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Abstract: The hydroquinones obtained by addition of imidazole. 2methylimidazole and 
henzimidazole to 1,Cbenzoquinone and 1,Cnaphthoquinone have been isolated and 
identified. In the case of 1,4&enzoquinone they are monosubstituted hydroquinones la - 
lc, o-disubstitutcd hydroquinones 2a - 2~. and pdisubstituted derivatives 3a - 3c while in 
the case of 1.4-naphthoquinone, only disubstituted derivatives 5a and SC have been 
isolated. In solution, 2.3-bis(2’-methylimidazol-l’-yl)-l,4dihydroxybenzene (2b), 2,3-bis 
(benzimidazol-l’-yl)-1,4-dihydroxybenzene (2~) and 2.3-bis(benzimidazol-l’-yl)-1.4- 
dihydroxynaphthalene (SC) exist as mixtures of meso and d.1 isomers. NMR spectroscopy 
(n.0.e. experiments in lH NMR and solid-state *SC CPMAS spectra) and AM1 
semiempirical calculations have been used to establish the stmctum OftbeisonErsbothinthe 
solid state and in solution as well as their interconversion pathways. Compound 2c-d,l 
crystallizes with two methanol solvate molecules as guests and it has a crystallographic 
twofold axis through the middle. The host molecules are linked together by means of the 
methanol molecules through 0-H...O/N hydrogen bonds giving rise to chains along the c 
axis centrosymmetrically l&ted. 

Introduction 

We have recently studied the addition reaction of pyrazoles to 1.4~benzoquinone.~~ As an extension of 

our work, we report now the reactions of imidazole, 2-methylimidazole and benzimidazole with 1.4 

henzoquinone and of imidazole and benzimidazole with 1.4-naphthoquinone. 

The relative amounts of mono- (Compounds 1 or 4). 2,3-bis-adducts (Compounds 2 or 5) and 2.5bis- 

adducts (Compounds 3) depicted in Schemes 1 and 2. can be explained through a mechanism in which the 

nucleophilic character of the azole as well as the oxidation potentials of the mono-adducts are decisive factors in 

the process.3 However, formation of a charge-transfer complex prior to the nucleophilic addition could also be 

considered. As in the case of pyrazoles.12 preferential formation of 2,3-bis derivatives vs. 2.5bis derivatives 

occurs with hindered imidazoles. Gauss et af.4 qmtcd in the experimental part without any additional 
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explanation throughout the article that the compound obtained by reaction of 2-methyhmidaxole with 2-methoxy- 

1,4_naphthoquinone (5b). should be a 38:62 mixture of rotational isomers to explain the signals observed in the 

1H NMR in D2O/DCl at 60 MHz. 

Provided that there is no free rotation about the N-C bonds, the 2,3-(azol-l’-yl)-1,4dihydroxybenxene 

derivatives 2b and 2c [and also the 2,3-(azol-l’-yl)-1.4~dihydroxynaphthalene SC] exist in two forms: the 

meso form (the two substituents, methyl or benxo ring on the same side, i.e. cisoid) and the d,l form (the 

substituents on opposite sides, i.e. transoid). Since the barrier lies in the planar conformation of one of the 

heterocyclic rings (the other remaining orthogonal) and since the orthogonal barriers (with regard to 

conformation slightly apart from the orthogonality) are too low to interfere, we will simplify the representation 

of both forms using an orthogonal conformation (later on for the calculations of n.0.e effects an optimized 

geometry with torsion angles different from 90’ will be used). Although several cases of atropoisomerism in 

ortho-triaryls have been cited in the literature.5 we have not found studies in the case of two heteroaryl rings 

placed mutually ortho on a benzene ring. 

HO 

meso 

OH HO OH 

Z 

HO 1-OH 

Transition state 

The usual method to distinguish these forms uses chiral LSR.6 In the presence of such a chiral reagent 

two coupled protons remain an A2 system in the case of the meso and become an AB system in the case of the 

d,l isomer. However, in the present case, these ought to be the aromatic protons (H5, H6 for 2. and H5, Hg. 

H7, H8 for 5) which are too far apart from the chii part of the molecule. 

For this reason, we have selected another approach based on n.0.e. effects between both axol-1’-yl 

residues; for obvious symmetry reasons, no n.0.e. effects can be observed on the meso isomer, but in the case 

of the d,l isomer an n.0.e. effect between both heterocycles should be observed. We have studied two 

substituents: 2’-methylimidaxol-1’-yl b. benximidazol-l’-yl c and we will briefly summarize the results aheady 

described concerning the structure of related compounds pyraxol-l’-yl d and 3’S’-dimethylpyraxol-l’-yl e.lJ 



12492 C.ESCOLASTICO et& 

b C d e 

(mw @zim) @z) (dmpz) 

Results and Discussion 

2’-Methylimidazole derivative 2b 

In this case the substituent at positions 2 and 3 ate a 2’-methyhmidazol-1’-yl. A freshly prepared solution 

presents the following signals in 1H NMR spectroscopy at 500 MHz: 

Table 1. 1H NMR signals of a recently prepared solution of 2b in [2HglDMSO 

6 intensity multiplicity assignment 

1.956 
2.133 
6.527 
6.595 
6.663 
7.002 
7.020 

77 
428 
78 
72 
14 
14 
158 

Me 

Me 
imidazole 
imidazole 
imidamle 
imidazole 
ammtic @I. Hg) 

The signals corresponding to both forms are clearly observed (only the aromatic protons at 7.020 ppm 

are not split) one of them (signals at 2.133.6.527 and 6.595) being more abundant than the other (signals at 

1.956, 6.663 and 7.002). From the reported intensities the mixture corresponds to 8596-158. A few hours 

later, the populations became nearly the same: 569644% (Table 2). 

Table 2. 1H NMR signals of an equilibrated solution of 2b in [2H6]DMSO 

6 intensity multiplicity assignment 

1.956 
2.134 
6.516 
6.600 
6.670 
6.970 
7.020 

89 
125 
39 
34 
28 
31 
74 

Me 

Me 
imidaxole 
imidaxole 
imidarole 
imidazole 
aromatic (H5, Hg) 
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The fist conclusion is that 2b in the solid state is almost certainly a unique form and that after 

dissolution an equilibrium of the two forms (the original one remaining slightly predominant) is attained. The 

barrier to the racemization should be between 15 and 25 kcal mol-1 in order to observe both separate signals in 

NMR and an isomerization process taking between minutes and hours to reach the equilibrium. 

