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In a recent publication' NMR spectroscopic conformation analysis of 2-methoxy-1,3-dimethyl- 
hexahydropyrimidine was reported. The results were interpreted in terms of dipole repulsions 
and the author's claim to have proven that anomeric effects are in general not due to hypercon- 
jugation. Various conformers of hexahydropyrimidine (11, 2-hydroxypiperidine (21, and 2-hydroxy- 
hexahydropyrimidine (3) were therefore optimized at the HF/6-31G* level, and the wave functions 
were analyzed with the NBO method. In agreement with experiment, theoretical results predict 
that anomeric effects are attenuated when compared to oxygen systems. This, however, is due to 
repulsions between parallel 0-H and N-H bonds which destabilize the axial conformer with the 
strongest hyperconjugative interactions. Relative energies do not correlate with total dipole 
moments and are inconsistent with the dipole repulsion model. We thus confirm earlier conclusions 
that anomeric effects are due to charge back donation from lone pairs rather than dipole repulsions. 

Introduction 

The discussion about the origin of the anomeric effect 
is nearly as old as the term anomeric effect itself.2-6 The 
first explanation for the anomeric effect, namely the 
unexpected preference of sugars for the sterically more 
crowded axial anomer, was offered by Edward in 1955.7 
He pointed out that electrostatic repulsive forces between 
the dipole due to the ring oxygen lone pairs and the 
exocyclic oxygen might be responsible for axial prefer- 
ences (Scheme 1). This rationalization became to be 
known as "rabbit ear effectm8 and is still favored by 
several research groups.',g 

In 1964 Altona and Romers'O," came up with an 
entirely different rationalization. They observed that 2,5- 
dichloro-1,4-dioxanes (Scheme 2) have unusually long 
exocyclic C-Cl bonds and unusually short endocyclic 
C-0 bonds and suggested that in axial, and only in axial 
conformations, oxygen lone pairs may delocalize into 
antibonding C-C1* orbitals (Scheme 3). This was as- 
sumed to account for the observed geometry distortions 
and for stabilizations of axial conformers. This inter- 
pretation is supported by analyses of ab initio wave 
functions such as the PMO," NB0,'-14 and Bader 
analysis.I2 Later Altona et al.I3-l6 favored a different 
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interpretation. They constructed anomeric systems from 
transferable group orbitals and discovered that the 
correct SCF-energies could only be reproduced by allow- 
ing for interactions between the nonorthogonal group 
orbitals. The resulting nonadditive energy contributions, 
however, were absorbed in interference rather than 
charge transfer terms. We are content that PMO, NBO, 
and Altona's analyses reflect the same physical effect. 
Whatever type of orbitals is employed to represent the 
electronic distribution, quantum chemical mixing results 
which leads to  a slight double bond character of the C-0 
donor bond and a weakening of the acceptor bond. 
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In order to test the dipole repulsion model and the 
hyperconjugation hypothesis independent of energy de- 
composition schemes, we optimized axial and equatorial 
conformations of 2-hydroxy-l,3-dioxane and compared 
them to the corresponding structures of 2-hydroxytet- 
rahydropyran (Scheme 4).13 The idea was that the 
presence of a third oxygen might attenuate axial prefer- 
ences due to hyperconjugation since the ring oxygen can 
now also engage in PO - O*C-O interactions within the 
ring and the exo-anomeric effect which favors equatorial 
conformations might be increased. Dipole repulsions, 
however, would still favor the axial form. At HF/6-31G* 
2-hydroxy-1,3-dioxane actually prefers the equatorial 
conformation by 0.5 kcdmol. At the same level of theory 
2-hydroxytetrahydropyran favors the axial form by 1.3 
kcal/mol. The equatorial preference of 2-hydroxy-l,3- 
dioxane thus provides evidence against the dipole repul- 
sion model. NBO analysis confirms that the equatorial 
preference of 2-hydroxy-1,3-dioxane is due to hypercon- 
jugation, i.e. an enhanced exo-anomeric effect in the 
equatorial conformer compared to 2-hydroxytetrahydro- 
pyran. (Theoretical and experimental investigations 
show that 2-methoxy-1,3-dioxane prefers the axial con- 
formation. NBO analysis, however, indicates that this 
axial preference is not due to hyperconjugation.) 

In a recent experimental study Perrin et al.' attempted 
to assess the relative importance of hyperconjugative 
effects and dipole repulsions by replacing the ring oxygen 
by nitrogen (Scheme 5). This leads to a decrease of dipole 
repulsions while nN - c P - 0  interactions are expected 
to be stronger than PO - U*C-O interactions. Therefore 
these authors argue that if dipole repulsions are more 
important, the anomeric effect should decrease, and if 
hyperconjugation is more important, the anomeric effect 
should increase compared to 2-methoxy-l,3-dioxane. 
Since no increase in axial preference was observed, they 
concluded that hyperconjugation is not responsible for 
anomeric effects. 

