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The tautomeric forms of benzimidazdieoxide derivatives in solution were studied using nuclear magnetic
resonance (NMR) techniques. Further insight into the molecular structures was provided by theoretical
calculations using density functional theory (DFT). In the gas phasi-indroxy tautomer was more stable

than theN-oxide, whereas in solution the stabilization of one form or the other depended on hydrogen bond
formation involving theN-hydroxyMN-oxide moiety. Derivativel (n-butyl-5-nitrobenzimidazole-2-carboxamide
3-oxide), having a 2-carboxamide moiety, was the only compound studied present as a mixture of tautomers,
the N-oxide being the predominant one. This was assigned to the formation of an internal hydrogen bond
between théN-oxide group and the amide hydrogen atom. The tautomeric form present in the solid state was
studied for derivativel (ethyl-5-nitrobenzimidazole-2-carboxylate 3-oxide) and was conclusively assigned
by X-ray diffraction techniques to thid-hydroxy tautomer. In the crystal a strong-8&-:-N intermolecular

bond gives rise to supramolecular polymeric chains in the lattice. This strong interaction was also seen in the
infrared spectrum and was assigned to two broad bands at 2367 and 2526Tbim vibrational spectrum

was satisfactorily described by DFT calculations and an example of this is the prediction of the band
corresponding to the NO stretching N-oxide) just 1% lower than the experimental value. Uncorrelated
calculations (HF) were not able to give an unambiguous assignment of this band. The reaction of derivative
1 against different kinds of electrophiles, hard and soft, led only to O-substituted products. This result was
explained in terms of the HSAB theory using a loeglobal approach.

Introduction 0° oH

BenzimidazoleN-oxides present a very interesting chemistry, N{ '
and a number of reviews covering its synthesis and reactivity N )
can be found:3 At difference with other heterocyclid-oxides, - />
they are not obtained by direldtoxidation of benzimidazoles? N N
a fact that has led to the development of an extensive and rich \H
chemistry around this system. Besides, benzimidaedeide a b
derivatives unsubstituted at nitrogen-1 (N-1) present atautomeric,:igure 1. Tautomeric equilibrium in benzimidazoM-oxide.
equilibrium with the corresponding-hydroxy form (Figure 1).
Although, conventionally, these benzimidazoles are described
as N-oxide derivatives, account must be taken of the corre-
spondingN-hydroxybenzimidazole tautomer. Previous stutlies
on the parent compound (benzimidazole-3-oxide), using UV
spectroscopy, have shown that whiléhydroxy tautomer is the
main form in apolar solvents (cyclohexane) the equilibrium is

shifted to theN-oxide as polarity or hydrogen-bonding power . . L
increase. In aqueous solution benzimidazole 3-oxide is pre- nucleophilic centers (N, O), which could lead to two substitution

dominantly in theN-oxide form. A similar behavior was shown pro_duqts (l\_l-substituted, O-substituted) in an electrophilic attack.

for 5-nitrobenzimidazole 3-oxide by inspection of its UV This situation can be further compllcate_d by the presence of
spectrum in water and ethanol. The 2-phenylbenzimidazole two tautomeric forms. It is clear that in the study. of the_

3-oxide, however, appears to exist predominantly in khe chemistry of t.hIS system bpth forms have to be considered in

order to explain the reactivity observed. Although no systematic
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hydroxy form even in polar solvenfsNMR spectroscopy, a

technique widely used in the study of tautomeric equilibria for

a number of different chemical systems, has not been used on

benzimidazoleN-oxide studies, and information d8C NMR

data is extremely scanty. Regarding the position of the equi-

librium in the solid state no conclusive evidence is available.
BenzimidazoleN-oxide unsubstituted at nitrogen has two
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Supporting Information. Compourfal was obtained as previ-
ously reported®

NMR spectra were acquired with a Bruker DPX-400 spec-

o e trometer equipment at 303 K, using the standard sequences and
N-Hydroxy model samples were dissolved in different deuterated solvents (DMSO-
IR compound (1.8) ds, CDCl, MeOD, acetonek, D;0). TMS (tetramethysilane)
b el ons was used as an internal reference. FTIR spectra were recorded
2 CO.Et GOoEt o with a resolution of 4 cmt, on a Perkin-Elmer 1310 apparatus,
1 N 0Ny N using KBr wafers containing 1% of the sample.
4 NO, CON-But U ‘,j Diffraction Data. The crystal and molecular structure of
N, derivativel (Ethyl 5-nitrobenzimidazole-2-carboxylate 3-oxide)
has been determined by X-ray diffraction methods. The dif-
N-Oxide model fraction pattern was collected at 120 K on an Enraf-Nonius
compound (5)

KappaCCD diffractometer employing graphite monochromate
Mo Ka radiation andp andw scans to explore the reciprocal
space. Data were collected with the program COLLEGIhd
reduced with DENZO and SCALEPACK. The compound
crystallizes in the monoclinid2;/n space group witha =
4.4840(3) Ab=10.188(1) Ac = 23.106(2) A8 = 91.008(3y,

Figure 2. Structures of benzimidazoM-oxide derivatives used in the
tautomeric study in solution. Atom nomenclature employed for NMR
assignments is indicated.