An hmqc experiment correlates the 1H and the 33C spectra (protonated carbon atoms) of the equilibrium 

mixture (T’able 3). 

Table 3. Results of the hmqc experiment 

6tH 6.52 6.60 6.67 6.97 7.02 

613C 119.6 126.7 126.1 121.4 116.8 

The geometries of both forms have been optimized using the semi-empirical method AMl:Ta list of 

relevant distances between protons in the two imidazole substituents is reported in Table 4 [(2) and (3) represent 

the imidazole rings at positions 2 and 3 of the l&dihydroxybenzene]. 

Table 4. Distances, in A. between protons of the d,l isomer in 2b 

Hs(2)-CHj(3) = Hg,(3)-CH3(2) 4.18, 4.35, 2.80 
H4(2)-CH3(3) = H~t’(3)-CH3(2) 6.70. 6.83, 5.44 

The n.0.e. experiments yield the following results: irradiation of the methyl signal at 1.965 ppm 

produces no effect while irradiation of the methyl signal at 2.134 ppm produces an n.0.e. efect on the proton at 

6.52 ppm. From these experiments the following conclusions can be deduced: 

i) The signals at 1.956 and 2.133 ppm belong to the meso and d,f forms respectively. 

ii) The signal at 6.52 ppm is the imidazole Hg proton of the d,l form. 

iii) The most abundant isomer is the d,l(2.133,6.527 and 6.595 ppm) and the minor one is the meso 

(1.956, 6.663 and 7.002 ppm). 

iv) In the solid state only the d,l form is present. 

Benzimidazole derivative 2c 

The *H-NMR spectrum of compound 2c in [2H6]DMg0 (500 MHz) shows two groups of signals, 

corresponding to the meso and d,l isomers, of almost the same intensity. The relative intensities do not change 

with time. Moreover, raising the temperature does not produce any broadening of these signals. 

H4- 
I 
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The assignment of the two ABCD systems corresponding to H4*, Hg*, Hgs and H7, protons of 

benximidazole rings was carried out through a COSY experiment. The following coupling paths were found 

corresponding to Vor&o couplings: 

7.46(d) = 7.10(t) cs 7.13(t) e 7.27(d) 

7.45(d) a 7.02(m) @ 6.97(t) e 7.00(m) 

This experiment does not allow: 

i) to determine the sequence order, i.e. which is Hq* and which H7’; 

ii) to assign Ha* signals; 

iii) to identify the meso and d,l isomers. 

All these problems can be solved simultaneously with n.0.e. experiments. According to its AM1 

optimized geometry, the d,l isomer has an axis of symmetry, thus the distances (2)-(3) and (3)-(2) are the same. 

The shortest distance between protons of both benximidazole substituents (see Table 5) is Hz(2>-H7$3)[Hr(3)- 

H7(2)]=3.80 A. 

Table 5. Distances, in A, between protons of the d,l isomer in 2c 

H2*(2)-~*(3)&*(3)-Hq*(2) 5.56 

HS!)-Hg,(3)/H2*(3)-Hg,(2) 5.98 

Hz,(2)-Hg’(3)RI2*(3)-%(2) 5.27 

H2*(2)-H7,(3)/%(3)-H7*(2) 3.80 

Irradiation of the proton at 8.174 ppm does not produce any observable n.0.e. effect, thus it can be 

assigned to proton Hz of the meso isomer. On the other hand, irradiation of the 8.013 ppm signals produces a 

weak n.0.e. effect on the signal at 7.27 ppm. Consequently, these last signals belong to protons Hz and HT of 

the d,l isomer. We only have to make the hypothesis that the ABCD sequences of both isomers are the same to 

have the complete assignment of Table 6. 

Table 6. Complete assignment of meso and d,l isomers of compound 2c 

Protons meso d,l 

H2, 8.174 8.013 
Q- 7.45 7.46 
H5, 7.02 7.10 
H6’ 6.97 7.13 
H7, 7.00 7.27 

The differences, A8 = 8mero - 8@, are represented below: 
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0.16 Hi? 

IN 
H7’ -0.27 

These differences, positive for Hz and negative for the ABCD system, correspond to the shielding 

effects of the benzene ring. 

We have calculated the Johnson-Bovey coordinates,@ of the meso and d,f aromatic protons with regard 

to the center of the benzene of the opposite benzimk&ole ring (Table 7): 

Table 7. Coordinates (in @ of the aromatic protons of meso and d,l isomers of compound 2c 

with regard to the center of the benzene ring 

Protons 

meso d,l 

z P z P 

H2 3.28 4.41 3.26 2.98 
I-Q* 6.20 0.64 5.98 2.90 

2. , 5.69 3.76 2.68 3.97 5.40 3.56 5.33 6.41 
H7, 2.22 3.59 2.18 5.59 

@These values must be divided by 1.39 before using them in Appendiz B of reference 9 where the 
definitions of z andp are reported. 

With these coordinates and the table of reference 9. the shielding values in ppm can be calculated. The 

differences, A8 = &so - 6d,l, are represented below: 

0.20 Hz’4 

1” 
H7’ -o.oz 

0.03 

-0.07 

Taking into account the simplifications we have used (neglecting the anisotropy of the imidazole ring, for 

instance) the agreement is acceptable and can be considered a supplementary proof of the correct assignment of 

the meso and d,l isomers. 

Once having identified both isomers of compound 2c in solution, we can come back to the structure in 

the solid state. In this case only, we have succeeded (by a combination of column chromatography and solvents 

of crystallization) in isolating both isomers in the solid state, which constitutes a case of conformational 

polymorphism. These pure isomers when their lH-NMR spectra are recorded in [%Ie]DMSO or in 

[2H4lmethanol, immediately after the solution was prepared and using only a few scans, show that the 
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corresponding signals represent more than 80% of the mixture. Rapidly both mixtures (80% meso- d,l and 

80% d&20% meso) evolve to the equilibrium mixture formed by 53% d&47% meso. The following scheme 

summarixes the experiments we have carried out on 2c polymorphs. 

