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The anomeric effect describes the preference, in pyra-
noid rings, for an electronegative substituent at C1 to
assume an axial orientation and has been rationalized
by orbital mixing and electrostatic arguments.1 The
cause and influence of the anomeric effect and its
extended version, the generalized anomeric effect (GAE),
have provoked much debate.1c The reverse anomeric
effect (RAE) describes the equatorial preference of a
quaternary nitrogen substituent at C1, over and above
any steric factors.2,3 The failure of the GAE orbital
mixing arguments to accommodate the RAE has been
frequently noted.4 However, the RAE is of significance
in its own right, in its influence on nucleoside conforma-
tion. Furthermore, when generalized to cationic substit-
uents at C1 in addition to quaternary nitrogen, the RAE
is of significance in carbohydrate reactivity and synthesis.
Recently, the evidence for the very existence of an RAE
has been cast in doubt.5

In discussions of the RAE, the most unambiguous
experiment, that by Paulsen et al.,3a is quoted overwhelm-
ingly.6 The observed conformational shift from axial (4C1)
to equatorial (1C4) inN-glycosylimidazoles on protonation
is unlikely to be strongly influenced by changes in steric
bulk of the aglycon.7 In CCl4, CDCl3, or (CD3)2CO, the
proportion of the 1C4 conformer of N-(2,3,4-tri-O-acetyl-
R-D-xylopyranosyl)imidazole (1) was found to increase
from 35% to 65% to 85%, respectively, and to increase
further on protonation by trifluoroacetic acid (TFA).
However, it has been shown that there is no RAE
manifest in N-glucosylimidazoles, and it has been con-
cluded that there is probably no RAE associated with any

cationic substituent at C1.5a,b Thus, it seemed essential
to us to reexamine the evidence for the RAE in 1.
Experimental error or the influence of solvent ionic
strength on the GAE could be considered as the possible
causes for the reported RAE. Anomeric effects are
sensitive to solvent polarity. Since protonation of the
imidazole ring by TFA will increase solution ionic strength,
NMR titration of the glycoside with varying amounts of
TFA and/or tetra-n-butylammonium bromide (TBAB) was
planned to account for the effects of solvent ionic strength.
A further novel imidazole 2 was chosen for comparison
with our recent molecular orbital (MO) calculations on
the RAE.5c
The synthesis of 1 was accomplished starting from

2,3,4-tri-O-acetyl-R-D-xylopyranosyl bromide and imida-
zole using a standard procedure.3 Imidazole 2 was
prepared analogously, using 2-methylimidazole in place
of imidazole. For 1, the 1H and 13C NMR spectral data
agreed with published values, while 2 gave spectra and
combustion analysis consistent with the assigned struc-
ture. NMR spectra were obtained at 400 MHz for 1H and
50 MHz for 13C, at 25 °C. Conductivity measurements
were performed with a YSI Model 31 conductivity bridge
at 25 °C. All of the solvents and reagents were rigorously
dried and purified by standard methods8 prior to use.
Conductivity measurements were performed to provide
a means of comparing the polarities of TFA and TBAB
in chloroform and the ionic strengths of the resulting
solutions.9 The molar conductivity in chloroform of TBAB
was determined to be 20 times greater than that of TFA.10
In separate, duplicated experiments, 1 or 2 was dis-

solved in 0.5 mL of CDCl3 (0.07 M), and successive
portions of TFA (0.67 M) in CDCl3, or TBAB (0.52 M) in
CDCl3, were added. Further experiments were per-
formed in which protonation of 1 or 2 was accomplished
by addition of TFA, followed by titration with TBAB.
From comparison of the time-averaged coupling constants
between H-5 and H-4 with values obtained for the
limiting cases of the 1C4 and 4C1 conformations in the case
of 1,2,3,4-tetra-O-acetyl-R-D-xylopyranose,11 a measure of
the percentage of 1C4 conformer in solution could be
obtained.12 On protonation by TFA, both 1 and 2
exhibited shifts to the 1C4 conformation, for 1H, to an
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approximately fully 1C4 equilibrium position. Unproto-
nated equilibria favored the 1C4 conformer for 1 (61%)
relative to 2 (55%), and the slope of the equatorial shift
was greater for 1 than for 2 (Figure 1). Addition of TBAB
had relatively little effect on the position of equilibrium;
however, both an equatorial shift for 1 and 2 (unproto-
nated) and an axial shift for 1H and 2H (protonated)
were discernable (Figure 1; Table 1).
The present results generally confirm previous experi-

