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Substituent Effects on the Gas-Phase Basicity of Formamidine Ureas
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The gas-phase basicities (GBs) for a representative set of six
formamidine ureas with variations in the imino substituent
[RN=CH-N(Me)C(O)NMe,] were determined in proton-
transfer equilibria by ion cyclotron resonance (ICR) mass
spectrometry and further explored with calculations at the
B3LYP/6-31+G* level. The GB values, ranging from 218.6 to
230.9 kcalmol™!, were also compared with those previously
reported for N! N!'-dimethyl-N2-substituted formamidines.
For all compounds investigated, protonation occurs preferen-

tially at the imino nitrogen. In the cases of R = n-C;H;s,
Ph(CH,); and Ph, no stable O-protonated structures exist
which can transfer proton to the N atom without a significant
barrier. Relative GBs were linearly correlated to the inductive
effect of the imine nitrogen substituents. The calculated
structures are also given, and the calculated basicities are in
good agreement with the observed values.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Introduction

Formamidines are of interest as components of biolo-
gically active moleculest'! and as synthetic reagents and
components of functional materials.[’! For the former appli-
cation, formamidines (and the larger family of amidines)
have advantageous qualities of structure, hydrogen-bonding
ability, and a range of basicities that is thought to mimic
that of amines.’1 We have recently reported a novel conden-
sation between isonitriles and ureas in the presence of acid
chlorides to give formamidine urea salts as precipitates in
pure form (Scheme 1).[1 1-(fert-Butylimino-methyl)-1,3-di-
methylurea hydrochloride (2) derived from zerz-butylisocya-
nide (1) was found to be an effective starting material for
the fast preparation of formamidine ureas (3) of tunable
reactivity by exchange of its amine/imine fragment with ex-
ternal primary nitrogen nucleophiles in non-protic sol-
vents.’] A varied manifold of reactivity has been uncovered
for the formamidine urea moiety, including electrophilicity
at the carbonyl carbon for sulfur nucleophiles to give thiol-
carbamates,[®! electrophilicity at the formamidine carbon
for nitrogen nucleophiles giving different products de-
pending of the nature of the solvent,7! widely variable hy-
drolytic stability controlled by the electronic nature of the
imine substituent,™ and alkylation/acylation at urea nitro-
gen through its conjugate base.[®! Since formamidines and
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ureas are each components of many biologically active
molecules, their combination provides structures of poten-
tial pharmaceutical interest.
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Scheme 1. General synthesis of formamidine ureas.

Raczynska and co-workers have pioneered the explora-
tion of gas-phase basicity of amidines and N',N'-dimethyl-
N?-alkyl/aryl formamidines as a function of substituent.®!
In the present work, we determined by ion cyclotron reso-
nance (ICR) the gas-phase basicities of six formamidine
ureas that differ in the imine substituent over a range of
electron donating power (Scheme 2). The structures and ex-
perimental and theoretical basicities of these species will
help to guide our use of the formamidine urea motif in
applications to drug discovery and molecular recognition.
It must be emphasized that, since the reactivity of for-
mamidine ureas can be substantially altered by hydrogen-
bonding contacts with protic solvents,l”) the gas-phase ba-
sicities discussed here represent only a starting point in un-
derstanding their chemistry.
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Scheme 2. Formamidine ureas investigated, and dominant conformations A and B.

Results and Discussion

A simple formamidine urea such as 4 exhibits two major
ground-state conformations, one of which allows for intra-
molecular hydrogen bonding, and contains four hetero-
atoms which are potential sites of protonation (Scheme 2).
All of the possible conjugate acids and conformations were
therefore considered in order to properly evaluate the effects
of the substituents on gas-phase basicity. DFT calculations
at the B3LYP/6-31+G* level of theory were performed by
standard methods, revealing the imine nitrogen to be the
most basic site in each molecule (Table 1). The predicted
structure of each Nj,;,.-protonated conjugate acid is shown
in Figure 1, along with two alternatives for C=0O proton-
ation (the next most favorable site). In each case, the for-
mamidine urea core [N=C-N-C(O)-N] is planar and allows
a hydrogen bond to bridge the imine nitrogen and the car-

Table 1. Calculated proton affinities (PA) and gas phase basicities
of R-N=CHN(Me)CONHMe at B3LYP/6-31+G* (298.15 K).