I Column chromatography 
(CH&/EtOH 84/16) 

t 
I 

meso 
m.p. 312-3’C 
(CHzCl2) 
Crystalline material 
but twinning problems 

MeOH 

CH,Cl, 

d,l 
m.p. 2947OC 
(MeOH) 
Monocrystals 
(MeOH solvate) 

[2H,]DMS0 

53% d&47% meso 

(AG = 0.07 kcal molt) 

[2H,]DMS0 

Scheme 3 

Pyrazole derivative 2d 

The structure of this compound has been determined by X-ray crystal analysis:’ the compound exists in 

the solid state as the d,l isomer. It shows in lH and 13C NMR in solution only one series of peaks which must 

correspond to this isomer or to a rapid (on the NMR time scale) equilibrating mixture of meso and d,l isomers.l 

3’,5’-Dimethylpyrazole derivative 2e 

The d,l structure of this compound has also been determined by crystallography.’ It shows in 1H and 

13C NMR spectroscopy in solution only one series of peaks which must correspond to the d,l isomer or to a 

rapid (on the NMR time scale) equilibrating mixture of meso and d,l isomers.1 We have now determined that a 

solution of 2e in CDC13 does not present any new peak one month afterwards (the same result is obtained after 

24 h at 60°C in CDC13 as well as after one week at 135’C in [2Hlo]-p-xylene, but heating at 15O’C in DMSO 

produces the decomposition of the sample). 

Solid State 1% CPMAS NMR Results 

The solid state 13C NMR chemical shifts of compounds 2b, 2c (meso and d,f isomers), 2e and SC have 

been obtained using the CPMAS technique (see experimental part). The spectra corresponding to compounds 2b 

and 2e present very narrow well-resolved signals proving that nothing dynamic is taking place; there is one 

signal per carbon atom, thus neither disorder nor a mixture of isomers are. present. The following signals were 
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observed, for compound 2b: 147.3 (CI,C4), 121.9 (C#3), 117.1 (C&j), 147.3 (CT). 124.9 (G), 121.9 

(C5#), 11.8 ppm (CH3) and for compound 2e: 147.6 (Ct.C4). 124.2 (C2,C3). 121.1 (C5.c~). 149.0 (C3*), 

104.6 (Ce), 144.0 (Cs), 13.1 (CH3-3), 11.6 ppm (CH3-5). 

By comparison with the values in solution (d,l isomer, Table 11) for 2b and ref. 1 for 2e, the A6 = 

&lid - &solution. can be calculated.The largest effects are observed for carbons CT (+2.6 ppm) and C5 (+2.5 

ppm) of 2b and for carbons Cy (+2.5 ppm) and Cg’ (+2.6 ppm) of 2e. For the 2-methylimidazole derivative 2b 

we have used the values corresponding to the d,l isomer, but the differences between both isomers, d,l and 

meso, are very small (less than 1 ppm except for carbon Cg’ where the difference amounts to 2.0 ppm, Table 

11). Thus, although the t3C solid state chemical shifts are consistent with the fact that both are d,l isomers (see 

the consistency of the A6 values for heterocyclic carbons 01 to nitrogen atoms), solution 13C NMR chemical 

shifts cannot be used for establishing the isomeric structure in the solid state of this kind of atropisomerism. 

The 13C CPMAS NMR spectra of compound 5c shows the following signals: 144.6 (CI,C4), 110.0 

(C2.C3), 126.7 and 127.8 (C4a,Cga), 123.9 (C5,Cg), 129.0 (G,C7). 144.6 (CT), 140.2 (Cgla), 117.0 (Cq), 

123.9 (Cy), 123.9 (Cg’), 110.0 (CT) and 134.2 ppm (f&J. Carbon atoms Cta and Cga, related by symmetry in 

the isolated molecule, are split. We tentatively assign this splitting (two signals of the same intensity) to a 

decrease in the symmetry in the solid state compared to the solution. 

The two polymorphs of compound 2c, the meso and the d,l, show quite different 13C CPMAS NMR 

spectra. Since the differences between both isomers in solution (Table 14) are very small (generally 0.0 or 0.1 

ppm; only Ce shows a difference of 0.4 ppm), this proves two things: i) that solid state *SC chemical shifts 

cannot be used to determine the meso or the d,l structure of compound 2c, ii) that the differences between solid 

state and solution 1% chemical shifts, which can amount 2-3 ppm, are due to crystal effects and not to 

isomerism: 

meso: 148.9 (A6 = 1.8 ppm) (Cl, Cd), 122.2 (A6 = 1.2 ppm) (C2. Cg), 119.9 (A6 = 1.5 ppm) (C5, 

Ce), 147.3 (A6 = 2.3 ppm) (CT). 140.0 and 141.2 (A6 = -1.2 and -2.4 ppm) (Cgva), 119.9 (AS = 0.4 ppm) 

(Cd*). 122.2 (A6 = -0.4 ppm) (C5#), 124.2 (A6 = 0.6 ppm) (Q). m and u (A6 = -0.6 and 2.5 ppm) 

(CT), 132.6 (A8 = -1.7 ppm) (Qa). 

d,l: 146.2 (A6 = -0.9 ppm) (Cl, C& 119.3 (A8 = -1.7 ppm) (C2, C3), 119.3 (A6 = 0.9 ppm) (C5, 

C6), 146.2 (A6 = 1.2 ppm) (CT), 140.7 (A6 = -1.7 ppm) (Cya). 119.3 (A6 = -0.2 ppm) (Q), 123.2 (AS = 0.6 

ppm) KS), 126.5 (A6 = 2.9 ppm) (Cs), 110.2 (A6 = -0.8 ppm) (CT), 133.1 (A8 = -1.2 ppm) (C7$. Only the 

meso isomer shows splittings (affecting Cya and C7) which can be due to a less symmetric structure, for 

instance, to the fact that the dihedral angles C&l and C3-Cl* are different The A6 values are probably related 

to differences in hydrogen bonding between the solid state and the solution. 

Experimental evidence: X-ray structure determination of compound 2c. 

Although the structure of both polymorphs of compound 2c can be established by recording their 1H 

NMR spectra in freshly prepared solutions (see previously), it was decided to determine their X-ray structures. 

Unfortunately, only the d,f isomer yields monocrystals while those of the meso isomer proved unsuitable for X- 

ray diffraction (twining). 

