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Chemistry of Amidines. Part 4.' Analysis of Conformation for a Series of 
N'-Pyridylformamidines by l H NMR Spectroscopic, Molecular Mechanical 
and Semi-empirical Molecular Orbital Methods 

Ian D. Cunningham," Juan Llort and Luis MufiozS 
Department of Chemistry, University of Surrey, Guildford, UK, GU2 5XH 

The results of NOE measurements for a series of N'-pyridylformamidines and their conjugate acids 
have been interpreted with the aid of molecular mechanical and semi-empirical molecular orbital 
calculations. Conformations about the pyridyl-N,, and the C,-N,, bonds are determined by 
delocalisation of the N,, lone pair, dipolar interactions, steric interactions and, in the conjugate 
acids, long range interaction between the pyridyl N and the electron-deficient formyl H. 

While several papers in recent years have dealt with con- 
formation about the C-N,, partial double bond of amidines 
(R-N,,=C-N,,-) where rates of rotation are appropriate to 
variable temperature NMR analysis,, investigation of confor- 
mation about other amidine bonds, where rotation is faster, is 
more difficult. In a recent communication ' we have reported 
the use of NOE (Nuclear Overhauser Effect) for analysis of 
conformation about the pyridyl-Ni, (C2-Ni,) bond of N'-(2- 
pyridy1)-N,N-dimethylformamidines (1) and their conjugate 
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N 

H H' CH3 

i s  

acids in CDCl, and [2H6]DMS0. In this paper we wish to 
present some additional NOE results for these compounds and 
to consider a conformational analysis based on molecular 
mechanical (MM) and semi-empirical molecular orbital (SMO) 
calculations. NOE has been used to a rather limited extent for 
conformational analysis of small molecules 3*4 and while MM 
has been used to support NOE results it has so far found little 
use in analysis of amidines. Several papers6 report studies of 
amidines by ab initio or MNDO methods, but consider only 
relatively simple amidines, although a study of N-phenyl- 
formamidine is of relevance to our work.6C Protonated amid- 
ines have not been studied to any great extent by these 
met hods. 

Experimental 
The amidines were prepared as previously de~cribed.~ Spectra 
were run at 25 "C on a Bruker AC 300 MHz NMR spectro- 
meter. The conjugate acids were formed in situ by the addition 
of a slight molar excess of trifluoroacetic acid (TFA) to solutions 

t Present address: Departamento de Quimica Fisica, Universidad de 
Granada, Granada, Spain. 
1 Present address: Departamento de Quimica Pura y Aplicada, 
Facultad de Ciencias, Universidad de Vigo, Vigo, Spain. 

of the free amidine or by dissolving the free amidine in a 
D20/DCl solution the strength of which was calculated to give 
a slight molar excess of DCl. 

MM calculations were performed with the MM2(85) 
program, a PC version of MM2 Allinger MM program;8u 
parameters not available in this program were taken from the 
1987 version of MM2(87).8b 

SMO calculations were performed on the University of 
Surrey's MicroVax system using a locally modified version 90 

of the MOPAC package 9b with the AM1 9c hamiltonian. 

Results 
The 'H NMR spectra of the amidines and their conjugate acids 
involved in this study in D 2 0  have been described previously; 
spectra in other solvents were similar although 6 for Hf varied 
by up to 0.4 ppm and the separation of the NMe, signals was 
solvent dependent. 

NOE of Amidines and their Conjugate Acids.-The NOES for 
the various 'H signals were determined for the amidines, 1 (X = 
5-NO2, 5-C1, 4-CH3 and 5-CH,) in CDCl,, 1 (X = 5-N02, 
5-C1, H, 4-CH, and 5-CH3) and 2 in [2H6]DMS0 and 1 (X = 
5-Br, 5-C1, H, 4-CH3 and 5-CH3) in D20.  Some of these results 
have been presented in general terms previously,' but are shown 
in more detail in Table 1 where the signals being irradiated are 
in the vertical column and those receiving enhancement are in 
the horizontal rows; the figures quoted are percentage enhance- 
ments in the area under the peak relative to that for the 
unenhanced signal. Where a range is shown the trend is from 
the amidine bearing the most electron-withdrawing substituent 
to that bearing the most electron-donating. Results for the 
conjugate bases 3 and 4, of 1 and 2 respectively, in the same 
solvents with added TFA or DCl are given in Table 2. 

