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Some nitrogen and carbon chemical shifts and ab initio Gauge Invariant Atomic Orbitals

– Coupled-Perturbed Hartree-Fock (GIAO-CPHF) calculations are reported for benzo-

triazole 1, 5-nitrobenzimidazole 2, 5-nitrobenzotriazole 3, 4-nitrobenzotriazole 4, and

N-methyl derivatives of compounds 1–3. A good correlation is found between the calcu-

lated and observed 13C and 15N chemical shifts. Two methods were employed for calcula-

tion of equilibrium constants. The prototropic equilibria exhibited by the system studied

are found to be controlled by enthalpy rather than entropy.
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Benzimidazole (BIM), benzotriazole (BTA), and their derivatives are very im-

portant compounds used in organic synthesis [1–3] and medicine [4–6]. They may ex-

ist in two benzenoid forms, with a proton attached to the N1 or N3 atom. In addition, a

quinonoid structure with a proton attached to the N2 atom is possible for the

benzotriazoles only (Figure 1) [7]. The equilibria have been studied by several exper-

imental and theoretical approaches in gaseous, liquid, and solid states [8–25], and re-

cently was reviewed [7]. In general, a prototropic exchange existing for BIM and

BTA is fast in the liquid and gaseous states, while is very slow in the solid state. Al-

though the [1H] BTA is more stable in solutions and solids, the presence of the [2H]

tautomer has been confirmed by nuclear magnetic resonance (NMR) spectroscopy

[8] as well as by other experimental techniques [9–14]. Earlier theoretical investiga-

tions, performed usually for gaseous molecules, have substantiated these results

[9–16].
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Rapid prototropic exchange in DMSO solution exists also for nitro derivatives of

BIM and BTA causing an effort in collecting 15N NMR data [20,21]. In NMR spectra

of such a system, a fast proton exchange yielded an average of NMR resonances and

only one set of data was observed with some peaks vanishing at so called coalescent

point [20,21]. In the present paper, we want to compare both theoretical [26] and ex-

perimental [8,27] methods for the determination of the composition of tautomeric

mixtures of nitro derivatives of BIM and BTA. For the calculations, we use Gauge In-

variant Atomic Orbitals – Coupled-Perturbed Hartree-Fock (GIAO-CPHF) proce-

dure [28,29], while the 13C and 15N NMR spectra provide the experimental data

[20,21]. Earlier, these methods were proved skillful while exploiting a hydro-

xyquinoline derivative [26] and some tautomeric azole systems, including un-

substituted BIM and BTA [8,27]. Specifically we have studied the prototropic

equilibrium of the unsubstituted benzotriazole 1, which we utilized as a reference

compound, 5-nitrobenzimidazole 2, 5-nitrobenzotriazole 3, and 4-nitrobenzotriazole

4. In addition, we have used all possible N-methyl derivatives of compounds 1–3 as
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Figure 1. Prototropic equilibrium for substituted benzimidazoles (a) and benzotriazoles (b).
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Figure 2. Compounds studied in present investigation.



models of the nonexchanging forms: [1H], [2H] or [3H] (Figure 2). Since compound

4 exists in only one [3H] form in solution [20], the use of N-methyl derivatives is not

required for our study of this compound.

RESULTS AND DISCUSSION

The nitrogen and carbon chemical shifts of compounds 1, 2, and 4–8 are given in

the literature [8,20,21], whereas those for compounds 3 and 9–11, are reported in this

work. All experimental results are collected in Table 1. Note that the experimental

data for compounds 1–3 were recorded at condition offering an exchanged nitrogen

spectrum (25�C in DMSO solution and 60�C in DMF solution), while data for com-

pound 4, showing a very slow prototropic exchange, represent the [3H] form stabi-

lized by hydrogen bond [20]. The assignment of the signals of 3 was completed

according to previously reported methods [20,21]. The position of the N-methyl

group in compounds 9–11 has been determined by 1H-1H NOE experiments, while the

assignment of the nitrogen chemical shifts has been explicated using 15N-1H INEPT

experiments. The carbon and hydrogen NMR signals of the aromatic nuclei were as-

signed according to procedures described previously [20,21].

