76.8(3) ~75.8
5b
NIA-C2A-C2B-N1B 0.4(2) -31.9 NIB-C6B-S10B-C11B -1.66(17) 7.3
N1A-C6A-S10A-CI11A -8.5(6) 2.5 C6B-S10B-C11B-C12B 174.06(15) 98.6
C6A-S10A-C11A-CI2A -141.7(9) —-148.6 S10B-C11B-C12B-O13B -179.69(13) -178.8
S10A-C11A-C12A-O13A -54.0(12) -61.8 C11B-C12B-O13B-C14B —~179.68(16) -165.3
Cl11A-C12A-O13A-Cl4A -93.7(8) -75.1 C12B-O13B-C14B-CI15B 177.50(17) -171.9
C12A-O13A-CI14A-CI5A -71.0(4) -74.1 O13B-C14B-CI15B-01 67.9(2) 81.7
O13A-Cl14A-C15A-01 66.9(4) 78.4 C14B-C15B-O1-CI15A -163.40(16) -164.5
Cl14A-C15A-0O1-C15B 90.93) 94.3
5c
N1A-C2A-C2B-N1B 175.21(18) -162.9 N1B-C6B-S10B-C11B 13.6(2) 13.8
NIA-C6A-S10A-CI11A 23.2(2) 15.5 C6B-S10B-C11B-CI12B 73.6(2) 77.1
C6A-S10A-C11A-CI2A 71.82(19) 77.6 S10B-C11B-C12B-O13B —171.41(18) -177.9
S10A-C11A-C12A-O13A —174.33(19) -176.8 C11B-C12B-O13B-C14B 172.4(2) -178.9
Cl11A-C12A-O13A-Cl4A 165.8(2) 179.5 C12B-O13B-C14B-C15B -80.8(3) -80.6
C12A-O13A-CI14A-CI5A -79.6(3) -81.4 0O13B-C14B-C15B-016B 76.3(3) 76.3
O13A-CI14A-CI5A-0O16A 83.9(3) 76.8 C14B-C15B-0O16B-C17B -176.5(2) -172.0
Cl14A-C15A-0O16A-C17A -175.9(2) —171.7 C15B-016B-C17B-C17A 175.5(2) 179.6
C15A-0O16A-C17A-C17B 176.1(2) 179.8
O16A-C17A-C17B-0O16B -178.2(2) -175.4
6b
N1A-C2A-C2B-N1B 148.1(3) 144.5 NIB-C6B-S10B-C11B —15.9(3) -21.0
N1A-C6A-S10A-C11A —63.6(3) -62.9 C6B-S10B-C11B-CI12B -70.7(3) -71.1
C6A-S10A-C11A-C12A —69.8(4) -74.5 S10B-C11B-C12B-O13B 178.8(3) -178.6
S10A-C11A-C12A-O13A 77.0(4) 82.3 C11B-C12B-O13B-C14B —-168.0(3) -167.1
C11A-C12A-O13A-Cl4A —158.0(4) —165.2 C12B-O13B-C14B-C15B 85.1(4) 87.1
C12A-O13A-CI14A-CI5A 172.6(4) 179.5 0O13B-C14B-C15B-O1 83.1(4) 83.1
O13A-CI14A-CI15A-0O1 87.3(4) 84.8 C14B-C15B—O01-CI15A -160.9(3) —152.0
C14A-C15A-0O1-C15B —61.8(5) —67.1
Eur. J. Org. Chem. 2010, 4868-4875 © 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim WWW.eurjoc.org 4871
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crystals are stabilized by the short intramolecular C-H++-O
and C-H--*N contacts listed in Table 3.

Table 3. Short intramolecular interactions (standard deviations in
parentheses).

DHA D-H[A] H-A[A] D-A[A] D-H-A [
5a

C11-H11D--013B 0.97 247 3.140(3) 126
C11A-H11D--NIA 0.97 247 2.862(3) 104
C11B-H11E-~N1B 0.97 2.51 2.866(3) 102
5b

C11A-H11C+NIA 0.97 241 2.909(15) 112
CI12A-H12C+01 0.97 2.38 3.130(4) 134
Sc

Cl11A-H11D--NI1A 0.97 2.48 2.853(3) 103
C11B-H11F-~N1B 0.97 2.48 2.836(3) 102
CI12A-H12C+O16A 0.97 2.47 3.175(4) 130
C12B-H12E-+O16B 0.97 2.40 3.084(3) 127