In D,O small enhancements were observed for the H,/H3 
pair for most 1, although in this solvent the Hf signal is very 
close to the H6 signal. For all 1 in [2H6]DMS0 and D20 (and 
for the 5-NO2 amidine in CDCl,) the low field methyl signal of 
the NMe, pair showed a larger enhancement than did the high 
field signal upon irradiation at H,, with the difference decreasing 
as X becomes more electron-donating from 3% and 0% (X = 5- 
NO2, [2H6]DMSO) to almost 1% and 1% (X = 5-CH3, D20). 
Complementary behaviour was observed on irradiation at each 
methyl signal; as X was made more electron-donating (particu- 
larly in D20)  irradiation of one resulted in partial, but in- 
creasing suppression of the other. For 3 the results of the NOE 
experiments were complex in that small enhancements of H3 
were observed on irradiation of H, (and vice uersa) to an extent 
depending on solvent and substituent. In CDCl,/TFA a mutual 
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Table 1 Nuclear Overhauser enhancements for selected signals for amidines 1 in CDCl,, ['H,]DMSO and D20 ,  and for amidine 2 in ['HJDMSO 

1 in CDC1, 
Hf H3 N-CH, (a)a.c N-CH, (b) b ~ c  

Hf 
H3 

0 - 
- 0 

1 
0 
- 8 + 1  0 N-CH, (a) 

N-CH , (b) b*c 

1 in [2H,]DMS0 

Hf 

N-CH, (b) 

H3 
N-CH, (a) 

1 in D 2 0  

H f 
H3 
N-CH, (a) 
N-CH 3 (b) 

2 in [2H6]DMS0 

Hf 
H2 
H6 
N-CH, (a) 
N-CH, (b) 

Hf 
- 
0 
8 + 1  
0-7 

Hf 
- 

1-3 

12 * 4d 

Hf 
- 

4 
3 

12 

H3 
0 

0 
0 

- 

H3 
1-3 

0 

- 

H2 
6 
- 
- 

0 

N-CH, (a) 
3-1 
0 
- 
- 

N-CH, (a) 
3- 1 
0 
- 

H6 
3 
- 

- 

0 

N-CH, (b) 
0-1 
0 
- 
- 

N-CH, (b) 
2-1 
0 

N-CH, (a) N-CH, (b) 
1 1 
0 0 
0 0 

Low field methyl singlet. High field methyl singlet. Signals insufficiently resolved. See text. 

Table 2 Nuclear Overhauser enhancements for selected signals for protonated amidines 3 in CDCIJTFA, [2H,]DMSO/TFA and D,O/DCl, and 
for 4 in [12H,]DMSO/TFA 

3 in CDCl,/TFA 
H +  
Hf 
H3 
N-CH , (a) 
N-CH 3 (b) 

3 in C2H,]DMSO/TFA 

3 in D,O/DCl 

4 in C2H,]DMSO/TFA 

H f 
- 
- 

0-1 
6 + 1  
0 

H3 
0-3 

0 
0 

- 

H3 
1-6 

0 
0 

- 

H2 
7 
- 
- 

0 
0 

H3 N-CH, (a) N-CH, (b) 
1-3 0 1 
0-1 2 0 

0 0 
0 
0 

- 

- - 
- - 

N-CH, (a) N-CH, (b) 
1-2 0 
0 0 
- - 

N-CH, (a) N-CH, (b) 
2-5 0 
0 0 

H6 N-CH, (a) N-CH, (b) 
3 3 0 

0 0 
0 0 

- 
- 

- - 0 
0 - - 

a Enhancement was difficult to measure due to variable peak width; values 

enhancement of < 1% was observed only for 3 (X = 4-CH3); in 
C2H,]DMSO/TFA small enhancements of < 1% for this pair 
were seen for most 3 (except for X = NO,) with a value of 3% 
for 3 (X = 4-CH3), while in D,O/DCl larger enhancements 
were observed for all 3 with 6% for X = 4-CH3. 

In contrast to the amidines 1 mutual NOES between H, and 
the low field NMe, methyl signal only were observed, and (in 
CDCl,) between 'H+' and the high field methyl signal 
only. 

were <8%. 