Results of GIAO calculations performed for all possible prototropic forms of

compounds 1–4 are gathered in Tables 2 and 3. Absolute shielding constants (�abs)

along with corresponding chemical shifts (�calc, see explanation below) and atomic

net charges (q) are collected in Table 2, while bond properties (lengths, orders, and

angles) are in Table 3. First we note that the molecular properties (�abs, q, bond prop-

erties, and total self-consistent field (SCF) energies) are calculated for compounds

studied in the absence of the potential electron correlation effects. Second, the �abs

cannot be measured directly, but, they can be converted to a chemical shift scale using

a reference: �calc = �ref – �abs [30]. Yet, it is well known that the ab initio shielding cal-

culations may not give satisfactory results for nuclei with a lone electron pair and/or

in a multiple bond system due to the absence of the electron correlation functions

[29–33]. Therefore, the �abs values calculated for each tautomer of 1–4 are compared

with the experimental chemical shifts (�exp) of a corresponding N-methyl derivative

or of an appropriate stable form (compound 4 only). Note that these relations (see Fig-

ure 3) are linear with correlation coefficients of 0.9968 and 0.9510 for the nitrogen

and carbon data, respectively. The intercepts of –130.8 ppm for 15N and of 189.2 ppm

for 13C are close to absolute shielding constants of –135.0 ppm for 15N and of 185.0

ppm for 13C calculated for CH3NO2 and tetramethylsilane (TMS), respectively [30],

which are accepted as references. Since the tz2p basis set, which seems to be suffi-

cient for the first row elements [29], was used for calculations in this work, the differ-

ence from 1 of the line slopes arises more likely from exclusion of electron correlation

contributions, rather than incompleteness of the chosen basis set [29–33]. Hence the

least-squares transforms are used to compute the chemical shifts (�calc) given in Table

2 along with �abs and q values. The relevant equations are given by �calc = –0.714��abs –
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130.8 for 15N data (Figure 3a) and by �calc = –1.045��abs + 189.2 for the 13C data (Fig-

ure 3b). Good agreement between the experimental and calculated data provides

confirmation of the assignment of the nitrogen and carbon NMR signals for the com-

pounds studied.
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Figure 3. A plot of experimental chemical shifts (�exp) vs. calculated absolute shieldings (�abs) for nitro-

gen (a) and carbon (b) nuclei of compounds studied. Values of �exp measured for samples 5, 6, 7,

8, 9, 10, 11, and 4 are compared with �abs calculated for [1H], [2H] tautomers of 1, [1H], [3H]

tautomers of 2, [1H], [2H], [3H] tautomers of 3, and [3H] tautomer of 4, respectively. This

gives 24 and 32 data points of nitrogen and carbon data, respectively, which are utilized to ob-

tain the least-squared lines.



In general, a lone electron pair of nitrogen atoms produces a negative atomic

charge around these atoms, whereas N atoms bonded to hydrogen have a positive

charge. In the case of quinonoid forms, the distribution of the charge around N2 and

N1/N3 is near 0.3 or –0.3 atomic units (a.u.), respectively, which is larger than that for

the benzenoid forms. Therefore, both the N1 and N3 positions are very susceptible to

protonation. Indeed, compounds 9 and 11 form stable N3 and N1 cations in TFA solu-

tion, respectively, whereas 10 shows a fast proton exchange between the N1 and N3

positions.

Table 3 contains a collection of bond data such as lengths (in Angstroms), orders

(in a.u.), and angles (in degrees) from the SCF calculations for compounds 1–4. These

data agree within a few percent with previous calculation reports [10–12,14], and

with the X-ray measurements for the unsubstituted BTA [22] and BIM [23,24], show-

ing that compounds 1 and 2 exist entirely in the [1H]/[3H] form. In the present study,

the calculated data reveal that bonds C4–C5, C6–C7 are the shortest C–C bonds in

compounds studied, and yet their orders are the largest. Further analysis shows that

the C2–N3 (N1–C2) bond for the [1H] ([3H]) form of compound 2 has a length of

1.277 Å (1.282 Å) and an order of 1.96 a.u. (1.93 a.u.) indicating a double bond char-

acter. When the N atom introduced in position 2 in compounds 1, 3, and 4, this bond

(in the [1H] or [3H] form) usually slightly longer than an N=N bond and its order is

less than 1.82 a.u. From this probably, the C1a–C7, C3a–C4, and C5–C6 bonds gain a

benefit of in a form of an increased bond order. The above suggests that the [1H]

([3H]) tautomer consists of a localized �-bond system, partially delocalized in

five-membered ring when N atom is present in position 2, which may be an effect of

interaction between two lone electron pairs form neighbor N atoms [11]. For the [2H]

form of 1, 3, and 4, all bonds except the C4–C5 and C6–C7 bonds are of a close order

of a main value of 1.6 a.u., while the remaining two bonds have an order greater than 2

a.u. This indicates a delocalization of � electrons within the five-membered ring of

the quinonoid form.