Unfortunately, Perrin et al. employed 2-methoxy-l,3- 
dimethylhexahydropyrimidine for their investigation 
rather than a 2-substituted piperidine. Since hypercon- 
jugative interactions in the oxygen analogs 2-hydroxy- 
and 2-methoxy-l,3-dioxanes favor equatorial conforma- 
tions, the hexahydropyrimidine system might not be the 
ideal model for that kind of investigation. Furthermore, 
significant steric interactions are to be expected in 
2-methoxy-l,3-dimethylhexahydropyrimidine. Perrin et 
al. discuss steric interactions and state that van der 
Waals repulsion in the axial conformation is relieved by 
rotation about the C-0  bond. C-0  bond rotation, 
however, attenuates the (exocyclic) PO - U*C-N interac- 
tions. Such a competition between steric and hypercon- 
jugative effects actually leads to the equatorial preference 
of 2-amin0tetrahydro~yran.l~ Although it is an interest- 
ing proposal to test the relative importance of hypercon- 
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jugative and electrostatic effects by replacing oxygen with 
nitrogen, the evidence presented by Perrin et al. that 
anomeric effects are due to dipole repulsions is not 
convincing. We therefore reinvestigated conformational 
equilibria of nitrogen systems theoretically and tried to 
avoid excessive steric effects by employing hexahydro- 
pyrimidine (11, 2-hydroxypiperidine (21, and 2-hydroxy- 
hexahydropyrimidine (3) (Scheme 6). 

Methods 

All geometry optimizations and energy evaluations 
were carried out at HF/6-31G* with GAUSSIAN 92.14 Gas 
phase calculations are appropriate for this study since 
anomeric effects are intrinsic molecular properties and 
since axial-equatorial equilibria are hardly influenced 
by unpolar  solvent^.^ In polar solvents anomeric effects 
de~rease.~ This, however, is not of interest in the present 
context. It has been shown in numerous studies that 
experimental results for anomeric equilibria are repro- 
duced quite accurately at the HF/6-31G* level while 
smaller basis sets tend to overestimate axial prefer- 
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inclusion of ZPE corrections together decrease axial 
(increase equatorial) preferences by 0.5-1 kcaUmo1. 
Correlation effects at the MP2 level were shown to vanish 
with sufficiently large basis sets whereas MP2 corrections 
with the 6-31G* basis set increase axial preferences.13 
Correlation effects with the 6-31G" basis set are thus 
artifacts and were not included in the present study. 

NBO analyses were also carried out with Gaussian 92. 
Hyperconjugative energy contributions were computed 
with the NBO deletion p r o c e d ~ r e . ~ ~ - ~ ~  We designated 
total SCF energies as Etot, energies obtained after dele- 
tion of all off-diagonal Fock matrix elements with Ekw, 

and delocalization energies as &el (J?&el= Etot - ELw). &el 

thus incorporates all possible orbital interactions. Al- 
though the familiar ny-a*c-x interactions are the domi- 
nant terms, smaller interactions of lone pairs with C-H 
and C-C antibonds as well as bond-antibond interac- 
tions also contribute. These smaller interactions lower 
the energy differences due to the absence and the 
presence of ny-a*c-x interactions considerably. In ad- 
dition ny-8c-x interactions depend crucially on the 
overlap between donor and acceptor and are thus influ- 
enced by subtle geometry differences between the various 
conformers. Counting the number of interactions of a 
certain type and adding up stabilizing energy contribu- 
tions therefore provides a very crude guess only and can 
well be off by several kcaUmo1. The interplay between 
various orbital interactions was discussed in more detail 
p rev i~us ly .~~  

 EL^^ includes all energy contributions apart from 
delocalization effects. These are, in particular, steric, and 
electrostatic effects which cannot be separated with the 
NBO method. Note that electrostatic contributions to the 
Lewis energy are explicitly calculated electron-electron 
repulsions, nuclear-electron attractions, and nuclear- 
nuclear repulsions. These have to be distinguished from 
electrostatic repulsions as obtained from the dipole 
repulsion model which evaluates repulsions between 
bond dipoles classically. In addition Lewis energies are 
influenced by geometry changes induced by orbital 
interactions since geometries are not relaxed after the 
deletion procedure. Large individual orbital interactions 
which cause, for instance, a certain bond angle to widen 
lead to higher Lewis energies. We did not reoptimize the 
geometries after the deletion procedure since these 
energy increases have to be overcome to achieve larger 
stabilizition and should therefore be included. Interpre- 
tation of the Lewis energies is thus not completely 
straightforward. 

Since it has been proposed that gas phase energies are 
lower for conformers with lower dipole moments , l~~~ we 
also cite dipole moments for all structures. 