TABLE 1: Experimental and Calculated H and 13C
Chemical Shifts of Derivative 1 and of Model Compounds

15and 5 andZ = 4. The structure was solved by dirkand Fourief

H S (ppm) 13C 6 (ppm) methods from 1253 reflections with> 20(l) and refined by

4 7 4 7 full-matrix least-squaré8 procedure to an agreement R1-factor
CDCh 8.62 796 108.02 123.10 of Q.QSZ. All but the hydroxyl and t.he melthyl H e}tqms were
acetoneds 8.52 796 107.03 122.34 positioned stereochemically and refined with the riding model.
DMSO-ds 8.42 7.98 108.10 122.90 The hydroxyl and methyl hydrogen atoms were refined as rigid
MeOD 8.56 7.92 107.46 121.50 groups and allowed to rotate around the correspondir@®N
D20 8.64 7.79 a a and C-C bonds, respectively. As expected, the (Qifined
6'31G:(1b) 9.31 8.20 111.61 121.24 positions converged to a staggered methyl configuration. Listings
2?2’16 (12) 18%024 77;'70 11027??'1507 112%%010 of atomic coordinates and equivalent isotropic displacement
6-31G* 9.22 812 109.30 119.15 parameters, full intramolecular bond distances and angles,
5e 8.58 7.75 110.60 112.40 hydrogen coordinates and anisotropic displacement parameters
6-31G* 9.82 7.32 120.84 105.20 were deposited in the Cambridge Crystallographic Data Centre,

reference number CCDC-242406.

Computational Methods. Calculations were performed with
the Spartan’04, 1.0.1 version, suite of progr@mMolecules
conclusive evidence on obtaining the N-substituted products haswere constructed using standard geometries and bond lengths.
been presented. The initial conformations were obtained from a systematic

@ Because of solubility problems it was not possible to obtain carbon
data.”? CDCls. ¢ Acetoneds.

The chemistry of heterocyclic amind-oxides has raised
widespread interest due to the exceptionally high bioactivity of
these compounds® Despite little being known regarding the
biological spectrum of the benzimidazol-oxide system,
various derivatives have been described as antihelnfintic,
acaricides, antibacteriél,and trypanocidal agent$.What is

search using molecular mechanics force field (MMFoth
tautomeric structures were fully optimized using the gradient-
corrected density functional methodology: Becke's exchange
functional (B¥® and Becke’s three-parameter adiabatic connec-
tion (B3) hybricf* exchange functional were used in combination
with the Lee-Yang—Parr correlation function&P The standard

more, 1-hydroxybenzimidazole derivatives have shown central 6-31G* basis set of DZP quality was used for orbital expansion
depressant effecs and N-alkoxybenzimidazoles has been to solve the Kohs-Sham equations for first and second-row
described as anti-HIV agent$!* These compounds have also elements. For heavier atoms a pseudopotential base (LACYP*)
found application in the field of organic chemistry as synthetic was used. Subsequently, the harmonic vibrational frequencies
intermediates® Both for the study of its biological activity and  and IR intensities were calculated at the same level of theory.
for its synthetic applications, it is necessary to obtain insight  Polarizable continuum model (PCKY&alculations were
into the tautomeric equilibrium and its chemical consequences. carried out with GAMESS for window,30

In light of the preceding considerations, the present work was 14 and3C magnetic shielding tensors of HF-optimized (6-
undertaken to study the tautomerism of benzimidakbtexide 31G*) structures were obtained following the gauge-including
derivatives in solution and in the solid state. Experimental atomic orbital (GIAOQ) approach at the same le¥eP3 To
support for the existence of the corresponding tautomers wascompare isotropic shieldings with the experimentally observed
obtained from nuclear magnetic resonance (NMR), infrared chemical shifts, the NMR parameters for TMS (tetramethylsi-

(FTIR), and X-ray diffraction (X-ray) techniques, along with |ane) were calculated and used as the reference molecule.
theoretical calculations using the density functional theory (DFT)

approach. Finally, the reactivity of these derivatives against Results and Discussion
electrophiles was rationalized in terms of Pearson’s hard and

soft acid base (HSAB) theory. Tautomeric Equilibrium in Solution. There are many

examples in the literature of studies of tautomeric equilibria by
NMR spectroscopy? Since it is virtually impossible to obtain
separate NMR spectral patterns for both tautomers, quantitative
estimates of tautomeric composition have to be based on the
average NMR shielding referred to those of suitable model

Experimental Section

Synthesis Compoundsl—4 (Figure 2) andl.1-1.8 (Table
5) were obtained as described in the literafdr8pectroscopic
characterization of new compounds 1.6—1.8) is given as
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TABLE 2: Experimental and Calculated H and 13C Chemical Shifts of Derivatives 2-4