mental observations on 1, with minor modification.13 It
was concluded from our MO calculations that the domi-
nant contributions to the conformational equilibrium of
N-pyranosylimidazoles were stabilizing anomeric hyper-
conjugation and destabilizing steric interactions in the
axial conformer.5c Both effects are expected to increase
on N-protonation. It was predicted that the fine balance
between these opposing contributions would allow small
intramolecular electrostatic effects to control the position
of equilibrium. Stabilizing electrostatic interactions in
the N-protonated equatorial conformers were identified
associated with ImH2---O2 hydrogen bonding (type 1) and
dipole-monopole electrostatic stabilization between the
nonbonding electrons on O2 and the cationic imidazolium
monopole (type 2). An equatorial shift on N-protonation
of 0.4-2.4 kcal/mol was predicted using models for 1. The
observed equatorial shifts for 1 (61-96%) and 2 (55-86%)
represent stabilization of the equatorial conformers on
protonation by approximately 1.5 and 0.9 kcal/mol,
respectively. The elegant work of Perrin et al.5a suggests
that only 0.024-0.089 kcal/mol should result from the
steric effect of imidazole N-protonation. Thus, a reverse
anomeric effect of approximately 0.8-1.4 kcal/mol is
manifest for the N-(xylopyranosyl)imidazoles.

It is accepted that the GAE diminishes on increasing
solvent polarity.14 A small equatorial shift is observed
for 1 and 2 on increasing solution ionic strength with
TBAB, a result consistent with the influence of the GAE.
Addition of TFA to N-methylimidazole increases solvent
ionic strength and is a model for addition of TFA to 1.
However, the influence of TFA on ionic strength as
measured by conductivity is minimal compared to addi-
tion of TBAB. Clearly, the large equatorial shifts ob-
served for 1 and 2 on N-protonation are not the result of
solvent and ionic strength effects. Interestingly and
conversely, the effect of increasing solution ionic strength
with TBAB is a small axial shift for 1H.
The simplest explanation for the experimental obser-

vations in light of theoretical data is as follows. The
balance of destabilizing steric and stabilizing GAE con-
tributions controls the conformational equilibria observed
for 1 and 2. On increasing ionic strength, the GAE is
diminished, yielding a small shift to the equatorial 1C4

conformation for both 1 and 2. On N-protonation,
stabilizing electrostatic interactions of types 1 and 2 (see
above) in the 1C4 conformer of 1H yield a substantial
equatorial shift. The lack of type-1 interactions in the
1C4 conformer of 2H results in a lessened equatorial shift
onN-protonation. On increasing solution ionic strength,
the stabilizing intramolecular electrostatic contributions
in the 1C4 conformer of 1H are diminished, yielding a
further small ionic strength-dependent equilibrium shift,
in this case in the axial direction.
In summary, we have demonstrated that the stabiliza-

tion of the 1C4 conformation ofN-glycosylimidazoles may
be strongly dependent on N-protonation and weakly
dependent on solution ionic strength and, in the case of
xylopyranosyl derivatives, leads to an RAE. We suggest
that the RAE is the result of stabilizing intramolecular
electrostatic contributions to the 1C4 conformer on
N-protonation.5c,15 The size of the effect in the two
xylopyranosyl systems studied is quantified as 0.8-1.4
kcal/mol. Since contributions from this electrostatic RAE
may be small, they may be overwhelmed by other
contributions to conformational energy and will be di-
minished on transferring to solvents more polar than
chloroform.16
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Figure 1. Percentage of equatorial form vs concentration of
electrolyte: [, 1 + TFA; 9, 2 + TFA; 2, 1 + TBAB; b, 2 +
TBAB.

Table 1. Percentage of Equatorial Form of 1H and 2H
after TBAB Additions

TBAB (100 X µmol/L) 0 102 200 294 385 472 557
% eq 1H 95 83 83 86 83 83 88
% eq 2H 86 82 81.5 81 76 81 76
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