It seems that the ability of the investigated macrocycles
to complex metal ions within their internal cavity is strictly
dependent on the length of the thiaethereal bridge and the
conformation of the bipyridyl group. The X-ray crystallo-
graphic data show that the size of the cavity available for
complexation increases from 2.448 A in 5b to 2.588 A in 5a
and to 2.611 A in 6b but decreases to 2.296 A in 5¢. This
size is calculated as the respective interatomic distance
within Dbipyridine thiacrown ether [N(1B)--H(11D) of
3.618 A in 5a, N(1B)-+H(11C) of 3.478 A in 5b, H(7C)--H-
(15F) of 2.996 A in 5¢, and N(2B)--H(15F) of 3.641 A in
6b] minus the sum of the proper atomic radii (0.68 and
0.35 A for the N and H atom, respectively®>)). The smaller
size of the cavity in 5b in comparison to that in 5a is related
to the geometry perturbation within the thiaethereal bridge
due to the positional disorder of the C-11 atom. Theoretical
calculations at the DFT/B3LYP/6-311G** level showed that
the conformations obtained after energy minimization and
geometry optimization (Figure 4) gave somewhat larger size
of cavities. They are 2.554, 2.451, 2.776, and 2.770 A in 5a,
5b, 5¢,— and 6b, respectively. The sizes of the internal cavi-
ties obtained from theoretical calculations are larger in
comparison to those observed in crystal structures. This
may be attributed to a change in the calculated N1A-C2A-
C2B-NIB torsion angles to —24.1, -31.9, —162.9, and 144.5°
for Sa, 5b, Sc, and 6b, respectively. Theoretical calculations
were performed in the gas phase and gave the conforma-
tions of the isolated molecules, whereas the mutual, nearly
parallel orientation of the pyridine rings observed in the
crystal structures of 5a and 5b may be constrained by m---n
interactions observed in their crystals. The pyridine rings
(A) of compound 5a overlap each other with a n---mt dis-
tance of 3.556 A. Similarly, overlapping of inversion-related
pyridine rings (B) with a m--m distance of 3.573 A is ob-
served in the crystal structure of 5b. The small changes in
the other calculated torsion angles across the bonds of thia-
ethereal chain (Table 2) do not have a significant influence
on the cavity diameter. One can conclude that the cis con-
formation of the bipyridyl group of the macrocycle favors
4872
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complexation within its cavity, whereas the trans conforma-
tion prefers external complexation with the central ethereal
bridging oxygen atoms. The natural bond order (NBO)
charges calculated at the DFT/B3LYP/6-311G** level on
the nitrogen atoms are —0.496 and —0.493 ¢ for 5a, —0.495
and —0.492 e for Sb, —0.552 and —0.552 e for 5¢, and —0.519
and —0.527 e for 6b. The NBO charges on the oxygen atoms
are —0.604 and —0.620 e (O13) for 5a, —0.608 and —0.605 ¢
(O13) and -0.616 ¢ (O1) for 5b, —0.608 and —0.608 ¢ (O13)
and -0.511 and -0.511¢ (O16) for 5¢, and —-0.616 and
—0.603 ¢ (O13) and —0.603 e (O1) for 6¢c. These NBO values
do not depend on the length of the thiaethereal bridge and
are favorable for the complexation of metal ions.

Figure 4. B3LYP/6-311G** DFT calculations molecular structures
of 5a—¢ and 6b in the model of overlapping spheres.

Conclusions

The synthetic protocol described herein provides expedi-
ent access to a novel family of 1:1 thiacrown ether macro-
cycles containing an annulated 2,2’-bipyridine subunit from
commercially available reagents. The method is fairly gene-
ral and the yields of each of the three consecutive steps
required are either acceptable or very good. This fact facili-
tates further study of the metal-complexing ability of the
macrocycles as well as their use as starting materials in the
synthesis of chiral sulfoxides for asymmetric catalysis. The
preferred conformations of these macrocycles are ascer-
tained by the size of the polyether bridge and can be deter-
mined by NMR spectroscopy and X-ray crystal structure
analysis. Their abilities to complex metal ions are confirmed
by using theoretical calculations at the DFT/B3LYP/6-
311G** level.
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Experimental Section