Molecular Mechanics Calculations.-An MM calculation was 
performed on the two co-planar structures la and 1s (X = H) 
and on the analogous structures 2a and 2s. For the amidine 1 
the calculations give the anti conformer l a  as the more stable 
by over 14 kJ mol-'. The calculations are most appropriate to 
a gas phase analysis, but changing the relative permittivity in 
the calculation to simulate a more polar (solution-like) environ- 
ment reduces the difference to less than 8 kJ mol-'. The MM 
calculations identify a steric interaction between H3 and H, in 
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Table 3 Summary of MOPAC calculations for the structure 1,3a, 3s, 5a and 5s 
~ ~ 

1 3a 3s a 5a 5s 

AH an t i-sy n 
/kJ mol-' 
AHf3a-5s 
/kJ mol-I 
AHf 1 -3a 
/kJ mol-I 

bond order 

bond order 

bond order 

dihedral angle 

distancelh. 
H3-H+ 
distance/A 

C2-Nim 

Nim-G 

Cf-Nam 

C3-C2-Njm-C, 

H3-Hf 

- 15.8 & 1.1 

3 1.5-6.0 - 

608-554 

1 .lo-1.05 0.95 k 0.01 

1.71-1.61 1.31-1.36 

1.17-1.10 1.44-1.38 

174 k 1" 180 i- 1" 

4.63 k 0.01 4.65 & 0.01 

- 2.36 f 0.01 

-3.6 & 0.9 

- - 31.54.0 

- - - 

0.94 & 0.01 1.31-1.21 1.30- 1.20 

1.33-1.37 1.34-1.44 1.34-1.43 

1.43-1.39 1.42-1.34 1.42-1.34 

50 3" 160 & 3" 18 k 2" 

2.41 f 0.05 4.56 k 0.03 2.16 f 0.05 

3.62 & 0.02 - - 

a No data for 5-CH30-substituted compound. 

1s resulting in the C3-C2-Ni,, C2-Ni,-C, and Ni,-Cf-Hf 
bond angles being 125", 124" and 125", respectively. A similar 
interaction between an ortho-H and CH, has been proposed for 
phenylacetamidines.2d 

Calculations on the two conformers 2a and 2s give a differ- 
ence in energy of only 0.25 kJ mol-' and variation of the relative 
permittivity makes little difference to this value. 

The structures generated by MM give the HrH3 distance in 
Is, the HrH6 distance in 2s, and the HrH2 distance in 2a as 
2.10 A, and the distances between the same hydrogens in la, 2a 
and 2s, respectively, as 4.60 A. 

Semi-empirical Molecular Orbital Calculations.-The calcu- 
lations were performed using the MOPAC program for the 
amidines 1 bearing substituents 5-N02, 4-N02, 5-Br, 4-Br, 5-C1, 
4-C1, H, 5-CH3, 4-CH3, 5-CH30 and 4-CH,O on the pyridine 
ring. For each compound only the anti conformer la  was 
considered and the results are collected in Table 3; where a 
range of values is shown, a steady trend from the most electron- 
withdrawing to the most electron-donating is implied, while a 
single figure implies a constant value within the confines of the 
stated standard deviation. The calculated structures are essen- 
tially planar; in particular we note that the bond order about the 
C2-Ni, bond is > 1  with the C3-C2-Ni,-Cf bond angle 
calculated to be 174". 

The calculations were performed for the protonated amidines 
bearing the same substituents. For each substituted amidine 
four structures were considered: namely the syn and anti Ni,- 
protonated amidines, 3s and 3a, respectively, and the syn and 
anti Npy-protonated amidines, 5s and 5a, respectively. For all 
compounds the Nim-protonated anti form, 3a, was calculated 
to have the lowest enthalpy of formation; in particular, the 
difference between the anti conformer 3a and the syn 3s is 13.6- 
17.6 kJ mol-I (with no clear trend evident) over the range of 
compounds studied. 

The relevant results are collected in Table 3 and the geometries 
resulting from calculations on structures 31 and 3s for the 
unsubstituted amidine (X = H) are shown in Fig. 1 along with 
relevant bond angles, bond lengths and interatomic distances. 

Some of the entries in Table 3 can be compared with 
experimental data. For example, the CiNMe2 bond orders 
appear appropriate given the known rotational barriers.2" The 
calculation of the Ni,-protonated form as being more stable 
than the Npy-protonated form is in agreement with our find- 
ings; further, a good correlation (r = 0.999, n = 6) is obtained 
when the pK, values7 for the amidines analysed by NMR 

H CH, 
0. \ I- * 

'('$ CH3 
X TN C-N\' 

H 
H 

3a 
H H' CH3 

3s 

5a 59 

spectroscopy in this study are plotted against the difference 
in the heat of formation between 321- and 1 [AHfJp-L)] 
(Table 3). 