Crystals of 2c-d,l were obtained by slow evaporation of a methanolic solution using the compound 

isolated by column chromatography. The main geometrical parameters are shown in Table 8 according to the 

numbering scheme shown in Fig. la. I* The molecules correspond to the d.l isomer, the torsion of the 

benzimidazole substituents with regard to the central ring beiig given by the C(9)-C(8)-N(l)-C(2) angle of 
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(a) 

(b) 

Fig. 1. (a) Molecular structure illustmting the numbering system. (b) Packing diagram showing the 

two centrosymmetrically chins of molecules along the c ids. 
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-64.9(4)“. They present a two-fold crystallographic axis going through the middle of the molecule which is 

characteristic of a d,l isomer. The two hydroxyl groups have an EE orientation (see OSemiempirical AM1 

calculations) with respect to the benzimidazole substituents. while compound 2e was an EZ isomer1 and 

compound 2d was a ZZ is0mer.l due to hydrogen bonds with the methanol guests. The conformation of the 

OH groups is given by the torsion angle C(lO)-C(9)-O(ll)-H(11) = 3(3)“. Bond distances and angles compare 

well with those of the similar compounds 2d and 2e.I In the benzimidazoles, the C(2)-N(3) bond has a double 

bond character and the condensed benzene ring is largely delocalized. The central hydroquinone ring shows a 

double bond character for the C(lO)-C(l0’) bond [1.375(4) A]. The molecules are arranged in centrosymmetric 

chains joined by OH-..O/N hydrogen bonding interactions (see Table 8 and Fig. lb) involving the methanol 

groups. In this way, the hydroquinone OH groups act as HB donors towards acceptor methanol molecules 

which are also HB donors towards the benzimidazole N(3) atom of another molecule, resulting in a chain along 

the c axis. If one considers the isolated 2c molecule as the primary structure, these strong HB lied chains 

forms the secondary structure. Finally, the tertiary structure, a bunch of chains along the c axis, is formed by a 

series of parallel secondary structures held together by aromatic ring attractive interactions of benzimidazoles 

(see Table 8 and Fig. lb). 

Table 8. Selected geometrical parameters and hydrogen bonds (A. “). C(31-71) and C(8-10) stand for the 

centroids of the C(31), C(4),C(71) and C(8), C(9),C(8’) rings. 

N(l)-C(2) C(2)-N(3) 
C(3)-C(31) ;G:$] 

1.315(4) N(l)-C(8) 

C(9)-C( 10) 1:395(4) 
C(9)-O( 11) 1.350(3) C(31)-C(7 1) :*4;:[:; . 
0(12)-C( 13) 1.399(5) 

C(9)-C(8)-N( 1) 119.6(2) C(8)-N( 1)-C(2) 128.1(2) C(2)-N(l)-C(71) 106.6(2) 
C(8)-N( l)-C(7 1) 125.3(2) N( l)-C(2)-N(3) 113.6(3) 
N(3)-C(31)-C(71) 110.1(2) 

C(2)-N(3)-C(3 1) 104.7(2) 
C(31)-C(71)-N(1) 105.1(2) 

C(9)-C(8)-N( 1)-C(2) -64.9(4) 

X-H...Y X-H X...Y H...Y X-H...Y 
0( 1 1)-H( 1 1)..O( 12) 0.99(5) 2.655(3) 1.67(5) 172(5) 
0(12)-H(12)...N(3) (x, 1/2-y,-l/2+2) 0.90(6) 2.844(3) 2.01(6) 153(5) 
C(2)-H(2)C(31-71) (l-x, -l/z-y,l/.&z) 1.01(4) 4.200(3) 3.22(4) 164(3) 
C(7)-H(7)C(31-71) (-1/2+x, I-y,l/~z) 0.85(4) 4.184(3) 3.44(4) 147(3) 
C(13)-H(133)C(8-10) (l-x, I-Y.-Z) 1.03(9) 4.052(5) 3.39(10) 124(6) 

Compound 2c, after purification by column chromatography, is in the meso form. Crystallization in 

methanol transforms the meso isomer into the methanol solvate of the d,l form. The crystalline structure of the 

methanol solvate is stable only in the presence of methanol. Open to air, it becomes a white non-transparent 

solid which corresponds to the pure 2c compound (no traces of methanol in the 1H NMR spectrum). If this 

compound is dissolved in @Ie]DMSO and the spectrum recorded in less than 2 min time, a mixture containing 

more than 80% of the d,l isomer is observed, then the spectrum evolves towards a 65%35% mixture of d,l and 

meso isomers (3 min later) to finally reach the 53%47% equilibrium mixture. Thus, when compound 2c 

crystallizes in the d,l form, the solvent is necessary to maintain the lattice but not to stabiize this form: once 

formed, the d,f isomer is stable in the solid state; loss of methanol solvent destroys the lattice but does not 

modify the isomeric composition. 
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Semiempirical AM1 calculations 

To provide some foundations to those empirical observations we have carried out a computational study 

(using the AM1 Hamiltonian), not only on compounds 2b, 2c, 2d and 2e, but also on related compounds 2f 

(bearing two pyrrole rings) and 2g (carrying to 2H-1,2,3-triazole rings) which are still unknown. To 

understand the role of the OH groups, pyrazole derivatives, without substituents at positions 1 and 4,6d (R = 

H) and 6e (R = CH3) have been calculated. 

R 

R 
f g 6 

@yr) (W 

Although in the case of derivatives 6 only the meso and d,l isomers are possible, for hydmquinones 2 

the two hydroxy groups introduce another problem of isomerism: depending on their orientation with regard to 

the azole rings them are three isomers which we have caged EE, ZZ and Ez: 

Ground state heats offormation. We have reported in Table 9 the energies of the different minima.The 

convention for what we have named d&outside and d,l-inside are represented below. 

HO OH HO OH 

d,l-outside d,l-inside 
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Table 9. Heats of formation (in kcal mol-*) of the minima corresponding to meso and d,f isomers of 

compounds 2b, 2c, 2d, 2e, 2f, 2g, 6d and 6e (after complete geometry optimization). In brackets, the dipole 

moment (ii D) 

Compound meso d,l 

EE zz F.2 EE zz Ez 

2b 63.14 [8.35] 59.08 [3.80] 61.04 [6.10] 62.49 [8.13]b 58.46 [3.42]b 60.39 [5.7816 
63.69 [8.48]c 59.54 [3.73]c 61.53 [6.11]c 

2c 110.03 [7.31] 106.76 [3.37] 109.04 [5.46] 110.39 [7.74]C 105.81 [2.87]c 107.76 [5.29]c 
2d 109.34 [4.85] 105.68 [2.20] 108.25 [3.08] 109.03 [3.46]b 104.53 [l.O9]b 106.67 [1.271b 

107.50 [4.82]c 105.12 [0.38]c 106.19 [2.57]C 
2e 80.81 [4.93] 76.04 [2.78] 77.97 [3.31] 78.98 [4.42]d 74.92 [0.79]d 77.28 [1.59]d 
2fa 50.34 [0.60] 50.34 [OAOI 
2ga 161.90 [2.24] 161.90 [2.24] 

_____________________________________________________________________________________~_~~~~________~-_~~~~~~~~~~~~~~~-~- ___________ 
6d 190.96 [3.68] 189.84 [0.88]b 190.18 [2.81]C 
6e 162.40 [4.01] 161.52 [1.77]d 

aIn these compounds, due to the CS symmetry of the azole, the meso and d,l isomers are identical (only the ZZ 
conformation was calculated); b With the nitrogen atoms (positions 2 or 3) outside; C With the nitrogen atoms 
(positions 2 or 3) inside; d In these cases, the azole ring is orthogonal and outside and inside are identical. 