General: 'H and '3C NMR spectra were determined at 200 and
50 MHz, respectively, with a Varian Gemini spectrometer. Chemi-
cal shifts (d) are given in parts per million and coupling constants
are given as absolute values expressed in Hertz. Mass spectra were
obtained by using AMD 604 (AMD Intectra GmbH, Germany)
and GC-MS QP 5050 Shimadzu (30 m X 0.25 mm ID-BPX 5
0.25 mm) spectrometers. Elemental analyses were recorded with a
Perkin—Elmer 2400-CHN analyzer, and the results for indicated ele-
ments were within 0.3% of the calculated values. Optical rotation
values were measured at room temperature with a JASCO P-2000
polarimeter. The ee values were determined by HPLC analysis by
using a chiral stationary phase column (chirobiotic T). Thin layer
chromatography (TLC) was carried out on aluminum sheets pre-
coated with silica gel 60 Fys4 (Merck). Column chromatography
separations were performed by using Merck Kieselgel 60 (0.040—
0.060 mm). Solvents were dried and distilled according to standard
procedures. All reagents were purchased from Aldrich.

General Procedure for the Preparation of 1,2,4-Triazine Sulfides 3a—
c and 9: A solution of thiosemicarbazide (14.28 mmol) and the cor-
responding dibromides 1a—c and 7 (7.28 mmol) in absolute ethanol
(40 mL) was stirred at reflux until TLC analysis indicated that the
thiosemicarbazide was consumed. Ethanol was then evaporated,
and a solution of glyoxal (40% solution in water, 2.1 mL,
14.28 mmol) and sodium hydrogen carbonate (1.2 g, 14.28 mmol)
in ice water (40 mL) was added to the brown residue containing
hydrobromic salt 2a—c or 8. After stirring at room temperature for
30 min, methanol (55 mL) was added, and the mixture was stirred
at room temperature for 24 h. Methanol was evaporated in vacuo
and the aqueous layer was extracted with CH,Cl, (5 X 10 mL). Af-
ter evaporation of the solvent from the combined extracts, the re-
maining residue was purified by column chromatography (CH,Cl,/
acetone, 10:1).

1,8-Bis(1,2,4-triazin-3-ylsulfanyl)-3,6-dioxaoctane  (3a):

data is described in a previous communication.[!!

Spectral

1,11-Bis(1,2,4-trizin-3-ylsulfanyl)-3,6,9-trioxaundecane (3b): Yield:
3.0 g, 55%. M.p. 48-49 °C. '"H NMR (200 MHz, CDCls): 6 = 3.48
(t, J = 6.4 Hz, 4 H, CH,), 3.67 (s, 8 H, CH,), 3.82 (t, J = 6.4 Hz,
4 H, CH,), 8.36 (d, J = 2.4 Hz, 2 H, triazine hydrogen), 8.92 (d, J
= 2.4 Hz, 2 H, triazine hydrogen) ppm. '*C NMR (50 MHz,
CDCl): 0 = 30.1 (SCH,), 69.2 (OCH,), 70.3 (OCH,), 70.4 (OCH,),
145.3, 148.1, 173.8 (triazine carbon atoms) ppm. HRMS (EI):
caled. for C4H,0NgO3S, 384.10383; found 384.10485.

1,14-Bis(1,2,4-trizin-3-ylsulfanyl)-3,6,9,12-tetrakisoxatetradecane
(3¢): Yield: 2.19 g, 36%. M.p. 49-50 °C. 'H NMR (200 MHz,
CDCly): 6 = 3.43 (t, J = 6.6 Hz, 4 H, CH,), 3.62 (s, 12 H, CH,),
3.77 (t, J = 6.6 Hz, 4 H, CH,»), 8.35 (d, J/ = 2.4 Hz, 2 H, triazine
hydrogen), 8.91 (d, J = 2.4 Hz, 2 H, triazine hydrogen) ppm. 3C
NMR (50 MHz, CDCls): 6 = 30.1 (SCH»), 69.2 (OCH,), 70.3
(OCH,), 70.4 (OCH,), 70.5 (OCH,), 145.3, 148.1, 173.8 (triazine
carbon atoms) ppm. HRMS (EI): caled. for C;gH»4NgO4S,
428.13005; found 428.13154.