Salzner 

Table 1. Relative Energies (Ere[), Relative Energies after 
Removal of Hyperconjugative Interactions  EL^^), 

Contributions from Hyperconjugation @del) to the Total 
Energy Differences, and Dipole Moments (Dip) for ea, aa, 

and ee Conformers of Hexahydropyrimidine (1) 
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l ea  0.0 0.0 0.0 1.33 
1 aa 0.16 4.07 -3.91 1.78 
l e e  2.95 1.20 1.74 2.03 

Results 
Hexahydropyrimidine (1). Hexahydropyrimidine, 

1, was optimized in three conformations which differ by 
the orientation of N-H bonds: axiaUaxia1 (aa), equato- 
riaUaxia1 (ea), and equatoriaUequatoria1 (eel (Figure 1). 
Conformation lea  was fully optimized in C1 symmetry 
and l aa  and lee  in C,. Relative energies and NBO 
results for 1 are summarized in Table 1. The lea and 
the l aa  conformers are close in energy and significantly 
more stable than the lee form. This ordering is contrary 
to what would be expected according to the VSEPR 
model. Since lone pairs require more space than bond 
pairs according to VSEPR, the relative energies are 
predicted to increase in the ordering laa  < lea  < lee. 
The dipole repulsion model correctly places lee with two 
axial nitrogen lone pairs highest in energy. If it is 
assumed that the polar N-H bonds also cause dipole 
repulsions but that these are smaller than those between 
the lone pairs, l aa  were lowest in energy. The similar 
energies of lea and l aa  can thus be rationalized by 
additional 1,3-diaxial steric repulsions between the axial 
N-H bonds in laa. The relative energies also correlate 
roughly with the total dipole moments. However, the 
dipole moments increase smoothly by about 0.5 D for lea 
< l aa  < lee while the total energies of lea  and l aa  are 
almost identical and much lower than that of lee. 

The NBO energy decomposition suggests a different 
interpretation. In the lee conformation the nitrogen lone 
pairs are antiperiplanar with the adjacent axial hydro- 
gen. In the laa  conformation both nitrogen lone pairs 
are antiperiplanar with the adjacent C-N bonds. Since 
nN-a*c-N interactions are stronger than nN-a*c-H inter- 
actions, a preference due to hyperconjugation for laa  over 
lea and lee results. This is borne out in the NBO 
deletion energies (Edel in Table 1).  EL^^ in line 2 of Table 
1 shows that after removal of the hyperconjugative 
energy contributions l a a  is highest in energy. This 
points to repulsions between the N-H bonds. Thus, 
according to NBO analysis dipole repulsions between the 
lone pairs are much smaller than repulsions between the 
N-H bonds and do not explain the relative energies of 
1. The similar energies of l aa  and lea then result as a 
compromise between avoiding repulsions and maximizing 
hyperconjugative stabilization. The high energy of lee 
is due to attenuated hyperconjugative effects. 
2-Hydroxypiperidine (2). For 2-hydroxypiperidine, 

2, twelve conformations arise due to combination of 
different 0-H rotamers in axial and equatorial forms 
with axial and equatorial conformations of the N-H 
bond. Eleven of these conformations could be optimized 
and are shown in Figure 2. We designate the axial and 
equatorial orientations of the 0-H group with capital 
letters (A and E), and the conformation of the N-H bond 
with small letters (a and e). The indices specify the C-0 
bond rotamers. The missing structure (2&a) is not a 
stationary point on potential energy surface. All con- 
formers of 2 are optimized in C1 symmetry. Table 2 
summarizes the results. 
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Figure 1. HF/6-31G* optimized structures and relative energies (in kcallmol) of hexahydropyrimidine (1) conformers. 

Table 2. Relative Energies (&.I), Relative Energies after 
Removal of Hyperconjugative Interactions H EL^.,), 

Contributions from Hyperconjugation (Edrll to the Total 
Energy Ilifferences, and Dipole Moments (Dip! for 

Various ('onformers of 2-Hsdroxypip~ridin~~ (2) 

3.78 2.55 1.23 2.48 
2E2a 4.84 4.17 0.66 2.61 
2E3a 5.20 6.33 -1.14 2.94 
2A2, 5.64 3.97 1.66 2.63 

Two equatorial conformers, 2E3e and 2Ela, are lower 
in energy than the most stable axial form, 2Ale. Thus 
in contrast to  2-hydroxytetrahydropyran, 2-hydroxypip- 
eridine 2 does not show an anomeric effect! The relative 
energies for 2 do not correlate with total dipole moments. 
On that hasis 2Ale would he lowest in energy. Dipole 
repulsions are larger in equatorial structures than in 
axial forms. However, dipole repulsions between equato- 
rial lone pairs and equatorial OH are expected to he 
larger than between axial lone pairs and equatorial OH 
as indicated in Scheme 7. 

Thus the dipole repulsion model predicts equatorial 
structures with axial N-H (Ea) bonds to  he higher in 
energy than equatorial forms with equatorial N-H (Eel. 
Neither an axial preference nor a preference for 2Ela over 
2E3e is computed for 2. Thus, dipole repulsions involving 
N are either greatly attenuated compared to those 
involving 0' or they are not related to conformational 
preferences. 