H o (pmm) BC 6 (ppm)
4 7 4 7
2 CDCl; 8.38 7.86 113.17 122.04
6-31G*2b (2a) 8.79 (9.59) 8.14 (7.28) 115.23 (127.63) 121.09 (105.41)
32 DMSO-ds 8.37 7.84 106.89 121.24
6-31G* 3b Ba) 9.05 (9.95) 8.11 (7.36) 108.55 (121.82) 119.70 (105.99)
4p DMSO-ds 8.37 (8.58) 7.93(7.72) 110.23 (117.10) 124.21 (114.09)
CDCls 8.57(8.74) 7.94 (7.68) 108.81 (117.87) 121.21 (112.86)
6-31G*4b (4a) 9.31(9.93) 8.05 (7.50) 112.13 (121.56) 119.39 (107.02)
2Insoluble in chloroform® Present as a tautomeric mixture, in parentheses are indicated chemical shiftiNedtite tautomer.
TABLE 3: Relative Energiest (Ee, kcal/mol) for Tautomers ¢ O 4 OH
la and 4a O2N N’ O,N N
\
method 1aEq 4aEe ;C[N% CONHBut ___ ;@EN/ CONHBut
B3LYP/6-31G* 6.5 3.6 T H 7
B3LYP/6-31G** 7.7 4.8 a
B3LYP/6-31+G* 5.0 2.2
PCM/B3LYP/6-3HG* (H,0) -05 1.4
PCM/B3LYP/6-31G* (CHCl) 2.9 05 & 7
a2 The energy of the correspondidghydroxy tautomer is taken as
zero. " 6
7
TABLE 4: Comparison of Selected Molecular Coordinates 6 -
for X-ray Structure and Optimized DFT Geometry of 12 NH
B3LYP/6-31G*
X-ray 1b la ) .
O(1)-N(1) 1.374  1.37740.22) 1.267 , , , .
N(1)—C(2) 1.358  1.378+41.47) 1.356 CEL X 8.5 8.0 7.5
N(1)-C(3) 1.376  1.36540.80) 1.413
N(2)-C(2) 1.330  1.32640.30) 1.385 NH
N(2)—C(8) 1.375  1.36940.44) 1.363 b
C(2)~N(1)-0(1) 127.1 128.541.4) 129.2
N(2)—C(2)—N(1) 111.9  112.5€0.6) 109.4

N(2)-C(2)-C(1)-0(22) —19.2  180.0€160.8) 0.2

aNumbering according to the ORTEP drawing. Bond lengths are in
angstroms and angles in degrees. In parentheses: deviation of DFT
values from X-ray values in percentage for bond length and in degrees
for angles.

compounds. Model compounds are usually the corresponding
N-methyl and O-methyl derivatives. Herein, the tautomeric
equilibrium of ethyl 5-nitrobenzimidazole-2-carboxylate 3-oxide

(2) was studied in solution using model compountl @nd5) W

(Figure 2). To assess the effect on tautomeric equilibrium of

different substituents at 2- and 5-aromatic positions, derivatives "o o0 85 8o 7§
2—4 were used (Figure 2). ppm '

It IS dlfflc_ult to assign the t_automerlc_form frpm pr(_)ton Figure 3. H NMR spectra of derivativé showing aromatic signals
chemical shift solely because differences in chemical shifts are ¢orresponding to both tautomers: (a) CRQb) DMSO-ds.

very small (Ad] = 0.06 and 0.22 ppm for H-4 and H-7,
respectively, between model compounds; see Table 1). Besidesare expected to prime. In DMSO and acetone (polar, hydrogen-
the vicinity of theN-oxideN-hydroxy moieties acts to increase bond-acceptor, HBA) solutions derivativieis present adb,
solvent effects through hydrogen bonding and/or polar interac- which could be attributed to the formation of a hydrogen bond
tions. between the hydroxyl moiety and the solvent. In methanol, a
On the other hand, carbon signals allowed for a clear polar solvent that could act as a hydrogen-bond-donor (HBD)
assignment of the tautomeric structure. By a comparison of the as well as acceptor, both tautomeric forms can be stabilized by
two model compounds it can be seen that while carbon 4 is hydrogen bonding with the solvent but only tiNenydroxy form
similarly shielded in both “tautomers”|Ad| = 3.50 ppm), is evidenced by NMR. Since 5-nitrobenzimidazdleoxide is
carbon 7 is more shielded under texide form (Ad| = 10.91 more acid (K, = 6.1 than methanol (€, = 16.6)6 it is
ppm). The shielding effect of thi-oxide form is due to the expected to act as the HBD through the hydroxyl moiety, thus
amine character of the adjacent nitrogen (N-1). Under the stabilizing1b. In chloroform (less polar and weak HBD) solution
N-hydroxy, form this same nitrogen has an imine character. A compoundLl is also present as thé-hydroxy tautomer, which
similar trend was reported for benzotriazole 1-oxide and could be explained by the formation of an internal hydrogen
1-hydroxybenzotriazole tautomets. bond between the hydroxyl moiety and the 2-carboxyl group.
Since NMR experiments are carried out in diluted solutions Although in water solution it was not possible to obtait@
(=0.1 M) intramolecular as well as solutsolvent interactions NMR spectrum, proton chemical shifts (H<¢ 7.79 ppm
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TABLE 5: Experimental and DFT-Calculated Frequencies (cnt?) for Derivative 1 and Model Compounds 1.5 and 5

exptl band N-hydroxy (DFTY N-oxide (DFTY}
v(NH/OH) v(NO)° v(CO) v(OH) v(NO) v(CO) v(NH) v(NO) »(CO)
1 2367, 2526 1223 1728 3334 1157 1748 3642 1263 1757
1.5 1221 1728 1155 1793
5 1258 1244

aKBr. P Tentative assignment (see textB3LYP/6-31G*, frequencies are unscaled.

only signals corresponding ttb were evidenced iAH NMR
spectrum at different temperatureb £ 238-343 K, Figure
2S).