Protonation PAIP GBU GBpea.
Sitel? (kcalmol')  (kcalmol')  (kcalmol ')

4 N 235.7 228.0 230.0
5 N 236.0 227.7 230.9
6 N 2254 216.7 218.6
6 O 219.9 210.9

7 N 231.3 223.7 226.3
8 N 230.0 222.5 221.8
8 O 221.7 214.8

9 N 227.7 219.8 221.0
9 O 219.2 211.0

[a] N, protonation at the imino nitrogen; O, protonation at the
amide oxygen. [b] The standard deviation from experimental values
at this level of theory is estimated to be 3.2 kcalmol . [c] Gibbs
free energy associated with the loss of proton from the conjugate
acid in the gas phase. The thermodynamic quantities of the proton
from the Gaussian calculation  are 1.481 kcalmol™!,
~6.275 kcalmol ! and 26.014 cal'mol! K! for H, G and S, respec-
tively.
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bonyl oxygen atoms, indicated by dotted lines in Figure 1;
the magnitude of the entropic penalty required for this type
of conformational restriction was not investigated, but is
expected to be small. For 8 and 9, the predicted conforma-
tions of the N- and O-protonated structures are quite dif-
ferent with respect to the dihedral angle about the N-N
bond at the imine center. In the N-protonated cations, the
adjacent N center is rotated to take the two adjacent N—
H bonds out of coplanarity, consistent with the observed
dependence on inductive, rather than resonance, factors dis-
cussed below. In the higher-energy O-protonated forms,
however, the formamidine unit and its adjacent nitrogen
center are coplanar.

The results of the experimental determination of gas-
phase basicity (GB) of 4-9 are listed in Table 1 and are
represented graphically against relevant amines in Figure 2.
Except for 8, the observed GB values are consistently 2—
3 kcalmol™! greater than the calculated values, representing
good agreement at this level of theory for protonation at
the imino nitrogen.””! For 6, 8, and 9, stable O-protonated
structures were obtained while 4, 5, and 7 had no corre-
sponding structures. The calculated GB values for O-pro-
tonation are nearly constant at 213 %2 kcalmol™!, indicat-
ing that the R group has no effect on the GB (as would be
expected given the separation between the R group and the
protonation site) and suggesting that O-protonation of 4, 5,
and 7 is in the same range. The difference in GB value be-
tween O- and N-protonation may therefore be estimated at
11-13 kcalmol ™! for 4, 5, and 7, and 6-9 kcalmol ! for 6,
8, and 9. Accordingly, it seems that when the difference in
energy between O- and N-protonation is greater than
11 kcalmol™!, there is no barrier to intramolecular proton
transfer from the carbonyl oxygen atom to the imino nitro-
gen atom.

Although Hammett-type substituent constants are not
available for most of the present compounds, we may esti-
mate them from the values in literature for substituents of
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Figure 1. Calculated lowest-energy conformations of conjugate acids of 4-9. The C-N-N-C dihedral angle is labeled for each protonated

form of 8 and 9.

similar structure.'” In Figure 3 gas-phase basicities are
plotted against estimated oy values, giving a good linear cor-
relation with p; = —33. A p; value of similar magnitude was
obtained for the gas-phase basicities of RCH,NH,.[''] The
similarity in p; value for these two systems suggests that
substantial positive charge is found P to the R group (in
other words, at the central formamidine carbon) in the con-
jugate acid of formamidine ureas. Such a charge distribu-
tion is achieved when the imino nitrogen, rather than the
urea moiety, is the site of protonation.

The same substituents that make the formamidine urea
less basic by virtue of inductive electron-withdrawing power
also make the formamidine urea skeleton more stable in
aqueous solvents.’~7) This suggests that imine protonation
is crucial to hydrolysis and/or that resonance effects (princi-
pally the resonance donating abilities of heteroatom substit-
uents on 6, 8, and 9) are more important for hydrolysis than
for protonation. We believe the latter is usually the case
because studies at variable pH have shown that hydrolysis
of formamidine ureas is often faster in more basic solu-
tion.['” In any event, oxime ether, hydrazine, and hydrazide
derivatives (such as 6, 8, and 9, respectively) are among the
most stable members of the formamidine urea class toward
decomposition in water, while being the least basic.