The results of Table 9 can be summarized as follows: 

i) The d,l isomer appears always more stable than the meso one, although the differences are quite small. 

Considering only the most stable conformations, the differences amount to 2b 0.62, 2c 0.95,2d l.l5,2e 

l.l2,6d 1.12 and 6e 0.88 kcal mol-1. The most stable structures for compounds 2d and 2e are in agreement 

with those found in the solid state by X-ray crystal1ography.l For compound 2c we have isolated the meso 

isomer by column chromatography and the d,l by crystallization (although it contains methanol in the lattice, the 

loss of methanol by evaporation does not affect the isomerism); the only possible conclusion is that both forms 

are of similar energy. 

ii) The ZZ conformation is always the most stable, the EZ one lies about 2 kcal mol-1 higher, and the EE 

another 2 more kcal molt higher. In the solid state (X-ray structures), this conclusion is affected by HBs with 

the solvent of crystallization. The same problem is probably involved in solution depending on the HB donor or 

acceptor character of the solvent used. 

iii) The relative stabilities of the d,l-outside and inside conformations (remember that all the values of 

Table 9 are true minima) depends on the heterocycle: for 2b (mim) the outside (lone pairs far away) is the most 

stable; for 2~ (bzim) only the inside (benzene rings far away) can be calculated, the outside conformation is 

probably not a minimum; for 2d (pz) the stability depends on the conformation of the OH groups. 

Transition stare heats offormation. We have reported in Table 10 the energies associated with those 

transition states which we have been able to locate. The differences between the transition states and the 

minimum (the d,Z value of Table 9) correspond to the isomerization barriers. Since most of these heterocycles 
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lack a Cz axis, there are two different ways to be coplanar [for instance, for Zb, methyl group outside (H) and 

methyl group inside (Me)]. 

Table 10. Heats of formation (in kcal mol-1) of the transition states corresponding to compounds 2b, 2c, 2d, 

2e, 2f, 2g, 6d and 6e (after complete geometry optimization). In square brackets, the dipole moment (in 

Debye units) 

Compound Transition state Difference in kcal mol-1 between the 

transition state and the d,l minimum 

2b 77.18 [4.91] (H) 80.12 [5.28] (Me) 18.72 (H) 

is 

21.66 (Me) 
123.47 [4.81] (H) ______ (Bz) >> 25 (Bz) 
109.86 [6.07] (lp) 113.55 [5.58] (H) 9.02 (I-I) 

3; 
90.27 [3.07] (lp) 

‘K! &I; 
(94.34) (Me) 58.85 [2.47] (H) 1;:;; 

4:31 

# (19.42) (Me) 

2g 166.21 [2.47] (lp) (lp) 
____________________________________________________________________________________________________________________________________ 

6d 193.32 [3.50] 195.25 [2.36] (H) 
6e 

(lp) 5.41 (I-I) 
167.58 [3.50] (lp) 176.07 [1.75] (Me) 14.55 (Me) 

To discuss these barriers and also to verify their internal consistency we have assumed a very simple 

model: the origin of the barrier is the sum of the interactions between the ‘planar’ azole (represented only by its 

position 2’ and 5’) and the substituent at position 1 (an OH or an H) on one hand and the ‘perpendicular’ azole 

on the other. The interactions are, with regard to position 1: H/H, H/Ip (lone pair), I-I/Me, OH/H, OH/lp, 

OHiMe and OH/Bz; with regard to the ‘perpendicular’ azole ring: H/AZ, lp/Az and Me/Az (the interaction Bz/Az 

should be much too important to obtain a transition state, for this reason in Table 10 we have added >> 25 kcal 

mol-1). 2,3-Dipyrrolylbenzene 6f was taken as reference compound (H/Ii and H/AZ). The results of the 

multiple regression are: 12 values, 8 variables, r2 = 0.992. Constant = 7.5 (corresponds to 69, I-I/Ip = -2.9, 

H/Me = 1.8, OH/H = 2.6, OH/lp = 1.2, OH/Me = 11.5 and OH/Bz = 10.1; lp/Az = -4.0, Me/AZ = 10.7 (all 

values in kcal molt). With this equation the value 19.42 for compound 2e (isomerization by the methyl group) 

has been calculated and added between parentheses to Table 10. 

X=H,OH 

2’ = H, lp, Me, Bz 

5’ = H, lp, Me 
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Concerning the interactions with the substituent at position 1, the barrier is lower for H than for OH and 

the difference increases for bulky Me and Bz (fused benzene ring) groups. Thus, for hydroquinones, a methyl 

group or a fused benzene ring near the OH contributes significantly to the barrier (about 10 kcal mol-1). The 

order of bulkiness is: lone pair < H < fused benzene I methyl group. Concerning the other interactions, the 

order is lone pair (-4 kcal mol-I), H (0 by definition) and methyl group (10.7 kcal mol-I). A hydroquinone with 

two 2.5dimethylpyrryl substituents should have a barrier of about 30 kcal mo1-I and the meso and d,l isomers 

should be separable. 

Conclusion. We can summarize the experimental results with regard to the isomerism between the meso and 

d,l forms: in the solid state all these ortho-substituted hydroquinones exist as pure isomers: d,l for compounds 

2b, 2c, 2d and 2e, and additionally meso for compound 2c. When these compounds are dissolved, they 

evolve towards nearly 50:50 mixtures of meso and d,l forms. Two situations are possible: i) the barrier is 

relatively high and the evolution can be followed by NMR (that is the case of benzimidazole 2c, quite rapid, and 

of 2-methylimidazole 2b, mom slowly); ii) the barrier is lower and only average signals corresponding to both 

isomers are observed (case of pyrazole derivatives 2d and 2e). Although we have succeeded in obtaining meso 

and d,l conformational polymorphs only in the case of 2c, this does not exclude the existence of similar 

polymorphs for the other compounds since the differences in energy are always quite small. 