1,5-Bis(1,2,4-trizin-3-ylsulfanyl)-pentane (9): Yield: 1.63 g, 39%.
M.p. 35-36 °C. 'H NMR (200 MHz, CDCls): § = 1.58-1.72 (m, 2
H, CH,), 1.75-1.86 (m, 4 H, CH,), 3.24 (t, / = 7.3 Hz, 4 H, CH,),
8.35(d, J = 2.4 Hz, 2 H, triazine hydrogen), 8.91 (d, J = 2.4 Hz, 2
H, triazine hydrogen) ppm. 13C NMR (50 MHz, CDCl,): 6 = 27.7
(CH,), 28.2 (CH,), 30.1 (SCH,), 145.1, 148.0, 174.0 (triazine car-
bon atoms) ppm. HRMS (EI): calcd. for C;;H4NgS, 294.07214;
found 294.07134.
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General Procedure for the Preparation of 5,5'-Bi-1,2,4-triazine-Con-
taining Thiamacrocycles 4a—c and 10: A suspension of compound
3a-—c or 9 (0.59 mmol) in water (134 mL) was stirred at 40 °C until
complete dissolution. After cooling to room temperature, potas-
sium cyanide (0.137 g, 2.12 mmol) was added as a solid, and the
resulting mixture was stirred for the period of time indicated in
Table 1. The mixture was extracted with CH,Cl, (5X 50 mL). The
combined extracts were dried with MgSQ,, filtered, and concen-
trated in vacuo. The crude products were purified by column
chromatography (CH,Cl,/acetone, 10:1) to give pure compounds
4a—c and 10.

4,7-Dioxa-1,10-dithia[10]3,3'-5,5'-bis(1,2,4-triazin-3-yl)cyclophane
(4a): Spectral data and microanalysis are described in a previous
communication.!3]

4,7,10-Trioxa-1,13-dithia[13]3,3'-5,5"-bis(1,2,4-triazin-3-yl)cyclo-
phane (4b): Yield: 0.16 g, 70%. M.p. 150-151 °C. '"H NMR
(500 MHz, CDCl3): ¢ = 3.25-3.27 (m, 4 H, CH,), 3.44-3.46 (m, 4
H, CH,), 3.54 (t, J = 5.8 Hz, 4 H, CH,), 3.81 (t, J = 5.8 Hz, 4 H,
CH,), 9.67 (s, 2 H, triazine hydrogen) ppm. '*C NMR (50 MHz,
CDCls): 0 = 30.2 (SCH>»), 69.9 (OCH,), 71.0 (OCH,), 71.5 (OCH,),
142.1, 150.0, 174.6 (triazine carbon atoms) ppm. C;4H;3sNO;S,
(382.46): calcd. C 43.98, H 4.71, N 21.99; found C 44.01, H 4.80,
N 21.75.

4,7,10,13-Tetraoxa-1,16-dithia[16]3,3'-5,5'-bis(1,2,4-triazin-3-yl)-
cyclophane (4¢): Yield: 0.19 g, 77%. M.p. 108-109 °C. '"H NMR
(200 MHz, CDCls): 6 = 3.11 (s, 4 H), 3.36-3.40 (m, 4 H, CH,),
3.54-3.62 (m, 8 H, CH,), 3.85 (t, J = 6.0 Hz, 4 H, CH,), 9.88 (s, 2
H, triazine hydrogen) ppm. '*C NMR (50 MHz, CDCls): § = 30.1
(SCH,), 70.1 (OCH,), 70.3 (OCH,), 70.4 (OCH,), 70.9 (OCH,)
142.1, 149.7, 174.1 (triazine carbon atoms) ppm. HRMS (EI):
caled. for C;H,,NgO4S, 426.11440; found 426.11344.

1,7-Dithia|7]3,3'-5,5"-bis(1,2,4-triazin-3-yl)cyclophane (10): Yield:
0.11 g, 62%. M.p. 233-234 °C. '"H NMR (200 MHz, CDCl,): § =
1.54-1.66 (m, 2 H, CH,), 1.97-2.11 (m, 4 H, CH,), 3.06-3.14 (m, 4
H, CH,), 9.50 (s, 2 H, triazine hydrogen) ppm. '*C NMR (50 MHz,
CDCl3): 0 = 27.9 (CH,), 28.4 (CH,), 31.8 (SCH,), 140.9, 145.2,
148.1 (triazine carbon atoms) ppm. HRMS (EI): calced. for
C1H15Ng6S, 292.05649; found 292.05728.

General Procedure for the Preparation of Thiacrown Ethers 5a—c:
Compounds 4a—c (2.96 mmol) were added to freshly distilled 1-
pyrrolidine-1-cyclopentene (2.43 g, 17.75 mmol). The mixture was
heated at 150 °C for 18 h and then concentrated in vacuo. The resi-
due was purified by column chromatography (CH,Cl,/acetone,
50:1) to give pure compounds Sa—c.