The gas-phase basicities of formamidine ureas 4-9 vary
over 12 kcalmol™!, spanning the same range covered by
alkyl-substituted pyridines to trialkylamines (Figure 2).
N,N-Dimethylformamidines, studied by Raczynska and co-
workers, show the same general trend of basicity vs. substit-
uent; a set analogous to 4-9 is shown in Figure 2. Thus,
oxime ether 15 is the least basic of the series, presumably
as a consequence of the o-electron withdrawing capacity of
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the methoxy group. N-Alkyl-substituted compounds 10-12
are the most basic, with Me,N- and Ph-substituted struc-
tures in between. Interestingly, a comparison between sim-
ilar formamidine urea and formamidine structures (4 and 5
vs. 11 and 12; 7 vs. 14; 6 vs. 15) shows them to have very
similar basicities. Since the conjugate acids of formamidine
ureas are stabilized by internal hydrogen bonding with the
urea carbonyl group (Figure 1), such stabilization must be
compensated by the electron-withdrawing power of the
CONHMe group compared to the amidine methyl moiety.
We suspect that the urea motif also engages in important
intermolecular hydrogen bonding interactions in other situ-
ations.['* The relatively large difference between 8 and 13,
both derived from hydrazines, may be due to the fact that
8 bears an N-phenyl substituent whereas 13 is an N,N-dial-
kylated structure; the relative electron-deficiency of phenyl
is apparent in comparisons of 7 to 4 and 5, or 14 to 11 and
12.

Conclusions

Formamidine ureas have been found to be amidine-like
in terms of their overall base strength and response to c-
electronic (inductive) effects at the imine nitrogen. Calcula-
tions lead us to expect that the most favored conformation
of the protonated formamidine urea unit may be stabilized
by an internal hydrogen bond. The interplay between induc-
tive electronic effects, resonance electronic effects, sterics,
and H-bonding on the behavior of formamidine ureas as
molecular recognition motifs, nucleophiles, and electro-
philes makes for a rich chemistry of molecules containing
this interesting functional group.
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Figure 2. Observed GB values for 4-9 and published values for relevant standards. Values in parentheses are pK,’s of the conjugate acids

in water.['3 Values of GB for N,N-dimethylamidines 10-15 are averages of those reported in the following papers:

13 [8a.8d.8¢] 14 [8a.8¢] 15.[8a,8d]

Experimental Section

Synthesis: Reagents for synthesis were commercial compounds (Al-
drich, Acros or Fluka). All formamidine ureas used in this study
were freshly synthetized and purified as reported in our previous
studies from 1-(fert-butyliminomethyl)-1,3-dimethylurea hydro-
chloride (2) according to Scheme 1.471 A typical procedure is de-
scribed below. Compounds 6, 7, and 9 have been described pre-
viously.”!

Compound 5: Et;N (74 uL, 0.52 mmol) was added to a solu-
tion of 1-ert-butyliminomethyl-1,3-dimethylurea hydrochloride?]
(100 mg, 0.48 mmol) in dry CH,Cl, (5mL) at room temperature
under nitrogen. The reaction mixture was stirred for 10 min, after
which time 3-phenyl-1-propylamine (72 mg, 0.53 mmol) was added
in one portion. The initial suspension turned in a clear solution
within 1 min and after 30 min the appearance of a precipitate was
visible. The mixture was stirred at room temperature overnight and
the precipitated formed was removed by filtration through What-
man® filter paper and the liquid concentrated under vacuum. The
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10,[85] 11,[8b,83] 12,[80,85]

residue was purified by flash chromatography over silica gel (eluent,
EtOAc; R; 0.45) to afford 5 (84 mg, 75% yield) as colorless oil. "H
NMR (CDCly): 6 = 1.81-1.91 (m, 2 H), 2.65 (t, J = 7.6 Hz, 2 H),
2.87 (s, 3 H), 3.15 (s, 3 H), 3.33 (t, J = 6.2Hz, 2 H), 7.18 (d, J =
7.0 Hz, 3 H), 7.28 (d, J = 7.0 Hz, 2 H), 7.68 (s, 1 H), 9.37 (br. s, 1
H). 3C NMR (CDCly): 6 = 27.0, 33.4, 33.8, 34.5, 56.2, 126.3,
128.7, 128.8, 142.2, 152.5, 157.1. IR (thin film): v = 3332, 2942,
1668, 1582, 1316, 1074, 994, 740 cm™'. MS: m/z (%) = 256 (2) [M
+ Nal*, 235 (15) [M + 2]*, 234 (100) [M + 1]*. HRMS calcd. for
C3H,0N;30 234.1601, found 234.1600.