Using the utilities available in the Spartan’04 suite of
programs the HF/6-31G*-simulated NMR spectra of derivatives
1—4 and model compounds were obtained in the gas-phase
(Tables 1 and 2). Calculated proton chemical shifts for the
N-hydroxy form agree very well with experimental values with
an average error of 8% and 3% for H4 and H7, respectively.
Carbon chemical shifts of C4 and C7 have an even smaller
average error (2%). While chemical shifts for theoxide
tautomer display a higher average error #4.4%, H7= 4%,

C4 = 6%, C7 = 5%), results are in good agreement with
experimental data. These results are encouraging, since they
allowed the use of a medium basis set to study spectroscopic
properties ofN-oxide containing compounds with a low error.

The study of tautomeric equilibrium in the gas phase of
derivatives1 and 4 was performed using density functional
theory (DFT) with the B3LYP functional (Table 3). This
methodology has been proved to be useful to describe tautomeric

Figure 4. Optimized geometry (B3LYP/6-31G*) of tautomeric species

of derivative4, showing intramolecular hydrogen bond formatioda)( equilibria®®* Since there is the possibility of an internal

d(O1-+-H14) = 1.948 A d(O1:--N4) = 2.795 A, (01-H14—N4) = hydrogen bond, the effect of polarization functions on hydrogen
138.7; (4b) d(03---H19) = 1.734 A,d(05--03) = 2.639 A, (05— atoms as well as the effect of diffuse functions on heavy atoms
H19-03) = 148.T. was analyzed. The results indicate that for both derivatives the

most stable tautomer in the gas phase is MNwaydroxy.
compared to 7.75 ppm fds and 7.97 forl.5 point to the However, the energy difference for derivati#és lower. This
presence of theN-oxide form, in agreement with previous could be attributed to the stabilization of theoxide form by

findings using UV spectroscopy. an internal hydrogen bond with the 2-carboxamide moiety. As
Different substituents at the 5-aromatic position seem to have €xpected the energy profile is better described when diffuse

no relevant effect on the tautomeric equilibrium, derivative® functions are included. Solvent effects were also analyzed using

(and benzimidazole-3-oxideyvere present al-hydroxyben- a polarized continuum model (PCM) in water and chloroform

zimidazoles in the solvents studied (Table 2). On the other hand, (Table 3). Once a solvent such as chloroform is included the
a change in the 2-aromatic position could have a pronounced€neray difference in favor of thié-hydroxy tautomer is reduced.

effect on tautomeric equilibrium. CompouBd2-unsubstituted, The small difference obtained for the 2-carboxamide derivative
is present as thal-hydroxybenzimidazole in DMSO solution, is in perfect agreement with NMR studies where the coexistence

confirming previous UV spectroscopy studfeslowever, the of both forms in chloroform solution is evidenced. In water
2-carboxamide derivativéis present as a mixture of tautomers fs;lt;)tgm, dzf,r_e;{?eg;ed, the-oxide form is the most stable one
in DMSO and chloroform solution (Table 2, Figure 3). In this T ',V EIV 'I'.b ium in the Solid S A ioned
derivative another hydrogen bond is possible between the automeric Equilibrium in the Solid State. As mentione

N-oxide moiety and the amide hydrogen of the 2-carboxamide befql(E,_alm_ostthnothli_gg tistg_r;own_re_ga_rdri]r;g tth(;.-hpotsititon of_the
group (Figure 4). A rough estimation of the proportion of the equitibrium In the Solid state.1o gain insight Into the tautomeric

two tautomers was obtained by integrating the experimental forms present in the solid, X-ray crystallography and infrared

proton signals, showing 44% and 38% fidy and 56% and 62% spectroscopy were used.

for 4ain chloroform and DMSO solution, respectively, at 303 In F!gure 5, an ORTER drawing of derivativel is shown.
T . . o . The nitro group and the heterocycle system are coplanar to
K. This is in agreement with previous studies involving the

prototropic equilibrium of theN-oxide function, which con within experimental accuracy (rms deviation of atoms from the
- ; T res plane of 0.026 A) and th r moiety is til
cluded that acidic solvents stabilize thé¢oxide form by east squares plane of 0.026 /) and the ester moiety is tilted

. f the NO % 1n th from this plane by 22.1(8) This structure differs from the
protonation of the oxygen atom.n the present case an optimized geometry in the gas phase (DFT). Whereas the
internal HBD moiety could act as the acid.

dihedral angle between the ester moiety and hBydroxy
Aromatic proton signals for derivativéin DMSO solution moiety is 0.0 in DFT-optimized geometry due to an intramo-
are broad due to faster tautomeric equilibrium than in GDCI  lecular hydrogen bond, only intermolecular hydrogen bonds are
solution at 303 K. Acquisition ofH NMR data at higher  formed in the crystal. Selected geometric parameters from the
temperature { = 313-343 K, Figure 1S) showed that signals  X-ray structure and DFT optimized geometrylofire compared
coalescence near 333 K. However, tautomeric composition wasin Table 4, along with the values for tid-oxide form of1 at
unaffected. Similar results were seen with derivatlveehere the same level of theory. DFT methodology gives a lower
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Figure 7. Experimental FTIR spectrum of the solldsample.