We consider that the barriers calculated using the AM1 Hamiltonian are a good approximation of the 

reality, perhaps not the absolute values, but certainly their relative order: 2d (5.02) < 2e (15.35) c 2c (17.66) < 

2b (18.72). 

Compound 2b. This compound in the solid state has been isolated as the d,f isomer. When dissolved, it 

evolves to an equilibrium mixture of 56% d.l-448 meso @AH = 0.14 kcal mol-I while the AM1 method lead to 

6A.H = 0.62 kcal mol-1). It takes half an hour to reach the equilibrium, that is between 15-20 kcal mol-l of 

activation energy, which is consistent with the AM1 calculated value (18.7 kcal mol-t, proton inside). 

Compound 2c. This compound in the solid state can be isolated either as a meso or a d,l isomer, i.e. it 

shows conformational polymorphism. In solution, both isomers evolve rapidly towards a 53:47 mixture of 

both isomers @AH = 0.07 kcal mol-1 while the AM1 method leads to 6AH = 0.95 kcal mol-t). In both cases, 

the equilibria are mom rapidly attained than in the preceding case, which corresponds to a slight decrease in the 

calculated barrier (17.7 kcal mol-1). 

Compound 2d. In the solid state, this compound exists as the d.1 isomer.1 In solution, the equilibrium 

should be rapidly attained (calculated 8AH = 1.15 kcal mol-1) but since the barrier is too low (8AI-I~ = 5.0 kcal 

mol-l), only averaged signals are observed. 

Compound 2e. This compound has been isolated in the solid state as the d,l isomer.1 We think that the 

solution 1H NMR spectrum corresponds to a rapidly equilibrating mixture of both isomers (calculated 8AH = 

1.12 kcal mol-1). However, the calculated activation barrier (8AHS = 15.4 kcal mol-1). seems too high to be 

consistent with the observation that the signals remain narrow even at 173 K in [%&nethanol (AH* S 10 kcal 

mol-l). We cannot exclude that only the d,l isomer is present in solution. 



12504 C. BSCOLASTICO et al. 

Experimental 

General. Melting points were determined in a capillary tube and are uncorrected. Column 

chromatography was performed on silica gel Merck 60 (70-230 mesh). The Rf were measured on tic aluminium 

sheets of silicagel 60 F254 (layer thickness 0.2 mm) with the eluent indicated in each case. 

IH and 1% NMR Spectroscopy. The 1H and 13C NMR spectra in solution were recorded on a Brulcer 

AC 200 instrument working at 200.14 and 50.32 MHz. Chemical shifts (6) are given from internal 

tetramethylsilane with an accuracy of 0.01 (for 1H NMR) and 0.1 (for 13C NMR) ppm. Coupling constants (_I) 

are accurate to f 0.2 and f 0.6 Hz, respectively. Tables 10 and 11 reports the 1H and 13C NMR spectra of 

imidazole derivatives, Tables 12 and 13 reports the 1H and t3C NMR spectra of benzimidazole derivatives. 

The 1H NMR solution spectra at 499.84 MHz (on a Varian UNITY-500 spectrometer) were collected in 

20800 data points over a 5490 Hz spectral width (1.9 s acquisition time) and zero filled to 32 K before Fourier 

transformation. Homonuclear lH( 1H) n.0.e.s were determined by means of n.0.e. difference technique using 

an irradiation time of 10 s and 20 Hz of decoupling power. Double-quantum filtered COSY 2D NMR spectra 

were acquired in the phase-sensitive mode. Data were collected in a 1024x256 matrix with a spectral width of 

910 Hz and 1 s of relaxation delay and then processed in a 1024x1024 matrix. 2D inverse proton detected 

heteronuclear shift cormlation spectra were obtained using the hmqc pulse sequence. Data were collected in a 

2048x512 matrix with a spectral width of 5490 Hz in the proton domain and 20000 Hz in the carbon domain, 

and processed in a 2048x1024 matrix. The experiment was optimized for one bond heteronuclear coupling 

constant of 180 Hz. The null time was empirically optimized at 300 ms. 

The 13C solid-state spectra of pure compounds have been registered on a Brulcer AC 200 spectrometer 

working at 50.32 MHz under conditions of CP (cross polarization) and MAS (magic angle spinning), using a 7 

mm Bruker DAB 7 probehead which achieves rotation frequencies about 3.5-4.5 l&z. The standard CP/MAS 

pulse sequence was applied with 7 ms tH-90’ pulse width, 3-5 ms contact pulses and 5 s repetition time, the 

spectral width being 20,000 Hz. All chemical shifts are given with respect to the spectrometer reference 

frequency which was calibrated by the glycine signal at 176.1 ppm. 

AM1 semiempirical calculations were carried out using the standard program implemented in the 

MOPAC 6.0 package.” The reported energies correspond to fully optimized geometries. Force constants 

matrices have been calculated in all cases to determine if the AHf values corresponds to minima or to transition 

states according to the number of imaginary frequencies. 

Synthetic procedures. 

Addition of imidazole to I,4-benzoquiaone. To a solution of I&benzoquinone (0.79 g, 7.31 mmol) in 

dioxane (5 mL) was added imidazole (0.497 g, 7.31 mmol). The reaction was stirred for 1 h at rt, and the 

solvent was evaporated in vacua. The 1H NMR spectrum of the reaction crude revealed the presence of 2- 

(imidazol- 1 '-yl)-1 Adihydroxybenzene (3 l%), 2,3-bis(imidazol- 1 ‘-yl)-1.4~dihydroxybenzene (28%) and 2.5- 

bis(imidazol- 1 ‘-yl)- 1Pdihydroxybenzene (41%). Pure compounds were isolated by chromatography using as 

eluent 8:2 dichloromethane/ethanol: 2-(imidazol-I ‘-yl)-1,4_dihydroxybenzene (la): (Rf 0.32) mp. 198-2OO’C 

(ethanol); IR (KRr) 3490-2900 cm-1 (OH), 2770-2080 cm-l (OH); MS, m/z 176 (100, M+); Anal. CgH8N2@; 

Calc. (%): C, 61.36; H, 4.58; N, 15.90. Found (%): C, 61.00; H, 4.54; N, 14.99.; 2,3-bis(imidazof-I ‘-y/j- 