4,7-Dioxa-1,10-dithia[10](6,6')-2,2'-bis(cyclopenta|c]pyridin-2-yl)-
cyclophane (5a): Spectral data and microanalysis are described in a
previous communication. '3

4,7,10-Trioxa-1,13-dithia[13](6,6')-2,2'-bis(cyclopenta| c]pyridin-2-
ylcyclophane (5b): Yield: 0.91 g, 67%. M.p. 121-122 °C. '"H NMR
(200 MHz, CDCly): 6 = 2.14 (q, J = 7.4 Hz, 4 H, CH,), 2.85 (t, J
=74Hz, 4 H, CH,), 2.95 (t, J = 7.6 Hz, 4 H, CH,), 3.40-3.45 (m,
4 H, CH,), 3.52-3.65 (m, 8 H, CH,), 3.78-3.85 (m, 4 H, CH,), 7.47
(s, 2 H, pyridine hydrogen) ppm. 3C NMR (50 MHz, CDCls): 6 =
24.2, 28.7, 30.1, (cyclopentane carbon atoms), 32.9 (SCH,), 69.6
(OCH,), 70.6 (OCH,), 71.2 (OCH,), 114.3, 137.1, 152.9, 153.5,
155.1 (pyridine carbon atoms) ppm. HRMS (EI): calcd. for
C,4H30N,S,05 458.16979; found 458.16879.

4,7,10,13-Tetraoxa-1,16-dithia[16](6,6')-2,2'-bis(cyclopenta|c|pyrid-
ine-2-yl)cyclophane (S5c¢): Yield: 0.96 g, 65%. M.p. 167-168 °C. 'H
NMR (200 MHz, CDCls): 6 = 2.14 (q, J = 7.4 Hz, 4 H, CH,), 2.85
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(t, J =7.4Hz 4 H, CH,), 297 (t, J = 7.4 Hz, 4 H, CH,), 3.10 (s,
4 H, CH,), 3.34-3.39 (m, 4 H, CH,), 3.55-3.62 (m, 8 H, CH,),
3.76-3.82 (m, 4 H, CH.), 7.89 (s, 2 H, pyridine hydrogen) ppm. 3C
NMR (50 MHz, CDCly): ¢ = 24.2, 28.6, 30.1 (cyclopentane carbon
atoms), 33.1 (SCH,), 69.8 (OCH,), 70.2 (OCH,), 70.4 (OCH,), 71.2
(OCH,), 113.7, 137.4, 152.1, 153.7, 154.3 (pyridine carbon atoms)
ppm. HRMS (EI): caled. for C,4H34N,S,04 502.19600; found
502.19555.

General Procedure for the Preparation of Sulfoxides 6a—c (Davis
Method): To a solution of sulfide Sa—¢ (1 mmol) in anhydrous
dichloromethane (30 mL) was added (+)-(8,8’-dichlorocamphoryl-
sulfonyl)oxaziridine (0.75 mmol), and the reaction mixture was
stirred at room temperature for 24 h. The solvent was evaporated,
and the residue was purified by flash chromatography (CH,Cl,/
acetone, 10:1.5) to yield pure monosulfoxide 6a—c.

4,7-Dioxa-1,10-dithia[10](6,6')-2,2’-bis(cyclopenta|c|pyridin-2-yl)cy-
clophane Sulfoxide (6a): Yield: 0.17 g, 41% (27%ee), oil. [a]¥) =
+23 (¢ = 1.0, CH,Cl,). '"H NMR (200 MHz, CDCl5): § = 2.12-2.26
(m, 4 H), 2.78-2.86 (m, 2 H), 2.93-3.00 (m, 4 H), 3.27-4.08 (m, 13
H), 4.13-4.23 (m, 1 H), 7.38 (s, 1 H), 7.64 (s, 1 H) ppm. '3C NMR
(200 MHz, CDCly): 6 = 24.2, 25.2, 27.3, 29.1, 29.9, 32.0 (cyclopen-
tane carbon atoms), 32.9 (SCH,), 55.3 (SOCH,), 64.7 (OCH,), 70.3
(OCH,), 70.8 (OCH,), 70.9 (OCH,), 114.4, 118.9, 137.1, 139.2,
153.4, 153.9, 155.1, 158.1, 158.6 (pyridine carbon atoms) ppm.
HRMS (EI): caled. for C5,H,6N,S,03 430.13848; found 430.13906.