Discussion 
Amidinex-The NOE results with respect to conformation 

about the C2-Nim bond have been discussed in an earlier 
paper; they show that conformation l a  is favoured in all cases 
and this was rationalised in terms of dipole repulsion.' The MM 
and SMO results also predict l a  as the more stable, with the 
MM suggesting an additional, steric, destabilisation of 1s and 
SMO calculations giving a co-planar pyridine ring and amidine 
system. This contrasts with the case of N-phenylformamidine 6c 

where the twist angle of the phenyl group has been calculated to 
be 123", presumably owing to the steric interaction between the 
Hf and the phenyl ortho-hydrogens. In contrast to results in 
CDCl, and C2H6]DMS0, the evidence in D 2 0  of a H,/H3 
interaction suggests an increased proportion of the syn 
conformation 1s. In this more polar solvent dipole effects are 
likely to be less significant, reducing the energy difference 
between syn and anti (as modelled by MM). In addition, there 
is evidence from our work2" and that of others2' that 
delocalisation of the NMe, lone pair is reduced in D 2 0  and this 
may, in turn result in a relatively low degree of C2-Ni, double- 
bond character in D20. With respect to rotation about the Cr 
N,, bond, the relative strengths of the interaction between Hf 
and the low and high field methyls (Table 1) are related to the 
rate of rotation, with a AG * value of about 68 kJ mol-' (X = 5- 
CH,) resulting in equal NOES for both methyls and a AG t of 
about 79 kJ mol-' (X = 5-NO2) 2a resulting in an NOE for one 
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3s 

H 
\1.13 2" 

."\ CH3 

3a 

Fig. 1 Calculated structure for 3a and 3s 

analysis does not preclude a contribution from a small amount 
of N,,-protonated form particularly for compounds bearing 
suitably positioned electron-donating groups. 

The specificity of the various NOEs involving H,, H +  and 
CH, reflects the much higher barriers for rotation about the Cf- 
NMe, bond in the protonated amidines relative to the free 
amidine. The MO calculations also reflect this in terms of 
greatly increased bond orders relative to the unprotonated 
amidines (Table 3). 

Conclusions 
Our NMR, MM and SMO analysis shows that the amidines 
exist predominantly in the anti form la  because of C2-Ni, 
partial double-bond character, the need to minimise the dipole 
moment, and the need to avoid a H,/H3 steric interaction. For 
the N,,-protonated amidines 3 an additional factor is the 
stabilisation provided by a long range interaction between the 
N,, lone pair and the electron-deficient H,; this effect may be 
reduced in more polar solvents and electron-donating groups 
may introduce a contribution from the N,,-protonated syn form 
5s. Restricted rotation about C,-NMe, bond in both free and 
protonated amidines is reflected in the unequal NOE inter- 
action of H, with each methyl group; for the amidines the NOEs 
can be related to barrier height. 

We believe that the present study, involving amidines, can be 
a model for other compounds where changes in chemical and/or 
biological activity are associated with conformational change 
due to the effect of substituent or solvent. only. The differential NOEs allow the assignment of the lower 

field methyl singlet to that group nearer H,. 

Protonated Arnidines.-The MO calculations (most approp- 
riate to gas phase) show the anti conformer of the Ni,- 
protonated amidine 3a to be more stable than the syn 3s and the 
NOE results are in agreement with this to the extent that the 
H,/H3 interaction, likely to be strong for the syn conformer 3s, is 
absent or small for the least polar solvent CDCl,. MOPAC 
calculates the C2-Ni, (pyridyl to Nim) bond order in both Nim- 
protonated forms 3 to be less than 1 (typically 0.95) for all 
substituents. This implies that conformation about the C2-Njm 
bond is controlled by factors other than partial double-bond 
character. It seems clear that the H3/H, steric interaction will 
destabilise the syn form 3s and consideration of the figure shows 
that MOPAC calculates it to be far from planar. However even 
when twisted out of plane by 51" the structure is still less stable 
by some 13 kJ mol-' than the anti form 3a which has been 
calculated to be planar and which appears to be favoured over 
all others, planar or non-planar. MOPAC calculates the H, in 3 
to be highly electron-deficient (excess charge 0.25 compared to 
0.27 for 'H+' of N,,-H) and, therefore, we propose that a small 
stabilisation of the anti conformer 3a arises from interaction of 
H, with the pyridine lone pair despite the calculated distance 
between this N and H, of 2.44 A. 

The small increase in the H,/H3 NOE on going from CDCl, 
to the more polar C2H,]DMS0 and D20 suggests a decrease in 
the predominance of conformer 3a; we explain this as resulting 
from suppression of the above interaction as the electron- 
deficient H, becomes solvated. 
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work we used a linear free energy relationship to propose that 
the site of first protonation for the amidines 1 is Nim; that 
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