I,4-dihydroxybenzene @a): (Rf 0.08) mp. 303-305°C (dimethylformamide) Lit. 302-305’W3 IR (KBr) 3296- 

2030 cm-l (OH); MS, m/z 241 (100, M+-1); 2,5-bis(imidazol-I ‘-yfJ-I,4-dihydroxybenzene (3a): (Rf0.03) 

mp. >350°C (dimethylformamide) Lit. 352-355’@2 IR (KRr) 3296-2080 cm-l (OH); MS, m/z 242 (100, M+). 
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Addition of 2-methylimidazole to I,4-benzoquinone. To a solution of 1Pbenzoquinone (2.63 g, 24.39 

mmol) in dioxane (40 mL) was added 2methylimidazole (2 g, 24.39 mmol). The reaction was stirred for 4 h at 

rt. An aliquot portion of the reaction mixture was evaporated to dryness and the analysis of the reaction crude by 

1H NMR revealed the presence of 2-(2’-methylimidazol-1 ‘-yl)-1,4dihydroxybenzene (lo%), 2,3-bis(2’-methyl 

imidazol-1’-yl)-1,4-dihydroxybenzene (85%) and 2,5-bis(2’-methylimidazol-l’-yl)-l,4-dihydroxybenzene 

(5%).The 2,3-bis-adduct (2b) precipitated from the reaction mixture and was collected by filtration. The solvent 

of the filtrate was removed under reduced ptesure and the residue purified by column chromatography using as 

eluent 7624 dichloromethane/ethaol: 2-(2 ‘-methylimidazol-1 ‘-ylJ-I ,4-dihydro&wnzene (lb): (Rf 0.55) mp. 

247-250°C (methanol) (dec.) ; MS, m/z 190 (100, M+); Anal. CloH1oN202; Calc. (%): C. 63.17; H, 5.26; N 

14.73. Found (96): C, 63.42; H, 5.46; N, 14.21.; 2,3-bis(2 ‘-methylimidazol-I ‘-ylJ-l,4-dihydroxybenzene 

(2b): (Rt 0.10) mp. >35O“C (dec.); MS, m/z 270 (100, M+); Anal. Ct4H14N402; Calc. (%): C, 62.21; H, 

5.22; N, 20.73. Found (8): C, 62.07; H, 4.95; N, 20.30. 

Addition of benzimidazole to I,4-benzoquinone. To a solution of 14benzoquinone (0.79 g. 7.31 

mmol) in dioxane (5 mL) was added benzimidazole (0.86 g, 7.31 mmol). The reaction was stirted under reflux 

for 5.5h. The reaction was cooled and the solvent was evaporated. The relative proportions of the formed 

derivatives were determined by tH NMR of the reaction crude: 2-(benzimidazol- 1 ‘-yl)-L4dihydroxybenzene 

(48%), 2,3-bis(benzimidazol-1 ‘-yl)-1,bdihydroxybenzene (32%) and 2,5-bis(benzimidazol-l’-y&1,4- 

dihydroxybenzene (20%). The crude product was purified by column chromatography using as eluent 84: 16 

dichloromethane/ethanol: 2-(benzimidazol-I ‘-ylJ-I ,4_dihydroxybenzene (1~): (Rt 0.5 1) mp. 246-248 ‘C: IR 

(KBr) 3500-3100 cm-l (OH), 2650-2120 cm-l (OH); MS, m/z 226 (100, M+); Anal. C13Ht&O2; Calc. (%): 

C, 69.02; H, 4.46; N 12.38. Found (%): C, 68.34; H, 4.45; N, 12.15.; 2,3-bis(benzimidazol-1 ‘-ylJ-1,4- 

dihydroxybenzene (2~): (Rf 0.12) mp 312-3 ‘C: IR (Kerr) 3340-2200 cm-* (OH); MS, m/z 342 (100, M+); 

Anal. C2oH14N402.H20; Calc. (%): C, 66.66; H, 4.48; N 15.55. Found (%): C, 66.76; H, 4.32; N, 15.51; 

2,_5-bis(benzimidazof-1 ‘-ylJ-I,4-dihydroxy benzene (3~): (Rf 0.21) mp > 350°C: IR (RRr) 3600-2200 cm-1 

(OH); MS, m/z 342 (100, M+); Anal. C2uH14N402; Calc. (96): C, 70.17; H, 4.12; N 16.36. Found (%): C, 

69.98; H, 4.05; N, 16.01. 

Addition of imidazole to I,4-naphthoquinone. To a solution of 1,4-naphthoquinone (3 g, 18.98 mmol) 

in dioxane (25 mL) was added imidazole (1.29 g, 18.98 mmol). The reaction was stirred under reflux for 5 h 

and the resulting precipitate was collected by filtration. (Yield 70%): 2,3-bis(imidazol-I ‘-ylJ-l,4-dihydroxy 

naphthalene (5a): mp. 231-235’C. Lit. >200 (de& MS, m/z 292 (37, M+), 224 (100, M-C3H4N2+). 

Addition of benzimidazole to I,4-naphthoquinone. To a solution of 1,4_naphthoquinone (3 g, 18.98 

mmol) in dioxane (20 mL), benzimidazole (2.24 g, 18.98 mmol) was added . The reaction was stirred under 

reflux for 10 h and the resulting precipitate was collected by filtration (Yield 65%). The filtrate was evaporated 

to dryness and the residue showed the presence of 2-(benzimidazol-1’-yl)-l&dihydroxynaphthalene (4c) [less 

than 5%, 1H NMR. 6([2He]DMSO): OH-l, 10.0; OH-4, 9.16; H3,6.77, H’L; 8.401, besides the unreacted 1,4- 

naphthoquinone and benzimidazole. The precipitate was crystallized in ethanol which affords pure 2,3- 

bis(benzimidazol-I ‘-yl)-1,4-dihydroxynaphthalene (5~) in the form of a ethanol solvate: mp. 243-247’C (dec.); 

MS, m/z 392 (67. M+), 274 (100, M-C7H6N2+); Anal. C~Hl&+@C2H50H; Calc. (%): C, 71.22; H, 5.06; 

N, 12.78. Found (96): C, 71.01; H. 4.96; N, 12.99. 
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Table 15. Crystal aualysia parameters~--. 

crystal data 

aemioalkmImla ww34% 2-30 
Mr 

a 6) 

b (A) 

z&3) 