Any unambiguous assignment of the—R stretch was
precluded by the preponderance of bands between 1300 and
1200 cnt?. By inspection of the spectrum, a tentative assign-
Figure 5. Molecular plot of derivativel showing the labeling of the ment was made/(N—0) 1223 cn?). This is quite in agreement

non-hydrogen atoms and their displacement ellipsoids at the 50% ., . : P : R
probability level (up), and the DFT (B3LYP/6-31G*) optimized \(I:vrllzfjl[))ﬁwous data on benzimidazaieoxide derivatives (1249

geometry oflb in the gas phase (down).
In Table 5 are presented experimental and calculated (DFT)

infrared bands fol and model compoundk.5 and5. Despite
that calculated geometric parameters fit those obtained by X-ray
diffraction fairly well, the conformation in the gas phase is quite
different. This makes direct comparison of calculated and
experimental IR bands not straightforward. Since errors in
geometric parameters were varied no scaling factor was used
for calculated frequencies. The bands between 2300 and 2500
cm™1, present in the solid sample, are not seen in the DFT-
calculated IR spectrum as they arise from intermolecular
interactions. In general, calculated infrared bands from both
tautomeric species point to good agreement with the experi-
mental data. DFT methodology showed an overall better
performance than the HF/6-31G* calculation. The unambiguous

c T ‘ attribution of calculated frequencies in the latter case was much

more difficult. While 6-31G* yielded a value of 1250 crhfor

Figure 6. Crystal packing drawing of displaying the polymeric  the N—O stretching i-hydroxy), close to the experimental value
structure generated by the-®1--+N intermolecular bonding in the solid (2% higher), the value obtained for tid¢oxide tautomer is
(d(O1--+N2') = 2.673 A, d(H1---N2') = 1.837 A,0(0O1-H1--N2) = presumed to be overestimated (1365érfor 1, 6-31G* did
173.9). Neighboring molepules on the polymer are related. to eaqh other ot provide an unambiguously attributable-® stretching for
through a crystallographic screw-axis parallel to the unit bedkis. compound5). An example of the potential of the DFT

average error in bond lengths (0.65%) as compared to HF u_.:,ingcalculations i_s the prediction of the t_)and correspondiqg to the
the same basis set (1.34%) (Table 1S). However, while HF NO_O stretching for compount (N-oxide) at 1244 cm?, just
yields always shorter bonds, DFT results are varied. 1% onver_than the experlmental_va_llue (Tablg 5). o

The crystal is stabilized by a strong and linear intermolecular ~ Derivative4 was the only benzimidazols-oxide derivative
hydrogen bond (OtH1-::N2"), involving theN-hydroxy group studied that was present as a tautomeric mixture in solution.
and the heterocycle nitrogen atom of a neighboring, 2-fold- Since it was not possible to obtain a suitable crystal for X-ray
screw-axis symmetry related, molecule. This interaction gives diffraction studies, its tautomeric form in the solid was analyzed
rise to supramolecular helices parallel to the crystallographic by IR spectroscopy (Figure 3S). The infrared spectrum of this

unique axis, as shown in the PLUT@Ndrawing of Figure 6. derivative showed a weak band at 3393 ¢énassigned to
X-ray diffraction data conclusively confirm the tautomeric ¥(N—H) stretching of the amide moiety and a weak broad band
structure ofl in the solid state adl-hydroxybenzimidazole. at 3166 cm* corresponding to the(N—H) stretching of an

The infrared spectrum of derivativeis depicted in Figure ~ associated form. The band at 1273 ¢mvas assigned to the
7. The bands at 3110 and 2980 c¢mbelong to v(C—H) N—O stretching of théN-oxide moiety. From these data it can
vibrations2 Two broad bands at 2367 and 2526 dncan be be suggested that derivatidés present in the solid state under
attributed to they(N---H—0) interactiorf® in agreement with ~ the N-oxide form. A simulated IR spectrum using DFT
crystallographic data. The strong band at 1728%imattributed ~ methodology was in agreement with the experimental one (data
to the »(C=0) vibration of the ester functiof?. Finally, two not shown).
bands at 1528 and 1346 cfnare assigned to the(N—O) Reactivity of Benzimidazole N-Oxide toward Electro-
stretching of the nitro moiety. philes. To explain, on a theoretical ground, the regiochemistry
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TABLE 6: Reaction of 1 with Different Electrophiles

Boiani et al.

e or
i, i - Electrophile 0N~ -~ —N
u V—coz eorrhl U )—CO4E
N (R-X) Z~N
H 1.1-1.8
Electrophile’ R Base / Time Yield %"
o}
Ethyl chloroformate )L None / 30 min 30 1.1
OEt
o}
Phenyl chloroformate )L None / 50 min 41 1.2
- OPh
T 0
iButyl chloroformate ).l\o None / 60 min 74 13
But
i 0
jochorcly None / 10 min 76 1.4
chloroformate OCH,CCl,
Methyl iodide CHs NaHCO,/ 7 days’ 100 1.5
Pentyl iodide (CHy)4CH3  NaHCO,/ 6 days’ 61 1.6
<
@ p-Nitrobenzyl bromide /\@ NaHCO, / 6 days" 43 1.7
NO; '
Ethyl bromoacetate ~COo,Et NaHCO, / 3 days" 40 1.8

a Stoichiometry 1:1° Chromatrographic isolated compounds, yields
evident in the reaction medi&2 equiv of base per equivalent of 1.

observed, the reaction betwegand a set of electrophiles was

were not optimiz8dly O-subtituted products and unreacted 1 were

TABLE 7: Global Hardness (norr) and Electronegativity

assayed in acetone at room temperature. The reaction wadyorr) Values for 1 and Two Electrophiles

followed by thin-layer chromatography and was stopped when

an important consumption of the starting material was evidenced.
In every case, the reaction led only to one product and some
starting material could be recovered in the purification processes.

