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Over the years, hydrogen bonds have been the subject of great
interest to chemists and biologists. Many weak forces of individual
hydrogen bonds can add up to considerable strengths in large
biomolecules such as nucleic acids and proteins. There has been
much recent interest in short, strong hydrogen bonds and their
potential role in chemical and enzymic reactions.1-5 Seminal work
by Gilli et al. has shown the existence of a class of unusually short,
strong hydrogen bonds they termed resonance-assisted hydrogen
bonds (RAHBs).6,7 It has been generally difficult to demonstrate
large effects in chemical reactions with short strong hydrogen bonds.
In a series of elegant studies, Vo¨gtle et al.8-10 showed that the
equilibrium for the [3,3]-sigmatropic shift reaction favors the
formation of1 over 2 (Scheme 1).

Although it was suspected that internal hydrogen bonds (H-
bonds) may play a role in the selectivity,9 it was not known how
much this would affect the equilibrium since both1 and2 can form
internal H-bonds. Our interest in H-bonds11,12 led us to investigate
the origin of this selectivity. Here we report crystal,1H NMR, and
DFT computational data for1, 2, and3 and the role of RAHBs on
diaza-Cope rearrangement reactions.

The intramolecular H-bonds in salicyl imines (5) have been
thoroughly characterized as RAHBs on the basis of crystal, NMR,
IR, and computational data.14,15 In RAHBs, the H-bond is strength-
ened by π-delocalization (5). The N‚‚‚O distances in these
compounds (2.65> d(N‚‚‚O) > 2.48 Å) are significantly shorter
than those in normal H-bonds. In addition, the1H NMR signals of
the strongly H-bonded protons are highly downfield-shifted (13<
δΝΗ < 18 ppm). DFT computation at the B3LYP/6-31+G(d,p) level
showed that the RAHBs (5 kcal/mol) are worth about twice the
energy of normal H-bonds (2.5 kcal/mol). Thus, RAHBs are clear
examples of short, strong H-bonds.

Compounds1, 2, and3 were prepared following the procedures
in the literature.8 X-ray quality crystals were obtained by recrys-
tallization from chloroform/methanol (1 and 2) or DMSO/water

(3).13 Crystallographic studies show that there are two internal
H-bonds for each of the compounds1, 2, and3 (Figure 1). However,
the two H-bonds in1 are quite different in character from the two
in 2. The two H-bonds in1 are RAHBs, whereas the two in2 are
normal H-bonds. Compound3 could, in principle, form either two
internal RAHBs or normal H-bonds. Crystal structure reveals that
in solid-state compound3 forms the more stable RAHBs in
agreement with the above computation.

It should be pointed out that the H-bond distances of1 and 3
are only slightly shorter than those in2. The N‚‚‚H distances in1
and 3 are 1.66 and 1.73 Å, respectively, while the two in2 are
1.75 Å. The N‚‚‚O distances in1, 2, and3 are 2.61, 2.64, and 2.62
Å, respectively. The C-N bonds involved in RAHBs are expected
to be longer than usual due to the resonance effect (5), and the
phenolic O-C bond distances involved in RAHBs are expected to
be shorter (5).14 Indeed, the imine C-N distances are longer in1
(1.284) and3 (1.288) than in2 (1.276), and the phenolic O-C
bond distances are shorter in1 (1.357) and3 (1.359) than in2
(1.376). Interestingly, the crystal structures of1 and3 are virtually
superimposable (Figure 1 and Chart 1). Even the crystal structure
of 2 is quite closely related to those of1 and3. All three structures
are in fully staggered conformations about the central C-C bond

Figure 1. Crystal structures of1, 2, and3 with corresponding reprensen-
tations on top.

Chart 1

Scheme 1
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(Chart 1). The only major difference with structure2 is that the
methoxy phenyl groups are rotated about 180° relative to the
hydroxy phenyl groups in1 and3 (Figure 1).

Figure 2 shows the1H NMR (d6-DMSO) signals of the H-bonded
protons in1, 2, and3. The signal due to the H-bonded protons in
1 is downfield-shifted as expected for a RAHB. In contrast, the
signal due to the H-bonded protons in2 is in the normal H-bond
range. The chemical shift due to the H-bonded protons in3 matches
the one for the H-bonded protons in1. The signals due to the two
H-bonded protons in2 are downfield-shifted relative to the signal
due to the phenolic protons in3 that are not H-bonded. Thus, the
solution NMR data are in agreement with the solid-state data in
that 1 and3 form RAHBs.

In reaction 1 (Scheme 1), equilibrium can only be established
through the sigmatropic shift reaction. In reaction 2, equilibrium
can be established either through the sigmatropic shift reaction or
simply through H-bond exchange. Equilibration of reaction 1 by
sigmatropic shift rearrangement reaction gives1 without any
detectable amount of2, while equilibration of reaction 2 by H-bond
exchange appears to give only3. The value ofK1 should be
comparable to that ofK2 since the diaza-Cope rearrangement
reaction is not highly sensitive to electronic effects and the electron-
donating ability of a methoxy group approximates that of the
hydroxy group. Each of the two RAHBs in1 and3 should be about
2.5 kcal/mol stronger than the two normal H-bonds in2 and4.14

Thus,1 and3 should be about 5 kcal/mol more stable than2 and
4, respectively, leading toK1 andK2 values of about 2.5× 10-4 at
25 °C.

DFT computation at the B3LYP/6-31++G(d,p) level shows that
1 is about 6.62 kcal/mol more stable than2 in reasonable agreement
with the simple estimation above.16 This translates to an amazing
selectivity orK1 value of 1.4× 10-5! Athough there may well be
factors other than RAHBs (e.g., steric, electronic, etc.) that affect
the relative stability of1 and2, these effects appear to be small.
Crystal structures of1 and2 were used as starting geometries for
the geometry optimization calculations. The optimized structures
are in good agreement with the crystal structures (root mean square
displacement for1: 1.29 Å; for 2: 0.30 Å).

Over the last several years, interesting papers on structures
(crystal and spectroscopic data) and energetics (computational data)

for RAHBs have appeared. However, effects of RAHB on chemical
reactions have not been reported. Finding functional roles of RAHB
is a challenge that may yield interesting results. In this communica-
tion, we have shown that RAHB is responsible for complete
conversion of a class of sigmatropic shift reactions. Understanding
how to control diaza-Cope rearrangement reactions with RAHBs
may be useful for synthesizing a variety of 1,2-diamines, an
important class of compounds for making catalysts and drugs.17-20
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Figure 2. 1H NMR of the phenolic protons in1, 2, and3. The signal for
the RAHB protons in1 are downfield-shifted (c) relative to that for the
regular H bonds in2 (a). The chemical shift for the RAHB protons in3 is
about the same as that for1 (the remaining phenolic proton signal that is
not H-bonded appear slightly upfield of the H-bonded protons in2.
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