The 2Ale and 2Ele conformers correspond to the lowest 
energy structures AI and El of 2-hydroxytetrahydropyran 

Scheme 7 

OH O H  
Ae Aa 

0 Y 
mN;n ":H 

Ea Ee 

(2-OH-THP). The energy difference between these two 
conformers amounts to 2.94 kcallmol in favor ofthe axial 
conformer. The axial preference of 2-OH-THP is only 1.3 
kcaWmol at  the same level of the01y.I~ Comparison 
between the 2Aze and 2Eze pair also shows a substantial 
axial preference, 2.47 kcaVmo1. Thus energy differences 
between corresponding conformers of 2 and the oxygen 
analog show that axial preferences are increased when 
the ring oxygen is replaced hy nitrogen. The lowest 
energy structure, 2E3e, however, differs from 2Ale not 
only in the conformation a t  the anomeric carbon, it also 
differs in the orientation of the N-H bond. This will he 
discussed below. When the N-H bond is in the axial 
position and the lone pair is thus no longer antiperiplanar 
with the C-0 bond, no axial preference is computed 
2Ela is 0.30 kcaVmol more stable than 2Ala and 2E2a is 
0.80 kcallmol more stable than 2Aza. 

Rotating the OH bond by -120" (2Ale - 2A2e) attenu- 
ates the exo-anomeric effect hut increases the energy only 
by 0.15 kcdmol. This findmg corresponds to the "reverse 
anomeric effect" in 2-(methylamino)tetrahydropyrans5 
and 2-amin~tetrahydropyran'~ and to the absence of 



990 J. Org. Chem., VoZ. 60, No. 4, 1995 Salzner 



Origin of the Anomeric Effect 

gauche preferences of the OH group in aminometha- 
n0151,56 and of the OMe group meth~xymethylamine.~~ 
Carballeira15J6 found normal anomeric effects in the 
N-C-0 moiety, but these authors employed unpolarized 
basis stets which overestimate anomeric effects. Booth 
and Khedhail.55 attributed the “reverse anomeric effect” 
in 2-(methy1amino)tetrahydropyran to a competition 
between N and 0 for the electronegativity of the anomeric 
carbon atom. Krol et al.57 concluded that it remains 
unclear whether the “reverse anomeric effect” is a result 
of electronic or steric interactions or both. Figure 2 shows 
that the 0-H and the N-H bonds are aligned in the 2Ale 
conformer. In the 2A2e conformer 0-H is aligned with 
a C-H bond. Since the C-C bond is longer than the 
C-N bond (1.527 A vs 1.438 A), smaller repulsions are 
expected. Thus the absence of an exo-anomeric effect for 
the 2Ae conformers might well be due to a relief of steric 
strain at the expense of hyperconjugative stabilization 
in 2A2e compared to 2Ale. The presence of repulsions 
in 2Ale is also indicated by the distortion of the N-C- 
0-H dihedral compared to that in 2Ala (-61.7’ vs 
-46.2’). In agreement with prior  investigation^^^,^^,^^ 
2Ala shows a normal exo-anomeric effect. The energy 
difference between 2Ala and 2Aza is actually quite large, 
4.65 kcal/mol. 

The difference between the 2Alel2A2e and 2Ald2Aza 
pairs can be rationalized in two ways: Firstly, since there 
is no endo-anomeric effect in 2Ala because the N-H bond 
is oriented axial, there is no competition between endo- 
and exo-anomeric effects in this conformer. The prefer- 
ence for 2Ala is thus in line with the exo-anomeric effect. 
Secondly, in contrast to the 2Alef2Aze pair, 2Ala is 
favored over 2Aza since no repulsions exist between 0-H 
and N-H in 2Ala but between 0-H and C-H in 2A2a. 
The large energy difference between 2Ala and 2A2a 
probably results as a sum of decreased hyperconjugative 
stabilization and repulsions between 0-H and C-H 
bonds in the latter. 

Comparison of the energy differences between the 
equatorial structures 2Ele and 2E2e as well as 2Ela and 
2E2a finally allows one to decide whether a competition 
between hyperconjugative interactions exists or whether 
the “reverse anomeric effect” is simply due to repulsions 
between 0-H and N-H bonds. In equatorial conforma- 
tions there is no competition between endo-anomeric and 
exo-anomeric effects since the C-0 bond is not anti- 
periplanar to the nitrogen lone pair. Nonetheless, as for 
the axial form there is no exo-anomeric effect when 
repulsions are relieved by rotation around the C-0 bond 
(2Ele - 2E2e). 2E2e is actually 0.32 kcaYmol more stable 
than 2Ele. When the exo-anomeric effect is attenuated 
and repulsions are built up at the same time (2Ela - 
2E2a), a substantial energy difference, 4.15 kcal/mol, 
results. The similar energy differences for these bond 
rotations in axial and equatorial conformations thus show 
that the “reverse anomeric effect” is due to repulsions 
rather than due to a competition between endo- and exo- 
anomeric effects. 