While conditions employed (time, use of base) were different,
hard as well as soft electrophiles yielded exclusively O-
substituted products (Table 6). The substitution site was
confirmed by**C NMR and NOEdiff experiments (Figure 4S).
This result was analyzed in terms of Pearson HSAB (hard and
soft acid base) theory at a DFT level (B3LYP/6-31G*).

In the context of the hard and soft acids and bases principle
(HSAB) reactivity of molecules is related to properties of the
system such as hardnesg @nd electronegativityy).*> The
hardness) is the change of chemical potential) {vith respect
to the number of electron®f and represents the resistance of
the chemical potential to change in the number of electrons. In
eq 1,E stands for the energy of the system ahid the external
potential.

1 = (OuldN) = (6°EION)v @

The electronegativity ) is the negative of the chemical
potential () and is the power of the system to attract electrons
to it.

x=— (0E/I6N)v = —u &)

For the reaction of A and B the fractional number of electrons
transferred AN) can be written as follows

AN = x5 — xpl2(na + 1) 3

From this equation it can be concluded that the difference in
electronegativities is the driving force of the reaction, while the
sum of the hardness parameters inhibits electron traffsfer.

norT (V) xort (8V)
1b 1.98 4.68
la 1.68 4.32
ethyl chloroformate 4.04 4.19
methyl iodide 3.05 3.94

Electronegativity and hardness can be easily obtained using
Koopman’s approximation, from the energy values of frontier
orbitals €n, €).%

(4)
(®)

In an HSAB global approach, global hardnesg @nd
electronegativity ) for 1 and two electrophiles (one hard and
one soft) were determined (Table 7). To assess the accuracy of
the method employed, DFT-calculated and experimental values
of n ay for a number of compounds described in the literature
were compared (Table 2S, Figure 3SDFT-calculated elec-
tronegativities were lower than experimental ones and were
linearly related in the range of values studiggey = 1.7—6.2
eV, yexp = 1.5-7.2 eV). The DFT-calculated hardness param-
eter, however, presented a very small range of lineagity(
= 3.0-4.8 eV), and errors were more erratic. Similar results
were obtained when a HF/6-31G* methodology was employed
(Figure 6S). Since both tautomeric formsldfiave ayper value
outside this range it would be unadvisable to draw any
conclusion from it. In consequence, the fractional number of
electrons transferredA(N) was not calculated. Regarding
electronegativities values for both, electrophiles and nucleo-
philes, were statistically equal (Figure 5S).

The fact thatl reacts with different kinds of electrophiles,
hard and soft, could imply that HSAB theory is not working in

n=(€ —eyl2
= (e + e
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Figure 8. Molecular orbitals involved in nucleophilic attack: (a) HOMO &f(b) HOMO-2 of 1; (c) HOMO of pyridine.

TABLE 8: Fukui Function ( f~) and EP Charge$ for
Compound 1

1b 1la
f-(0) 0.3626 0.8788
EP(O) —0.429 —0.451
-(N) 0.3004 0.3208
EP(N) —0.548 -0.388

a All quantities are expressed in atomic units.

a global-global level but in a locatglobal level. While
chemical potential is a global property, and is constant
everywhere within the molecule, hardness is a function of
position. Using density functional theory the reactive sites in a
molecule can be determined by the Fukui functidif§, There
are three different Fukui functions;, f*, andf’, depending on

experimental evidence. Since DFT calculations are in the gas-
phase it can be argued that the conformation in solution would
differ, leading to a different electronic distribution. This
possibility was analyzed by studying the variation of EP charges
as a function of conformation (Figure 7S), but an identical trend
was obtained. Theoretical results seem to make chemical sense,
since being N-1 a pyridine type nitrogen (under Nvaydroxy
form) it would be expected to react with acylating agents in
the same way as pyridine does. However, if the molecular
orbitals (HOMO) for 1 and pyridine are compared clear
differences appear (Figure 8a and 8c). The HOMO orbitdl of
has no contribution from the electron lone pair of the nitrogen
atom. This pair of electrons is situated in a lower energy orbital,
HOMO-2 (Figure 8b).

whether the molecule is acting as a nucleophile, an electrophile Conclusions

or as both. In the frozen core approximation, the Fukui functions

are expressed in terms of the frontier orbital density. In the case From the data herein presented, it may be concluded that the

of a nucleophilic attack the Fukui functiofr{ is approximated
to the normalized electron density of the HOMO as shown in
eq 6.