4,7,10-Trioxa-1,13-dithia|13](6,6")-2,2'-bis(cyclopenta|c|pyridin-2-
yl)cyclophane Sulfoxide (6b): Yield: 0.20 g, 42% (46 %ee). M.p.
163-164 °C. [a]f) = -97 (¢ = 1.0, CH,Cl,). '"H NMR (200 MHz,
CDCl;): 0 = 2.00-2.11 (m, 4 H), 2.75-2.83 (m, 2 H), 2.85-3.13 (m,
4 H), 3.19-3.81 (m, 18 H), 4.05-4.17 (m, 1 H), 7.78 (s, 1 H), 8.80
(s, 1 H) ppm. '3C NMR (50 MHz, CDCl;): § = 24.1, 25.2, 27.5,
29.1, 29.9, 32.0 (cyclopentane carbon atoms), 32.8 (SCH,), 52.1
(SOCH,), 61.8, 68.9, 69.4, 70.0, 70.6, 70.7 (OCH,), 114.1, 118.7,
137.7, 139.4, 151.9, 153.5, 154.1, 154.9, 156.2, 157.5 (pyridine car-
bon atoms) ppm. HRMS (EI): calcd. for C,4H30N,S,0,4 474.16470;
found 474.16528.

4,7,10,13-Tetraoxa-1,16-dithia[16](6,6')-2,2'-bis(cyclopenta|c]-
pyridin-2-yl)cyclophane Sulfoxide (6c¢): Yield: 0.26 g, 51% (27 %ee).
M.p. 140-141°C. [a]f) = 34 (¢ = 1.6, CH,Cl,). '"H NMR
(200 MHz, CDCly): ¢ = 2.07-2.24 (m, 4 H), 2.79-2.92 (m, 2 H),
2.94-3.04 (m, 4 H), 3.12-3.80 (m, 21 H), 4.05-4.16 (m, 1 H), 7.99
(s, 1 H), 8.29 (s, 1 H) ppm. 3C NMR (50 MHz, CDCl;): 6 = 24.2,
25.2, 28.2, 29.2, 30.0, 32.2 (cyclopentane carbon atoms), 32.9
(SCH,), 51.4 (SOCH,), 62.0 (OCH,), 70.4-71.0 (OCH,, 7 C over-
lapped), 113.8, 118.1, 137.9, 139.8, 152.2, 153.0, 154.2, 154.5, 156.3,
157.7 (pyridine carbon atoms) ppm. HRMS (EI): calcd. for
C56H34N5S,05 518.19091; found 518.19026.

X-ray Structure Determinations: X-ray data of 5a were collec-
ted with a Kuma KM4 diffractometer; crystal sizes
0.20X0.20X0.10 mm, Cu-K, (4 = 1.54178 A) radiation, /20
scans. Data collections for 5b, 5¢, and 6b were performed with a
Bruker SMART APEX II CCD diffractometer; crystal sizes
0.50X0.24X0.03 mm (5b), 0.42X0.22X0.14mm (5¢), and
0.35%0.14 % 0.07 mm (6b), Mo-K, (. = 0.71073 A) radiation, w
scans. All structures were solved by direct methods by using
SIR929  and refined by full-matrix least-squares with
SHELXL97.?"l The H atoms were positioned geometrically and
treated as riding on their parent C atoms with C-H distances of
0.93 A (aromatic) and 0.97 A (CH,). All H atoms were refined with
isotropic displacement parameters taken as 1.5 times those of the
respective parent atoms. All calculations were performed using
WINGX version 1.64.05 package.’®! CCDC-773916 (for 5a),
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-773917 (for 5b), -773918 (for 5¢), and -773919 (for 6b) contain the
supplementary crystallographic data for this paper. These data can
be obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Crystal Data for 5a: C,,H,sN,O,S,, M =414.57, monoclinic, space
group C2/c, a = 32.897(3) A, b = 13.699(1) A, ¢ = 9.263(1) A, f =
103.99(1)°, V' = 4050.6(7) A3, Z = 8, d_peq. = 1.360 Mgm3, F(000)
=1760, u(Cu-K,) = 2.546 mm !, T = 293 K, 5004 measured reflec-
tions (6 range 2.77-180.24°), 4401 unique reflections (R;,, = 0.027),
final R = 0.044, wR = 0.123, S = 1.033 for 3372 reflections with
I1>20().