Compound 4: Colorless oil (hygroscopic). Ry = 0.4 (80% EtOAc/
hexanes). '"H NMR (CDCls): 6 = 0.88 (t, J = 7.4 Hz, 3 H), 1.21-
1.31 (m, 10 H), 1.51-1.57 (m, 2 H), 2.77 (s, 3 H), 3.15 (s, 3 H), 3.30
(t, J = 7.0 Hz, 2 H), 448 (br. s, 1 H), 8.66 (s, 1 H). '3*C NMR
(CDCl3): 0 = 15.6, 24.4, 28.4, 28.8, 29.0, 30.8, 32.1, 33.5, 58.5,
153.5, 158.7. IR (thin film): ¥ = 3333, 2926, 1650, 1545, 1312, 1070,
672 cm . MS: miz (%) = 236 (4) [M + NaJ*, 215 (12) [M + 2J*,
214 (100) [M + 1]* (100). HRMS calcd. for C;;H,4N;0 214.1914,
found 214.1914.

Eur. J. Org. Chem. 2006, 235-240
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Figure 3. Plot of GB vs. substituent parameter oy.

Compound 8: Yellow solid (hygroscopic). Ry = 0.6 (EtOAc); m.p.
165£1°C. '"H NMR (CD;0D): 6 = 2.71 (s, 3 H), 3.10 (s, 3 H),
6.57 (t, J = 7.3 Hz, 1 H), 6.78-6.80 (m, 2 H), 7.03 (t, J = 7.7 Hz,
2 H), 8.33 (s, 1 H). '3C NMR (CDCl,): § = 27.6, 30.3, 113.1, 119.2,
129.8, 138.7, 148.7, 158.6. IR (thin film): ¥ = 3278, 2958, 2888,
1652, 1592, 1519, 1274, 1060, 742 cm!. MS: m/z (%) = 229 (6) [M
+ Nal*, 208 (7) [M + 2]*, 207 (100) [M + 1]*. C;(H4N,40-0.5H,0:
caled. C 55.80, H 7.02, N 26.03; found C 56.18, H 7.34, N, 25.74.

Gas-Phase Basicity Determination: Equilibrium-constant measure-
ments were performed with an Extrel FTMS 2001 spectrometer at
a constant magnetic field strength of 3.0 T equipped with an Ion-
Spec Data Station. Details of the experimental techniques used for
measuring the equilibrium constants (K) were similar to those used
for the previously described proton-transfer measurements.l'>! Only
significant changes and/or additional procedures are given here.

Most of the compounds investigated in this study are solids with
low volatility. Accordingly, the solid sample direct-inlet systems and
all vacuum-chamber systems were kept at 80-100 °C. The ioniza-
tion gauge was directly set at the main vacuo chamber to read the
precise pressure in the ICR cell, and was shielded from the strong
magnetic field by use of magnetic shield foil (Fe-Ni alloy).['®) The
background pressure was kept below 10-7 Pa. The proton-transfer
equilibrium (B + BH" = BH* + B,)) was achieved within 1 to 10 s
of initiation of the reaction depending on the pressure of neutrals,
and the equilibrium constant K for the reaction was evaluated from
the expression K = [BH*][B,H"]/[B,][B]. The relative abundances
of ions BH* and B,H" were determined by the relative intensities
of ICR mass spectra signals when the equilibrium was attained.
The pressures of the neutral reactants were measured by means of
a Bayard-Alpert type ionization gauge with appropriate correction
factors being applied to correct the gauge readings for the different
ionization cross sections of various compounds.'”l The overall
pressures of the reagents were maintained at 0.5 to 1x 104 Pa by
controlled rates through leak valves (Anelva) from a parallel inlet
manifold into the reaction cell in the vacuum chamber. Each ex-
periment was performed at several ratios of partial pressures and
at different overall pressures. The average uncertainty was
10.2 kcalmol™! in most cases. More than two reference compounds
were used to ensure the internal consistency of the data. The occur-
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rence of the proton transfer reaction was examined by an ion-gject
experiment.