(k) = ¢, (HOMO)* + c; (HOMOY (6)

From the Li-Evand’ reactivity and selectivity rules, for seft

N-hydroxy tautomer is intrinsically more stable than Mexide

in the gas phase. The stabilization of one form or the other in
solution will depend on interactions of tiN:hydroxyN-oxide
moiety via hydrogen bond formation either intramolecular or
with the solvent. Thus, HBA solvents, such as DMSO and
acetone, would stabilize thd-hydroxy tautomer, while HBD
solvents would stabilize thKH-oxide one. In solvents that can

soft interactions, the preferred reactive site in a molecule would act as both, HBB-HBA, the stabilization of one form or the

have the highest value &§fwhereas the preferred site for hard

other would depend on acithase properties. However, sub-

hard interactions would be described through the minimum value Stituents with hydrogen-bond donor (HBD) capability at 2-ar-

of f. While this criterion works well with molecules with only
one reactive sité8-5! problems have been encountered when
working with polyfunctional systenf&.In these systems, Fukui
functions give a good description of sefoft interactions but
sometimes fail to describe harthard interactions. Since hard

omatic position would help stabilize thé¢-oxide species even

in HBA solvents. In less polar solvents, such as chloroform,
the predominance of one tautomer will depend mainly on
intramolecular interactions. Remarkably, different substituents
at aromatic positions as well as different solvents have a small

hard interactions are charge-controlled, charges have beereffect on carbon 7 chemical shifts, which makés NMR a
proposed as better descriptors. In the present case, a condensdpwerful technique for the study of this equilibrium. Besides,

fukui fuction (f ~) and electrostatic-fit charges (EP) for both

the HF-calculated NMR spectrum is consistent with the

nucleophilic centers were determined at the same level of theorye€xperimental results.

for derivativel (Table 8).

By inspection of Table 8, a number of conclusions could be
drawn. First, under thi-oxide form the oxygen atom is, clearly,
a soft nucleophile (largdr), as can be expected from its anion
charactef® Surprisingly, the oxygen atom could be also

The X-ray diffraction experiment allowed for the conclusive
identification of theN-hydroxy tautomer as the one present in
the solid state. This result was also in agreement with the bands
present in the IR spectrum. Density functional theory (DFT)
calculations aimed at describing the vibrational structure of the

considered a hard nucleophile from its larger negative charge.two tautomeric species fit fairly well with the experimental data.

As has been stated before, hatthrd interactions are driven
by electrostatic forces and the site of electrophilic attack would

Besides, DFT methodology was able to predict the QN
stretching N-oxide moiety) accurately, while uncorrelated

be that of larger negative charge, which may or may not coincide calculations (6-31G*) could not give an unambiguous assigna-

with a small value of. Therefore, under thN-oxide form, the
oxygen atom is the preferred site of electrophilic attack for both,

tion of this band.
Reaction of benzimidazold-oxide 1 with different electro-

hard and soft, electrophiles. This is in perfect agreement with philes, hard and soft, led only to O-substituted products. These

the distribution of products observed.
Second, under thi-hydroxy form the oxygen atom is again

results were explained using local HSAB descriptdr&P) at
a DFT level. Under th&\-oxide form the oxygen atom is softer

softer than the nitrogen, but the nitrogen atom is more negatively than nitrogen (higher value of the Fukui function), and also more
charged. On the basis of only this result, it could be concluded negatively charged. Therefore, it would be the preferred site of
that the nitrogen atom should be the most susceptible site toelectrophilic attack for both, hard and soft, electrophiles. A
electrophilic attack by a hard electrophile, going against the different situation is seen in the case of faydroxy tautomer
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where the nitrogen atom is hard (high negative charge). The

lack of reactivity of this center could be attributed to the
localization of the electrons lone pair in a low-lying orbital
(HOMO-2).

Acknowledgment. The authors acknowledge financial sup-
port from FCE (CONICYT, Uruguay). M.B. acknowledge a
fellowship granted by PEDECIBA (Uruguay). O.E.P. and E.E.C.
thank CONICET (Argentina) and FAPESP (Brazil). Part of the
X-ray diffraction experiments were carried out at the National
Diffraction Laboratory (LANADI), La Plata, Argentina.

Supporting Information Available: Spectroscopic charac-
terization of new compounds described in text and given in
Tables 1S and 2S and Figures-155. This material is available
free of charge via the Internet at http://pubs.acs.org.

References and Notes

(1) Preston, P.; Tennant, @hem. Re. 1972 72, 639.

(2) Smith, D. M. BenzimidazoleN-oxides. In Benzimidazoles and
congeneric trycyclic compoung#®reston, P. N., Ed.; John Wiley & Sons:
New York, 1980; Vol. 2; p 288.

(3) Boiani, M.; Gonz&ez, M. Mini Rev. Med. Chem?2004 in press.

(4) Kaiya, T.; Aoyama, S.; Khoda, KBioorg. Med. Chem. LetL.998
8, 625.

(5) Chua, S.; Cook, M.; Katritzky, AJ. Chem. Soc. (B}971, 2350.

(6) Stacy, G. W.; Wollner, T. E.; Oakes, T. Rhem. Ind1966 3, 51.

(7) Ha, T. K. Theor. Chim. Actal977, 43, 337.

(8) Ochiai, E.Aromatic amine oxidesElsevier: Amsterdam, 1967.

(9) I. Merck and Co. InChem. Abstr1966 65, 137241.

(10) Kamal, R.; El-Abadelah, M.; Mamad, A.; Meier, Heterocycles
1999 50, 818.

(11) Aguirre, G.; Boiani, M.; Cerecetto, H.; Gerpe, A.; Goleza M.;
Fernaadez Sainz, Y.; Ocha de Otz C.; Nogd, J.; Montero, D.; Escario,
J.; Denicola, AArch. Pharm. (Weinheim, Ger2004 337, 259.