Crystal Data for 5b: C,,H3)N,O3S,, M = 458.62, triclinic, space
group P1, a = 7.4649(3) A, b = 8.8778(3) A, ¢ = 18.2591(7) A, a =
96.955(1)°, f = 91.416(1)°, y = 107.796(1)°, V = 1141.24(7) A3, Z
=2, deiea. = 1.335 Mgm3, F(000) = 488, u(Mo-K,) = 0.262 mm™!,
T =293 K, 30461 measured reflections (6 range 1.13-31.26°), 7420
unique reflections (R, = 0.019), final R = 0.055, wR = 0.167, S =
1.049 for 5152 reflections with 7> 2c([). The final residual electron-
density maps showed that the C8A and C11A atoms are disordered
over two sites. The occupancy factors (s.o.f.) for the split carbon
atoms were refined to 0.63 and 0.37.

Crystal Data for 5c: C,sH34N>04S,, M = 502.67, triclinic, space
group PI, a = 8.607(3) A, b = 12.140(3) A, ¢ = 12.276(3) A, a =
91.62(1)°, B = 94.93(1)°, y = 91.59(1)°, V = 1276.9(6) A3, Z = 2,
dearea. = 1.307 Mgm3, F(000) = 536, u(Mo-K,) = 0.243 mm™!, T =
293 K, 29694 measured reflections (6 range 1.67-25.78°), 4893
unique reflections (R, = 0.035), final R = 0.056, wR = 0.149, S =
1.052 for 3733 reflections with /> 2o(1).

Crystal Data for 6b: C,,H3)N,O,S,, M = 474.62, monoclinic, space
group C2/c, a = 26.888(2) A, b = 13.060(1) A, ¢ = 14.951(1) A,
= 120.58(1)°, V = 4520.0(6) A3, Z = 8, doyeq. = 1.395 Mgm 3,
F(000) = 2016, u(Mo-K,) = 0.270 mm~', 7= 90 K, 37032 measured
reflections (@ range 1.76-25.52°), 4182 unique reflections (R, =
0.121), final R = 0.080, wR = 0.156, S = 1.294 for 3816 reflections
with > 2o(1).

Theoretical Calculations: Calculations at the DFT/B3LYP level
with 6-311G** basis set implemented in GAUSSIAN 03?1 were
carried out by using natural bond order (NBO) analysis to investi-
gate the conformational preferences of 5a—¢ and 6b. The structures
were fully optimized without any symmetry constraint and the ini-
tial geometries were built from the crystallographic data of Sa—¢
and 6b.

[11 a) G. Chelucci, R. P. Thummel, Chem. Rev. 2002, 102, 3129—
3170; b) A. Malkov, P. Kocovsky, Eur. J. Org. Chem. 2007, 29—
36.

[2] J-M. Lehn, J. L. Atwood, J. E. D. Davies, D. D. Mac Nicol, F.
Vogtle (Eds.), Comprehensive Supramolecular Chemistry, Perga-
mon, Oxford, 1996.

[3] U.S. Schubert, C. Eschbaumer, Angew. Chem. Int. Ed. 2002,
41, 2892-2926.

[4] a) D. Pomeranc, V. Heitz, J.-C. Chambron, J.-P. Savage, J. Am.
Chem. Soc. 2001, 123, 12215-12221; b) K. D. Demadis, C. M.
Hartshorn, T. J. Meyer, Chem. Rev. 2001, 101, 2655-2686.

[5] a) M. H. Keefe, K. D. Benkstein, J. T. Hupp, Coord. Chem. Rev.
2000, 205, 201-228; b) P. D. Beer, J. Cadmann, Coord. Chem.
Rev. 2000, 205, 131-155.

[6] C. Kaes, A. Katz, M. W. Hoseini, Chem. Rev. 2000, 100, 3553~
3590.

[71 M. Pietraszkiewicz in Comprehensive Supramolecular Chemis-
try (Eds.: J.-M. Lehn, J. L. Atwood, J. E. D. Davies, D. D. Mac
Nicol, F. Vogtle), Pergamon, Oxford, 1996, vol. 10, pp. 225—
266.

Eur. J. Org. Chem. 2010, 4868-4875



2,2'-Bipyridine Thiacrown Ethers and Their Conformational Preferences

[8] N.C. Fletcher, J Chem. Soc. Perkin Trans. 1 2002, 1831-1842
and references cited therein.

[9] S. H. Bossman, H. Durr, M. R. Pokhrel, Synthesis 2005, 907—
914 and references cited therein.

[10] C.-S. Lee, P-f. Teng, W.-L. Wong, H.-L. Kwong, A. S. C. Chan,
Tetrahedron 2005, 61, 7924-7930.