Repulsions between aligned 0-H and N-H bonds in 
2Ale not only explain the reverse anomeric effect, they 
also rationalize the equatorial preference of 2. 2Ale is 
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the lowest lying axial structure and the only of the five 
low lying conformers in which both endo- and exo- 
anomeric effects are operative. In the other four low 
lying conformers either the exo-anomeric effect (2A2e) or 
the endo-anomeric effect (2E3e, 2Ela, 2Ala) is attenuated. 
These structures, however, are favorable since 0-H and 
N-H are not parallel. 

Assuming that nN-u*C-O are stronger than 1PO-B*C-N 
orbital interactions, we expect that the hyperconjugative 
stabilization decreases in the order 2Ale > 2A2e > 2Ala 
w 2E3e w 2Ela. The NBO results for the hyperconjuga- 
tive stabilizations in these conformers in Table 2 
are in perfect agreement with this prediction. The values 
relative to 2E3e are -3.6, -0.69, 0.19, 0.0, and 0.5, 
respectively. Thus hyperconjugation would lead to an 
axial preference of 2. The Lewis energy, that is the 
energy in absence of orbital interactions, of 2Ale, how- 
ever, is high. This is to be expected if steric and 
electrostatic repulsions are present. Thus NBO analysis 
confirms that the equatorial preference of 2 is not due to 
the absence of hyperconjugative stabilization but due to 
the presence of repulsions between N-H and 0-H in 
the 2Ale conformation. 

The energies of the remaining structures can also be 
rationalized by considering hyperconjugative stabiliza- 
tions and repulsions between 0-H and N-H bonds. Next 
in energy is the !&.e conformer. Although the 0-H bond 
is placed above the ring, the energy of 2&e is only 1.52 
kcal/mol above the global minimum! For such an orien- 
tation steric effects have to be huge. However, both po- 
@C-N and nN-8c-O interactions are at maximum. The 
NBO energy decomposition in Table 2 shows that the low 
energy of 2&e is indeed due to a compensation of large 
repulsions by strong hyperconjugative stabilization. That 
the hyperconjugative stabilization of 2&e is larger than 
that of 2Ale is in line with results for dihydroxymethane, 
where the C, form is stronger stabilized than the C2 
structure. The electrostatic model does not offer an 
explanation for the low energy of 2&e. All of the 
remaining conformers have parallel 0-H, N-H, and 
C-H bonds. These structures are between 3.5 and 5.6 
kcal/mol higher in energy than the global minimum. 
Since these structures also lack nN-cFc-0 hyperconjuga- 
tion, the high energies are due to unfavorable Lewis 
energies plus lower hyperconjugative stabilizations com- 
pared to 2A3e and 2Ale. 

To summarize, the equatorial preference as well as the 
absence of an exo-anomeric effect for 2 is due to repul- 
sions between 0-H and N-H bonds in 2Ale. That 
hyperconjugative stabilizations are present is indicated 
by substantial axial preferences within pairs of axial and 
equatorial structures with identical orientations of N-H 
and 0-H bonds. Hyperconjugative stabilizations are 
also responsible for the low energy of the w e  conformer 
which suffers severe steric repulsions and would other- 
wise be high in energy. This reasoning is borne out 
quantitatively in the NBO analysis. 
2-Hydroxyhexahydropyimidine (3). For 2-hy- 

droxyhexahydropyrimidine (3), 14 different conformers 
arise with respect to different orientations of the 0-H 
and the two N-H bonds. Twelve of these structures were 
found to be stationary points (Figure 3). The & orienta- 
tion of the 0-H bond is only stable when both N-H 
bonds are equatorial. Thus only one out of three & 
conformers could be located. All structures of 3 were 
optimized without symmetry constraints. 

(55) Booth, H.; Khedhair, K. A. J. Chem. SOC. Chem. Commun. 1985, 

(56) Senderowitz. H.: Aued, P.: Fuchs, B. Helu. Chim. Acta 1990. 
467. 

- .  
73, 2113-2128. 

11, 765-790. 
(57) Krol, M. C.; Huige, C. J. M.; Altona, C. J. Comput. Chem. 1990, 



992 J. Org. Chem., Vol. 60, No. 4, 1995 Salzner 

P Q 

d 

Q 
Q 

m h $ m  
I-"! 