As mentioned before, in the NMR spectra of compounds 1–3 (without methyl

groups) only one set of data is observed. Each of the NMR signals appears at an aver-

aged value represented by the sum of the products of the molar ratio and the chemical

shift of all possible tautomeric structures, as shown by equation (1) [34]:

�j_avr. = xa aj

a

�� � (1)

where: �j_avr. – an averaged chemical shift of nucleus j, xa – molar ratio of tautomer a,

�aj – a chemical shift of nucleus j in tautomer a. Based on this equation and using nitro-

gen chemical shifts of corresponding N-methyl derivatives [8,27], we have calcu-

lated the molar ratios for each tautomer of compounds 1 to 3. The choice of nitrogen

chemical shifts for this investigation is due to the greater accuracy obtained from the

nitrogen rather than the carbon or hydrogen NMR data [27].
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It is known that the equilibrium constant for a given process depends on tempera-

ture and on the Gibbs energy of the process according to equation (2):

�G = –RT � lnK � K = e
	

�G

RT (2)

where: �G – Gibbs free energy change, K – an equilibrium constant, R – the gas con-

stant, T – temperature. We assume that the difference in the total electron energy be-

tween the tautomers equals the Gibbs free energy change of the process. From this

equation, using SCF energies, we have calculated molar ratios of each tautomer of

compounds 1 to 4 at 25�C and 60�C, as shown in Table 4 along with the experimental

values.

Table 4. Molar ratios for compound 1–4 calculated experimentally and theoretically.

exp.a
molar ratios [% ]

SCF
�E [kJ�mol–1]

exp.b SCF

25�C 60�C

1 [1H] 58c 58.5 57.6 0.0 0.00

[3H] 42c 41.5 42.4 0.8 0.85

2 [1H] 95c 97.7 96.6 0.0 0.00

[2H] 5c 2.3 3.4 7.3 9.30

3 [1H] 67d 88.5 85.8 0.0 0.00

[2H] 4d 0.8 0.1 7.0 11.62

[3H] 29d 10.7 12.9 1.3 5.24

4 [1H] 0e 0.0 0.0 – 36.82

[2H] 0e 0.0 0.0 – 36.37

[3H] 100e 100.0 100.0 0.0 0.00

aCalculated according to equation (1) using nitrogen chemical shifts of N-methyl derivatives.
bCalculated according to equation (2) using experimental molar ratios. cAt 25�C. dAt 60�C. eAt 55�C.

Comparison of the molar ratios for compounds 1–4, that are calculated from the

ab initio SCF energies, with the experimental values shows satisfactory agreement.

The experimental data do not include any corrections for solvents, temperatures or

substituents, all of which can change a nitrogen chemical shift by about ±10 ppm [35].

Yet, the calculated data are obtained without introducing electron correlation func-

tions and solvent effects [11,17]. Nevertheless, all of these effects may have an oppo-

site influence on overall energy, and it seems that they average out. By assuming that

�E calculated by the SCF procedure for the prototropic equilibrium approximates to

the enthalpy change, the good agreement between the experimental and SCF calcu-

lated values for �E given in Table 4 may indicate that any contribution of entropy

change to this equilibrium is rather small.
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CONCLUSIONS

A very good correlation between the calculated absolute shieldings and experi-

mental chemical shifts for the 13C and 15N nuclei of compounds 5–11 was found.

Therefore, a simplified equations �(N) = –0.7��abs(N) – 131 and �(C) = –1.0��abs(C) + 189

may be used as a guidance for peak assignments.

The molar ratios of the prototropic forms of compounds 1 to 4 calculated using ni-

trogen chemical shifts are in good agreement with those calculated using the SCF en-

ergies. This suggests that the prototropic equilibrium for the systems studied is more

probably controlled by enthalpy rather than entropy change. The differences ob-

served may be a result of the chemical shift dependence on solvent, substitution, and

temperature. Such effects were not included in the calculations of the tautomeric mix-

ture.

EXPERIMENTAL

Preparation and NMR measurements. Compounds 9–11 were prepared by methylation of com-

pound 3 using a 20% overabundance of MeI. The N-methyl derivatives obtained were separated by chro-

matography on silica gel. All NMR measurements of compounds 9–11 were taken on a BRUKER AM 500

spectrometer, operating at 500.18 MHz for 1H, 125.76 MHz for 13C, and 50.68 MHz for 15N nuclei using

standard conditions described previously [20,21].

Computational methodology. The ab initio GIAO-CPHF molecular orbital calculations were per-

formed on a Silicon Graphics Onyx Workstation using the Turbomole program of Biosym/MSI™ [36].

The geometry of molecules was optimized with the double-
 basis set with a polarization function (dzp)

[37]. The triple-
 basis set with two polarization functions (tz2p) [37] was used for the molecular property

calculations i.e.: SCF electron energies [36], absolute nuclear shielding constants [28,29], and Roby-

-Davidson population analysis based on occupation numbers [38]. The last mentioned produced the

atomic net charges and bond orders (shared electron numbers). The calculations were carried out on iso-

lated molecules in the gas phase with no solvent effects included. Moreover electron correlation effects

were not taken into account, and Cs symmetry was used for all of the molecules studied with the exception

of structure [2H] of compound 1, which has C2v symmetry. Although Turbomole calculates all principal

components of a shelding tensor (�ii, where i = 1, 2, or 3), only an isotropic value of chemical shift can be
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