[11] D. Branowska, A. Rykowski, Tetrahedron 2005, 61, 10713-
10718; D. Branowska, I. Buczek, K. Kalinska, J. Nowaczyk,
A. Rykowski, Tetrahedron Lett. 2005, 46, 8539-8541.

[12]J. Lawecka, B. Bujnicki, J. Drabowicz, A. Rykowski, Tetrahe-
dron Lett. 2008, 49, 719-722.

[13] D. Buhleier, F. Vogtle, Justus Liebigs Ann. Chem. 1977, 1080—
1086.

[14] D. Branowska, A. Rykowski, Synlett 2002, 1892-1894.

[15] For a preliminary communication, see: J. Lawecka, E. Olender,
P. Piszcz, A. Rykowski, Tetrahedron Lett. 2008, 49, 723-726.

[16] G. Markl, J. Resinger, P. Kreitzmeier, J. Langer, Helv. Chim.
Acta 2002, 85, 1714-1741.

[17]1D. K. Krass, T.-K. Chen, W. W. Paudler, J. Heterocycl. Chem.
1973, 10, 343-345.

[18]1G. A. Melson (Ed.), Coordination Chemistry of Macrocyclic
Compounds, Plenum Press, New York, 1979.

[19] B. Rickborn in Organic Reactions (Ed.: L. A. Paquette), Wiley,
New York, 1998, vol. 53, pp. 223-631.

[20] D. Branowska, Synthesis 2003, 2096-2100.

[21] G. R. Newcome, A. Nayak, F. Fronczek, T. Kawato, H. C. R.
Taylor, M. W. Mattice, J. Am. Chem. Soc. 1979, 101, 4472—
4477.

[22] F. A. Davies, T. R. Reddy, M. C. Weismiller, J. Am. Chem. Soc.
1989, 111, 5964-5965.

Eur. J. Org. Chem. 2010, 4868-4875

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Eur|OC

European Journal
of Organic Chemistry

[23]R. Noyori, M. Kitamura, Angew. Chem. Int. Ed. Engl. 1991,
30, 49-69.

[24] F. H. Allen, O. Kennard, D. G. Watson, L. Brammer, A. G.
Orpen, R. Taylor, J Chem. Soc. Perkin Trans. 2 1987, S1-S19.

[25] A. L. Spek, J. Appl. Crystallogr. 2003, 36, 7-13.

[26] A. Altomare, G. Cascarano, C. Giacovazzo, A. Guagliardi, J.
Appl. Crystallogr. 1993, 26, 343-350.

[27] G. M. Sheldrick, Acta Crystallogr., Sect. A 2008, 64, 112-122.

[28] L. J. Farrugia, J. Appl. Crystallogr. 1999, 32, 837-838.

[291M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria,
M. A. Robb, J. R. Cheeseman, J. A. MontgomeryJr., T.
Vreven, K. N. Kudin, J. C. Burant, J. M. Millam, S. S. Iyengar,
J. Tomasi, V. Barone, B. Mennucci, M. Cossi, G. Scalmani, N.
Rega, G. A. Petersson, H. Nakatsuji, M. Hada, M. Ehara, K.
Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y.
Honda, O. Kitao, H. Nakai, M. Klene, X. Li, J. E. Knox, H. P.
Hratchian, J. B. Cross, V. Bakken, C. Adamo, J. Jaramillo, R.
Gomperts, R.E. Stratmann, O. Yazyev, A.J. Austin, R.
Cammi, C. Pomelli, J. W. Ochterski, P. Y. Ayala, K. Morok-
uma, G. A. Voth, P. Salvador, J. J. Dannenberg, V. G. Zakrzew-
ski, S. Dapprich, A. D. Daniels, M. C. Strain, O. Farkas, D. K.
Malick, A. D. Rabuck, K. Raghavachari, J. B. Foresman, J. V.
Ortiz, Q. Cui, A. G. Baboul, S. Clifford, J. Cioslowski, B. B.
Stefanov, G. Liu, A. Liashenko, P. Piskorz, I. Komaromi, R. L.
Martin, D. J. Fox, T. Keith, M. A. Al-Laham, C.Y. Peng, A.
Nanayakkara, M. Challacombe, P. M. W. Gill, B. Johnson, W.
Chen, M. W. Wong, C. Gonzalez, J. A. Pople, Gaussian 03, Re-
vision E.O1, Gaussian, Inc., Wallingford, CT, 2004.

Received: April 28, 2010
Published Online: July 15, 2010

4875

WWW.eurjoc.org