W b  m h 

v 
M 

d 
(u 

h 3 
0 
E 
3 
3 0 

r 

0 E 
.3 v 

a 
E 
(d 
m e 
3 
E 
0 

Y 

m 
" , s  a 0  
0 



Origin of the Anomeric Effect 

Table 3. Relative Energies (E,.,,]), Relative Energies 
after Removal of Hyperconjugative Interactions ( E k W ) ,  

Contributions from Hypercoqjugation (&el) to the 
Total Energy Differences, and Dipole Moments (Dip) 

for Various Conformers of 
2-Hydroxyhexahydropyrimidine (3) 

Ere1 E L e w  E d e l  Dip 
3Alea 0.0 0.0 0.0 0.74 
3Esee 0.13 0.24 -0.12 1.89 
3Elea 1.51 0.74 0.78 1.81 
3Eaae 2.18 1.92 0.27 2.72 
3Elaa 2.65 4.40 -1.75 2.45 

3.08 12.41 -9.33 2.17 
3Alee 5.54 -2.42 1.83 
3Alaa 3.63 4.69 -1.05 2.89 
3A3ee 3.11 

3A2ea 4.49 5.20 -0.71 2.52 
3Ezea 5.94 4.21 1.73 2.96 
3Elee 7.65 6.40 1.25 3.47 
3E3aa 7.89 10.43 -2.53 3.55 
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because the N lone pairs and the oxygen p and sp lone 
pairs are in optimal positions for stabilizing interactions. 
In addition the N-C-0 bond angle widening induced by 
the steric repulsions reinforces hyperconjugative stabi- 
lization since bond angle widening increases the total 
overlap between donor and acceptor.58 The Lewis energy 
of this structure with 0-H above the ring, however, is 
prohibitively high. 

When the N-H bonds are equatorial, the nitrogen lone 
pairs are antiperiplanar with the axial substituent at the 
anomeric carbon. When the N-H bonds are axial, the 
nitrogen lone pairs are antiperiplanar with the ring C-N 
bonds involving the anomeric carbon. The similar hyper- 
conjugative stabilizations of 3Alee, SElaa, and 3E3aa 
show that it does not make a big difference whether the 
nitrogen lone pairs engage in nN-cP-0 or in nN-@C-N 
interactions. The stabilization of 3Alee is only 0.67 kcal/ 
mol larger than that of 3Elaa. The 3Eaaa structure has 
a stronger exo-anomeric effect and is slightly favored 
(0.11 kcal/mol) over 3Alee due to the hyperconjugative 
term. This confirms the findings for 2-OH-DIOX and 
2-OMe-DIOX, where NBO analysis shows that hyper- 
conjugation favors equatorial  structure^.'^ Like 3A3ee, 
3E3ee is sterically unfavorable. The difference in hyper- 
conjugative stabilization between 3Alee and 3Elaa (0.67 
kcal/mol) can be compared to that between the cor- 
responding conformers of 2, 2A,e, and 2Ela (4.10 kcav 
mol). Thus due to  the possibility of nN-8c-N interactions 
within the hexahydropyrimidine ring, the axial prefer- 
ence due to hyperconjugation is greatly attenuated 
compared to the piperidine system. Even in absence of 
repulsions between 0-H and N-H bonds, large anomeric 
effects are not to be expected in the hexahydropyrimidine 
system. 

We thus conclude that the conformational preferences 
of 3 even more so than those of 2 are governed repulsions 
between N-H and 0-H bonds. Hyperconjugative effects 
are present but are strongest in conformations with 
severe steric hindrance. Hyperconjugative stabilization 
of the remaining forms does hardly favor axial structures 
since nN-c+c-o interactions can be replaced by nN-@C-N 
interactions within the hexahydropyrimidine ring. 

The lowest energy structure of 3 is 3Alea, but 3Eaee 
is only 0.13 kcal/mol higher in energy (Table 3). This 
axial preference will most likely disappear after inclusion 
of ZPE corrections especially if larger basis sets are 
employed since axial preferences are somewhat overes- 
timated at HF/6-31G*.I3 Thus it can be concluded that 
3 does not show an anomeric effect. The oxygen analog 
2-hydroxy-1 ,%dioxane (2-OH-DIOX) favors the equatorial 
conformation E3 by 0.5 kcal/mol over A1 at the same level 
of theory.13 Thus the anomeric effect in 3 is increased 
by 0.63 kcal/mol compared to the oxygen system. A 
comparison with 2-OH-DIOX, however, is not straight- 
forward since 3Alea and 3E3ee differ in the N-H bond 
orientations in the ring systems. Such a complication is 
not present in 2-OH-DIOX. 

Comparison of axial and equatorial structures with 
identical ring systems and corresponding orientations of 
the 0-H group leads to  interesting insights. The hy- 
perconjugative stabilization of the axial structure is 
strongest when both N-H bonds are equatorial. For the 
3Alee/3Elee pair an axial preference of 4.54 kcal/mol 
results. When one of the N-H bonds is oriented axial, 
the endo-anomeric effect is attenuated. The energy 
difference between 3Alea and 3Elea amounts to 1.51 kcal/ 
mol and between 3A2ea and 3Ezea to 1.45 kcal/mol. 
When both N-H bonds are axial there is no endo- 
anomeric effect and the 3Elaa form is 0.98 kcal/mol more 
stable than 3Alaa. Thus, when axial and equatorial 
structures with corresponding 0-H and N-H bond 
orientations are compared, substantial axial preferences 
result in the presence of the endo-anomeric effect. The 
situation is very similar in 3 and in 2. 