The experimental AG® values given in Table 1 have been extracted
from the following direct equilibrium measurements (+ means the
first compound is the stronger base): 4 vs. nPr3N (+0.5 kcalmol '),
4 vs. nBusN (1.4 kcalmol '), 5 vs. nPr3N (+1.4 kcalmol '), 5 vs.
Et;N (+4.2 kcalmol-1), 5 vs. nBusN (-0.4 kcalmol '), 6 vs. pyri-
dine (+3.8 kcalmol '), 6 vs. 4-methylpyridine (-0.2 kcalmol '), 7
vs. iProNH (+2.0 kcalmol-1), 7 vs. Et;N (-0.6 kcalmol '), 8 vs. 3.4-
dimethylpyridine (+0.4 kcalmol '), and 8 vs. 2,6-dimethylpyridine
(0.6 kcalmol™"), 9 vs. 3,5-dimethylpyridine (+0.4 kcalmol™), and
9 vs. 3,4-dimethylpyridine (0.2 kcalmol'). The GB values of refer-
ence bases used in this study are as follows: nBusN, 231.3; nPr3N,
229.5; Et;N, 227.0; iPr,NH, 224.3; 2,6-dimethylpyridine, 222.5; 3,4-
dimethylpyridine, 221.2; dimethylpyridine, 220.7; 4-methylpyridine,
218.8; pyridine, 214.7.1181

Calculations

Conformational searches were carried out using the Spartan '04
program (Wavefunction Inc.) and several conformers which have
the lowest-energy were further optimized at RHF/3-21G* level of
theory to search the lowest energy conformer (global minimum).
Finally, the geometries were fully optimized at the B3LYP/6-31+G*
level of theory with normal convergence using the Gaussian 98
program.!'”! Vibrational normal mode analyses were performed at
the same level to ensure that each optimized structure was a true
minimum on the potential energy surface and to calculate the ther-
mal correction needed to obtain the Gibbs free energies. The zero
point energies used for the thermal correction were unscaled.

Acknowledgments

M. M. thanks the Ministry of Education, Culture, Sport, Science
and Technology, Japan; D. D. and M. G. F. thank The Skaggs
Institute for Chemical Biology and the Spanish MECD (Ministerio
de Educacion, Cultura y Deportes de Espana; Secretaria de Estado
de Educacion y Universidades) for a postdoctoral fellowship co-
financed by Fondo Social Europeo. We are grateful to Prof. Ewa
Raczynska for helpful discussions.

[11 a) V.K.S. Leung, T. Y. K. Chan, V. T. E. Yeung, Clin. Toxicol.
1999, 37, 513-514; b) A. Nakayama, M. Sukekawa, Y. Eguchi,
Pestic. Sci. 1997, 51, 157-164; ¢) T. Goto, H. Sakashita, K.
Murakami, M. Sugiura, T. Kondo, C. Fukaya, Chem. Pharm.
Bull. 1997, 45, 305-311; d) R. Cerri, G. Boatto, A. Pau, F.
Sparatore, L. Cima, M. Carrara, M. Satta, Farmaco 1991, 46,
369-378.

[2] a) F. Bohme, C. Kunert, C. Klinger, H. Komber, Macromol.
Symp. 1998, 128, 183-193; b) F. Bohme, C. Klinger, H.
Komber, L. HauBler, D. Jehnichen, J Polym. Sci., Part A: Po-
lym. Chem. 1998, 36, 929-938; c) T. Ren, S. Radak, Y. H. Ni,
G. L. Xu, C. Lin, K. L. Shaffer, V. De Silva, J Chem. Crys-
tallogr. 2002, 32, 197-203.

[3] E. Cereda, A. Ezhaya, M. G. Quintero, E. Bellora, E. Dubini,
R. Micheletti, A. Schiavone, A. Brambilla, G. B. Schiavi, A.
Donetti, J Med. Chem. 1990, 33, 2108-2113.

[4] a) A.S. Ripka, D. D. Diaz, K. B. Sharpless, M. G. Finn, Org
Lett. 2003, 5, 1531-1533; b) D. D. Diaz, A.S. Ripka, M. G.
Finn, Org Synth. 2005, in press.

[5] D.D. Diaz, M. G. Finn, Chem. Eur. J. 2004, 10, 303-309.

[6] D.D. Diaz, M. G. Finn, Org. Lett. 2004, 6, 43-46.

[71 D.D. Diaz, W. G. Lewis, M. G. Finn, Chem. Lett. 2005, 34,
78-79.

[8] a) M. Borgarello, R. Houriet, E. D. Raczynska, T. Drapala, J.
Org. Chem. 1990, 55, 38-42; b) M. Decouzon, J.-F. Gal, P-C.