(12) Destevens, G.; Brooker Brown, A.; Rose, D.; Chernov, H,;
Plummer, A. JJ. Med. Chem1967, 10, 211.

(13) Gardiner, J. M.; Loyns, C. R.; Burke, A.; Khan, A.; Mahmood, N.
Bioorg. Med. Chem. Lettl995 5, 1251.

(14) Evans, T. M.; Gardiner, J. M.; Mahmood, N.; Smis, Bloorg.
Med. Chem. Lett1997, 7, 409.

(15) Badawey, E.; Kappe, Eur. J. Med. Chem1999 663.

(16) Fielden, R.; Meth-Cohn, O.; Price, D.; Suschitzky, €Ghem.
Commun.1969 772.

(17) Enraf-Nonius. COLLECT; Nonius, B. V.: Delft, The Netherlands,
1997-2000.

(18) Otwinowski, Z.; Minor, W. InMethods in Enzymologyarter, C.
W. J.; Sweet, R. M., Eds.; Academic Press: New York, 1997; p 307.

(19) Sheldrik, G. M. SHELXS-97. Program for Crystal Structure
Resolution; University of Gitingen: Gitingen, Germany, 1997.

Boiani et al.

(20) Sheldrik, G. M. SHELXS-97. Program for Crystal Structure
Analysis; University of Gttingen: Gdtingen, Germany, 1997.

(21) Spartan’04. Wavefunction, Inc.: Irvine, California.

(22) Halgren, T. AJ. Comput. Cheml996 17, 490.

(23) Becke, A. D.Phys. Re. A 1988 38, 3098.

(24) Becke, A. D.J. Chem. Physl993 98, 5648.

(25) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785.

(26) Hay, P. J.; Wadt, W. Rl. Chem. Phys1985 82, 270.

(27) Miertus, S.; Scrocco, E.; Tomasi, Ghem. Phys1981 55, 117.

(28) Barone, V.; Cossi, M.; Tomasi,J. Comput. Chenl998 19, 404.

(29) Schmidt, M. W.; Baldrige, K. K.; Boatz, J. A.; Elbert, S. T.; Gordon,
M. S.; Jensen, J. H.; Koseki, S.; Matsunaga, N.; Nguyen, K. A,; Su, S.;
Windus, T. L.; Dupuis, M.; Montgomery, J. Al. Comput. Chem1993
14, 1347.

(30) http://www.msg.ameslab.gov/GAMESS/GAMESS.html.

(31) Ditchfield, R.Mol. Phys.1974 27, 789.

(32) Wolinski, K.; Hinton, J. F.; Pulay, B. Am. Chem. So499Q 112,
8251.

(33) Gauss, JJ. Chem. Phys1993 99, 3629.

(34) Witanowski, M.; Stefaniak, LBull. Pol. Acad. Sci. Chen1987,
35, 305.

(35) Pfister-Guillouzo, G.; Gracian, F.; Paez, J. A.; GaGianez, C.;
Elguero, J.Spectrochim. Acta Part A995 51, 1801.

(36) Reutov, O. A,; Beletskaya, I. P.; Butin, K. @arbon and Hydrogen
acids (in Russian)Pergamon Press: Oxford, England, 1978.

(37) Schilf, W.; Stefaniak, L.; Webb, G. AMagn. Reson. Chem 987,

25, 721.

(38) Martos-Calvente, R.; de la Pei®’'Shea, V. A.; Campos-Martin,
J. M.; Fierro, J. LJ. Phys. Chem. 2003.

(39) Campillo, N.; Montero, C.; Ra, J. AJ. Mol. Struct. (THEOCHEM)
2004 678, 83.

(40) Johnson, C. K. ORTEP-Il. A Fortran Thermal Ellipsoid Plot
Program; Report ORNL 5138, Oak Ridge National Laboratory: Oak Ridge,
TN, 1976.

(41) Peck, A. L. PLUTON, A Multipurpose Crystallographic Tool.
Utrecht University: Utrecht, The Netherlands, 1988.

(42) Hesse, M.; Meier, H.; Zeeh, BViétodos Espectrosgicos en
Quimica Organica; Sintesis: Madrid, Spain, 1995.

(43) El-Masry, A. H.; Fahmy, H. H.; Ali Abdelwahed, S. Mlolecules
2000Q 5, 1429.

(44) Bujan de Vargas, E.; Cars, A. |. Tetrahedron Lett1996 37, 767.

(45) Pearson, R]. Chem. Educl987, 64, 561.

(46) Parr, R. G.; Yang, WJ. Am. Chem. S0d.984 106, 4049.

(47) Li, Y.; Evans, J. N. SJ. Am. Chem. S0d.995 117, 7756.

(48) Chamorro, E.; Contreras, R.; Fuentealbal.RChem. Phys200Q
113 10861.

(49) Geerllings, P.; De Proft, F.; Langenaeker, @hem. Re. 2003
103 1793.

(50) Ayers, P. W.; Levy, MTheor. Chem. Ac200Q 103 353.

(51) Perez, P.; Simon-Manso, Y.; Aizman, A.; Fuentealba, P.; Contreras,
R.J. Am. Chem. So@00Q 122 4756.

(52) Melin, J.; Aparicio, F.; Subramanian, V.; GatyaM.; Chattaraj,
P. K. J. Phys. Chem. 2004 108 2487.