Rotating the 0-H group from 3Alea to 3Azea costs 4.49 
kcaymol and from 3Elea to  3Ezea 4.43 kcal/mol. This 
exo-anomeric effect is not due to  hyperconjuagtion since 
all conformers are stabilized by po-a*c-~ orbital interac- 
tions. The energy differences have thus to be attributed 
to N-WO-H bond repulsions. 

As in 2 the relative energies of 3 are mainly determined 
by repulsions between 0-H and N-H bonds. Of the six 
lowest energy structures of 3 none has aligned 0-H and 
N-H bonds. The structures with aligned 0-H and N-H 
bonds are at least 3 kcal/mol above the global minimum. 
Again NBO analysis confirms the qualitative consider- 
ations. The sterically favorable conformers have low 
Lewis energies. All conformers with high hyperconju- 
gative stabilizations suffer repulsions and are unfavor- 
able because of high Lewis energies. 3A3ee, for instance, 
is most strongly stabilized by hyperconjugation. This is 

Discussion 

NBO analysis shows that hyperconjugative stabiliza- 
tions are present in the N-C-0 moiety and that nN- 
@C-O interactions are stronger than po-a*c-o interac- 
tions. Parallel N-H and 0-H bonds appear to repel 
each other by about 3-3.5 kcal /mol. The NBO method 
does not allow to determine the nature of this repulsion. 
One reviewer pointed out that these interactions are too 
large to be solely due to steric effects. Another reviewer 
emphasized that the relative energies of the different 
conformers are likely to  be influenced by different 
numbers of l,&steric repulsions. Although NBO analysis 
shows that repulsions between N-H and 0-H bonds are 
severe, it does not give any indication that 1,3-diaxial 
repulsions are of significance. The energy difference 
between 2Ela and 2Ala which has two additional 1,3- 
diaxial interactions amounts to 0.3 kcal/mol only, the 
Lewis energy difference to 0.6 kcaumol. This is in 
agreement with results for 2-OH-THP where the Lewis 
energy actually favors the axial conformation.13 Since 
the Lewis energy includes steric and electrostatic effects, 

(58) Reed, A. E.; Schleyer, P. v. R. Inorg. Chem. 1988,27, 3969. 



994 J. Org. Chem., VoL. 60, No. 4, 1995 

Scheme 8 

Salzner 

a possible explanation for this surprising result is that 
steric effects are indeed similar but that the electrostatic 
components of both interaction types have different signs. 
It seems likely that electrostatic interactions are attrac- 
tive between axial oxygen and axial hydrogens but 
repulsive between aligned 0-H and N-H bonds as 
indicated in Scheme 8. This might rationalize why 
bond-bond repulsions seem to be so much more impor- 
tant than 1,3-diaxial repulsions according to NBO. 

NBO analyses thus indicates that the relative energies 
of the conformers of 1-3 are determined by a competition 
between 0-H and N-H bond repulsions and hypercon- 
jugative stabilizations. But even without employing the 
NBO method the same conclusion can be derived from 
comparison of pairs of structures with the same N-H 
bond orientations. The dipole repulsion model does not 
account for the relative energies and total energies do 
not correlate with total dipole moments as proposed by 
Wibere4 and Perrial 

Perrin et al.’ examined the conformational equilibrium 
of 2-methoxy-l,3-dimethylhexahydropyrimidine (3’) NMR 
spectroscopically and found an axial conformer to be 
favored by 0.4-0.5 kcaYmo1. It could not be determined 
which axial structure was observed but it was suggested 
that 3‘ chiefly exists as 3Aee. This is in disagreement 
with Eliel’s NMR results8 that one of the methyl groups 
in NJV-dimethylhexahydropyrimidines tends to be in the 
axial position unless this conformation is sterically 
hindered by further axial ring substituents. Our theo- 
retical results confirm Eliel’s findings. Figure 3 indicates 
that the observed axial structure of 3’ almost certainly 
was 3’Alea. Since the 3Alee with parallel 0-H and N-H 
bonds is already 3.11 kcallmol higher in energy in the 
unsubstituted case, this structure will not be adopted 
when both nitrogens and oxygen carry methyl groups. 
The calculated energy difference between 3Alea and the 
most stable equatorial conformation 3E~ee  is slightly 
smaller, 0.13 kcaYmol, than that observed for 3’. Con- 
sidering the differences in substitution and medium, the 
agreement between theory and experiment is satisfac- 
tory. Perrin’s and our interpretations of this result, 
however, could hardly disagree more. 