12.79740 
c (A> 17.1898(10) 

t (A’) 
4 
1989.4(2) 

w;rvclcaeth (A) 1.5418 
0 forlaltioepnramcm(~) 2-45 
A=& on CQemcica (cm-‘) 7.44 

EgZELl) 
c!dorbaa 
0.10 x 0.33 x 0.83 

B (“1 
W) 
Dx Mb’) 

No.ofdectiomfor 
llmicepalamcrenl: 
TV W) 
w- 

Data collection 

Philipa PWllOO. four circle. Gmpbb oxiemed mamcromaor. 
lllhhfkdotl DstsaorV(o) 

txacctionme6lo6 avmm b(o) 
No. Of stmdard dkcdoms (iatuval) 2 (90 min.). No varhtioo scmwidth~ 
No. of indepmden rdectiom 1692 No. of obmmed refleuim b3m 

PCCR 
90 
90 
90 
136 
CnKa 

75 
2% 
PIilm 

1x1 
65 
1.5 
1402 

RefitWWlt 

Tlmmcntofhydrosmr --pprt Ra5mmmc Lemt~onFo.Fallmmix 
R 0.065 No. of pamuwcm m&xd 180 
WR 0.074 DegK!uoffmdaol 1222 
w)= @+‘A? 0.29 Ratiooffieubm 

~~~ttmma~vahe(A~ ;I;~l[ccl3)ldm6(3) 

Table 16. Final atomic coo- and vee(l~~~~i~~‘~~‘~~~~S~~~~~~Xl~ 

Atom X Y z Uecl Atan X Y X UUI 

0.3958(2) 0.2875(2) 
0.51333) 0.2378(2) 

Ez! :gg 
0.4413(31 
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Crystal Structure Determination of 2,3-bis(benzimidazol-I ‘-yl)-1.4-dihydroxybenzene (2~). Details of 

the X-ray analysis are given in Table 15. The crystal was sealed into a Lindemann capillary to prevent 

decomposition. The structure was solved by direct methods (SIR92)14 and refined by least-squares procedures 

on Fobs. The two halves of the molecules are related by a crystallographic two-fold axis. All hydrogens were 

obtained from difference Fourier synthesis and included in the refinement process as isotropic. The scattering 

factors were taken from the International Tables for X-Ray Crystallography.~5 In Table 16 are listed the final 

atomic coordinates and equivalent thermal factors for non-hydrogen atoms, according to the numbering scheme 

of Fig. la. The calculations were carried out with the XRAY80,le PESOS,17 and PARSTl8 set of programs 

running on a VAX6410 computer. 

Acknowledgements. Thanks are given to DGICYT of Spain for financial support (Project Number PB-90- 

0226~CO2 and PB90-0226~CO2), one of us (C.E.) is indebted to UNED for a grant and another (LA.) for a 

C.S.I.C. contract. 

References 

1 Catalan, J.; Fabero, F.; Guijarro, M.S.; Claramunt, R.M.; Santa Marfa. M.D.; Faces-Faces, M.C.; Cane. 

F.H.; Elguero, J.; Sastre, R. J. Am. Chem. Sot., 1990,112, 747. 

2 Ballesteros, P.; Claramunt, R.M.; Escol~stico, C.; Santa Marfa, M.D.; Elguero, J. J. Org. Chem., 1992, 

57, 1873. 

3 Claramunt, R.M.; Escolastico, C.; Santa Maria, M.D.; Lopez, V. An. Quim., sent for publication. 

4 Gauss, W.; Heitzer, H.; Petersen, S. Liebigs Ann. Chem.. 1972,764, 131. 

5 Oki, M. ‘Applications of Dynamic NMR Spectroscopy to Organic Chemistry’, VCH, Deerfield Beach, 

Florida, 1985, pp. 152-154; Willem, R.; Gielen, M.; Hoogzand, C.; Pepermans. H. ‘The Internal 

Rotation Dynamics of Polyaryl Compounds in Solution’ in ‘Advances in Dynamic Stereochemistry’ (IU. 

Gielen, Ed.), Freund Publishing House, Ltd. London, 1985, Vol. 1, pp. 207-285; Uncuta, C.; Chiraleu, 

F.; Gheorghiu, D.; Balaban, A.T. Rev. Roum. Chim., 1990,35, 323. 

6 Elguero, J.; de la Hoz, A.; Pardo, C. J. Gem. Sot. Perkin Trans. 2,1985,427. 

7 Dewar, M.J.S.; Zoebisch, E.G.; Healy, E.G.; Stewart, J.J.P. J. Am. Chem. Sot., 1985,107, 3902. 

8 Johnson, C.E.; Bovey, F.A. J. Chem. Phys., 1958,29, 1012. 

9 Emsley, J.W.; Feeney, J.; Sutcliffe, L.H. ‘High Resolution NMR Spectroscopy’, Pergamon Press, 

Oxford, 1965, Vol. 1, p. 595 (Appendix B). 

10 Hall, S.R.; Flack, H.D.; Stewart, J.M. ‘Xta13.2’, Ed. Univ. of Western Australia, Lamb: Perth, 

Australia, 1993. 

11 QCPE Program No. 455, Department of Chemistry, Indiana University, Bloomington, IN. 

12 Claramunt, R.M.; Sanz, D.; Boyer, G.; Catalan, J.; G. de Paz, J.L.; Elguero, J. Magn. Reson. Chem., 

L993.31, 791. 

13 Kouno, K.; Ogawa, Ch.; Shimomura, Y.; Yano, H.; Ueda, Y. Chem. Pharm. Bull., 1981,29, 301. 

14 Altomare, A.; Burla, M.C.; Camalli, M.; Cascarano, G.; Giacovazzo, C.; Gugliardi, A.; Polidori, G. 

SIR92, J. Appl. Crystallogr. 1994, in preparation. 

15 International Tables for X-Ray Crystallography, Kynoch Press, Birmingham, England,1974. 

16 Stewart, J.M.; Machin, P.A.; Dickinson, C.W.; Ammon, H.L.; Heck, H.; Flack, H. ‘The X-Ray 

System’, Technical Report TR-446, Computer Science Center, Univ. of Maryland, USA, 1976. 

17 Martinez-Ripoll, M.; Cano, F.H. ‘PESOS’, unpublished program. 

18 Nardelli, M. Comput. Chem. ,1983,7, 95. 

(Received in UK 17 January 1994; revised 13 September 1994; accepted 16 September 1994) 