239

WWW.Eurjoc.org



FULL PAPER

D. D. Diaz, M. G. Finn, M. Mishima

Maria, E. D. Raczynska, J Org Chem. 1991, 56, 3669-3673;
¢) E. D. Raczynska, P-C. Maria, J.-F. Gal, M. Decouzon, J
Org. Chem. 1992, 57, 5730-5735; d) E. D. Raczynska, M. De-
couzon, J.-F. Gal, P-C. Maria, R. W. Taft, F. Anvia, J Org
Chem. 2000, 65, 4635-4640; ¢) E. D. Raczynska, M. Decouzon,
J-F. Gal, P-C. Maria, G. Gelbard, F. Vielfaure-Joly, J. Phys.
Org. Chem. 2001, 14, 25-34; f) E. D. Raczynska, M. Darowska,
1. Dabkowska, M. Decouzon, J.-F. Gal, P.-C. Maria, C. D. Poli-
art, J Org. Chem. 2004, 69, 4023-4030.

[9] Compound 8 also shows an anomalous equivalence in calcu-
lated energy between conformations A and B in Scheme 2. For
the five other formamidine ureas studied, the free energy of
conformation B was calculated to be more stable than A by
2.3-3.7 kcalmol !, presumably because of the intramolecular
H-bond allowed in B.

[10] C. Hansch, A. Leo, R. W. Taft, Chem. Rev. 1991, 91, 165-195.
For example, oy for C;H ;5 is assumed to equal that for CsHy,
(-0.01), Ph(CH,); is set equal to the value for Ph(CH,), (-0.01
to 0.03), and C;H;sCONH is analogous to MeCONH (0.27 to
0.31).

[11]R. W. Taft, R. D. Topsom, Prog. Phys. Org. Chem. 1987, 16,
1-83.

[12] See the data in ref.[’l. A statement to the contrary (“hydrolysis
was observed to occur slowest at pH 9”) was made in error in
that paper.

[13]a) H. K. Hall Jr., J. Am. Chem. Soc. 1957, 79, 5441-5444; b)
H. C. Brown, in: Determination of Organic Structures by Physi-
cal Methods (Eds.: E. A. Braude, F. C. Nachod), Academic
Press: New York, 1955.

240 WWW.Eurjoc.org

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[14] D. D. Diaz, M. G. Finn, Chem. Commun. 2004, 2514-2516.

[15] M. Mishima, Mustanir, M. Fujio, Y. Tsuno, Bull. Chem. Soc.
Jpn. 1996, 69, 2009-2018.

[16] M. Mishima, M. Matsuoka, Y. X. Lei, Z. Rappoport, J. Org.
Chem. 2004, 69, 5947-5965.

[17]a) J. E. Bartmess, R. M. Georgiadis, yacuum 1983, 33, 149-153;
b) K. J. Miller, J. Am. Chem. Soc. 1990, 112, 8533-8542.

[18]1E. P. Hunter, S. G. Lias, “Proton Affinity Data” in NIST
Chemistry WebBook, NIST Standard Reference Database
Number 69 (Eds.: P.J. Linstrom, W. G. Mallard), June 2005,
National Institute of Standards and Technology, Gaithersburg
MD, 20899 (http://webbook.nist.gov).

[19]M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria,
M. A. Robb, J. R. Cheeseman, V.G. Zakrzewski, Jr.J. A.
Montgomery, R. E. Stratmann, J. C. Burant, S. Dapprich, J. M.
Millam, A. D. Daniels, K. N. Kudin, M. C. Strain, O. Farkas,
J. Tomasi, V. Barone, M. Cossi, R. Cammi, B. Mennucci, C.
Pomelli, C. Adamo, S. Clifford, J. Ochterski, G. A. Petersson,
P. Y. Ayala, Q. Cui, K. Morokuma, D. K. Malick, A. D. Rab-
uck, K. Raghavachari, J. B. Foresman, J. Cioslowski, J. V. Or-
tiz, B. B. Stefanov, G. Liu, A. Liashenko, P. Piskorz, I. Komar-
omi, R. Gomperts, R. L. Martin, D. J. Fox, T. Keith, M. A.
Al-Laham, C.Y. Peng, A. Nanayakkara, C. Gonzalez, M.
Challacombe, P. M. W. Gill, B. Johnson, W. Chen, M. W.
Wong, J. L. Andrés, C. Gonzélez, M. Head-Gordon, E. S. Re-
plogle, J. A. Pople, Gaussian 98, Revision A.7, Gaussian, Inc.,
Pittsburgh, PA, 1998.

Received: July 11, 2005
Published Online: November 10, 2005

Eur. J. Org. Chem. 2006, 235-240