Perrin et al. argue that since dipole repulsions decrease 
and hyperconjugative stabilization increases by replacing 
0 with N, an enhanced anomeric effect has to be observed 
for 3’ compared to 2-methoxy-1,3-dioxane if orbital 
interactions were responsible for the anomeric effect. 
Since no such enhancement was found, these authors 
claim to have proven that anomeric effects are due to 
electrostatic effects and that hyperconjugation in general 
does not account for anomeric effects. This argument has 
two major problems. Firstly, the choice of the model 
system is unfortunate since in contrast to 2-hydroxytet- 
rahydropyran and 2-hydroxypiperidine, hyperconjugation 
does not favor axial structures of 2-substituted-1,3- 
dioxanes and favors axial structures of 2-substituted- 
hexahydropyrimidines only slightly (when the sterically 
unfavorable & structures are left out of consideration). 

Secondly the conformational equilibrium of the N,N,O- 
three methyl derivative of 2-hydroxyhexahydropyrimi- 
dine is undoubtedly greatly affected by steric effects. The 
theoretical analysis of 2 and 3 shows that the axial- 
equatorial equilibria of nitrogen systems are governed 
by a complicated interplay between repulsive and hy- 
perconjugative effects and that the absence of anomeric 
effects does not exclude the presence of hyperconjugative 
stabilizations. 

Perrin et al. conclude that their results should stimu- 
late a rethinking of the origins of the anomeric effect and 
that more attention should be paid to electrostatics. We 
would like to comment on this. According to the Hell- 
mann-Feynman theorem59 the forces exerted on a nucleus 
by the electrons and the other nuclei can be obtained from 
classical electrostatics provided that the exact wave 
function is known. There is thus no doubt that forces in 
anomeric systems can, in principle, be interpreted elec- 
trostatically. However, the required exact wave functions 
can only be obtained by quantum mechanics. Thus, even 
if an electrostatic model were available to provide correct 
structure and energy data using exact wave functions 
this would by no means prove that the origin of the 
anomeric effect is electrostatic. The Hellmann-Feynman 
theorem, however, holds for exact wave functions only. 
It was shown that electrostatically calculated forces based 
on approximate wave functions are totally ~ n r e l i a b l e . ~ ~  
From that point of view it would be rather surprising, if 
an electrostatic approximation employing a charge dis- 
tribution as crude as the one based on point charges and 
bond dipoles were capable of yielding reliable results. 

Conclusions 

The RNCOR moiety does not prefer structures in which 
both N and 0 lone pairs are antiperiplanar with the 
adjacent C-0 or C-N bonds at the same time. This is 
due to the fact that this orientation leads to aligned 0-H 
and N-H bonds. The resulting repulsions offset the 
energy gain due to hyperconjugation. If either the NR2 
or the OR substituent is rotated, the other one strongly 
prefers to place its lone pair antiperiplanar to the 
acceptor bond. Thus the absence of anomeric effects in 
2-substituted piperidines and hexahydropyrimidines as 
well as the reverse anomeric effects of 2-aminotetrahy- 
d r ~ p y r a n ~ ~  are due to the competition between 0-H/ 
N-H bond repulsions and hyperconjugative stabiliza- 
tions. There is no competition between exo- and endo- 
anomeric effects, and the dipole repulsion model does not 
satisfactorily explain the relative energies of the con- 
formers of 2 and 3. We thus confirm earlier conclusions 
that anomeric effects are due to quantum chemical 
stabilizations rather than dipole repulsions. 

The conformational equilibrium of 2-methoxy-1,3-di- 
methylhexahydropyrimidine (3’) which was investigated 
by Perrin et a1.l is not suitable to assess the relative 
importance of hyperconjugative stabilizations and dipole 
repulsions for two reasons. Firstly, in the presence of 
two heteroatoms within the ring, hyperconjugation hardly 
favors axial structures because exo-anomeric effects are 
increased and endo-anomeric effects are decreased com- 
pared to systems with only one heteroatom in the ring. 
Secondly, the axial-equatorial equilibrium of 3’ is strongly 
influenced by steric effects which are already severe in 
~~~~ 

(59) Pulay, P. In The Force Concept in Chemistry; B. M. Deb, Ed.; 
Van Nostrand Reinhold Co.: New York, 1981; pp 449-480. 
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3 but are enhanced in 3’ due to the presence of three 
methyl substituents in the NCOHN moiety. 

We would like to emphasize finally that hyperconju- 
gation is just a model for the quantum mechanical 
stabilization effect. Hyperconjugative interactions arise 
when localized orthogonal atomic orbitals are used to 
construct the wave function. Altona et al.’s analysis, for 
instance, which employs nonorthogonal group orbitals 
represents the charge back donation by interference 
terms. Wolfs analysis shows that stabilizing effects can 
also be found when canonical orbitals are employed. The 
advantage of the concept of hyperconjugation is simply 
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that it corresponds to the chemists view of molecules in 
terms of Lewis structures. 
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