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Five derivatives of an ortho-hydroxy Schiff base (2-(N-alkyl-α-iminoethyl)phenols) with very short intramolecular
hydrogen bonds (dO(H) � � � N ≤ 2.500 Å) were synthesised. The crystal structures were determined. The steric repulsion
of the substituted methyl group results in an unusual strengthening of the hydrogen bonds, decreasing the barrier for
the proton movement within the hydrogen bridge, which leads to a delocalization of the proton position. The very
strong influence of the character of the substituent in the phenol ring as well as the character of the N-alkyl chain
on the proton distribution is demonstrated for these hydrogen bonds from the so-called inversion range.

Introduction
The question of the symmetry of proton distribution in a
hydrogen bond is an old one and still important in the under-
standing of the nature of this interaction. Usually a hydrogen
bond is asymmetric with the hydrogen atom closer to a more
basic atom A (see Scheme 1). When the hydrogen atom shifts to

the acceptor atom B, the zwitterionic hydrogen bond is formed.
If A and B atoms have similar basicity, the system still may be
of lower energy when hydrogen is closer to either the A or B
atom, than when centred between them and a double-well
potential is formed. If the barrier between the minima is suffi-
ciently low, the potential becomes a dynamically symmetric one.

Further increase of the hydrogen bond strength leads to the
structure of c type where the hydrogen is centred between two
atoms; its motion is described by a single-well potential. Such a
hydrogen bond is often called a symmetric one.

Low barrier hydrogen bonds (LBHBs) appear when the dis-
tance between the A and B atoms is less than 2.55 Å for OHO
and less than 2.65 Å for OHN hydrogen bonds. Both IR spectro-
scopy and X-ray crystallography show that the hydrogen atom
is strongly delocalized in such hydrogen bonds.

Discussion on LBHBs has become more popular in recent
years. The proton transfer along the chain of LBHBs is a rate-
determining step in numerous enzymatic reactions in biological
systems.1 Scheiner et al. studied the influence of length and
bending of the hydrogen bridge on the barrier height in the
ground and excited states.2,3 Cleland and Kreevoy,4 and Frey 5

suggested that LBHBs have a covalent bonding contribution.
According to Gilli et al.,6 stabilization by resonance (in a
Resonance Assisted Hydrogen Bond) permits overpassing of
the steep increase of the interatomic repulsion term when the
A � � � B distance is shortened and contributes to formation of a
symmetrical and totally delocalized three-center four-electron
covalent A � � � H � � � B bond. Such delocalization becomes a
factor increasing the strength of the intramolecular hydrogen
bond 6 also in Schiff bases.7 With the help of ab initio calcu-
lations it was shown that the dipole moment of the proton
transferred form is considerably reduced in comparison to sys-

Scheme 1

tems with localized charge distribution like in Mannich bases.8

It decreases the energy of the proton transfer state and makes
the potential for the proton movement more shallow. The
νs(OH) band shifts to lower frequencies; however, in contradic-
tion to this, the intensity of the νs(OH) band decreases.

Further studies show that there exists another very effective
way to modulate the potential for the proton transfer in Schiff
bases.9 It is the substitution of the alkyl or aryl group into the
C–C(H)��N– moiety. That imposes an external (with respect to
the chelate ring) squeezing of the hydrogen bond, efficiently
reducing the O–H � � � N distance and changing the spectro-
scopic behaviour to that which becomes characteristic for very
strong hydrogen bonds,9–12 despite the opposite electronic
influence of the alkyl and aryl substituents. This “steric” substi-
tution moves the group of studied compounds to the “inver-
sion” region, characteristic of LBHBs. Even small changes
in the structure result in a strong modification of the proton
distribution in such hydrogen bonds.

Among earlier studied compounds, the shortest OHN hydro-
gen bond (2.459 Å) known in the literature was discovered in
2-(N-alkyl-α-iminoethyl)phenol,9 close to a linear OHN hydro-
gen bond, theoretically expected to be the shortest possible one
(2.458 Å).13 Strong delocalization can be concluded on the basis
of O � � � H and H � � � N distances found equal to 1.20(4) and
1.32(3) Å or 1.15(4) and 1.38(2) Å for two different molecules in
the crystal unit cell of this compound. Nevertheless, the proton
is not located at the center of the hydrogen bridge (cf. also 13).

The aim of this work is further modification of the hydrogen
bond properties in the group of methyl substituted (in the
–C(H)��N– unit) Schiff bases. It is performed by slight modifi-
cation of the acid–base properties of the system by changing
the substituents in the phenol ring as well as the length of the
N-alkyl chain. It is also interesting to find out if it is possible to
obtain a “symmetric” hydrogen bond with a single minimum
potential for the proton movement in Schiff bases. All com-
pounds studied here are derivatives of p-chlorophenol (see
Scheme 2).

In compound 1, substitution of the chlorine atom should
move the proton in the direction of the nitrogen atom in
comparison to 2-(N-alkyl-α-iminoethyl)phenol 9 (cf. the above
mentioned O–H and H � � � N distances). Replacement of the
N–CH3 group by N–n-C3H7 in 2 should increase the tendency
for the proton transfer. The methyl substitution in the phenol
ring in 3, 4 and 5 decreases the acidic properties of phenol in
comparison to 1 and 2 and it should moderate the above-
mentioned tendencies. Gradual replacement of the N–CH3

group in 3 by the N–C2H5 group in 4 and by the N–n-C3H7
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group in 5 should enhance the tendency for the proton transfer
due to the increasing electron-donor function of the N-chains.

Information on such short hydrogen bonds is really missing
in attempts to correlate the O � � � H and H � � � N distances in
the OHN hydrogen bridge. From this point of view very inter-
esting data have been presented recently.14,15 In the complex of
pentachlorophenol with 4-methylpyridine the hydrogen atom,
localized exactly in the centre of the hydrogen bond, was
obtained at 90 K by a neutron diffraction experiment. The
shortest OHN hydrogen bridge was obtained, however, at 20 K;
the O � � � N distance, 2.506(2) Å, was longer than in all
Schiff bases with steric hindrance studied in this work. In this
work we have got a set of very short OHN hydrogen bonds at
room temperature, modified by a delicate change of chemical
structure of Schiff bases.

The obtained results demonstrate, however, that the differ-
ences between particular systems do not follow the above-
presented predictions, drawn up on the basis of the general
rules of the electronic influence of substituents. It is a subject of
detailed discussion in this work.

Experimental
Synthesis of 1–5 from stoichiometric mixtures of the corre-
sponding ketones and amines in methanol was performed
according to Ref.16 After recrystallization from methanol solid
yellow products were obtained, which were studied by X-ray
diffraction at room temperature (293(2) K). Details of the
crystal data and refinement of the compounds studied are given
in Table 1.† Unit cell parameters and orientation matrices
were calculated using least-squares techniques. Intensities
were collected using the KUMA KM4 and KUMA KM4-
CCD diffractometers in the ω–2θ scan mode with graphite-
monochromator CuKα and MoKα radiation, respectively. The
intensities of three standard reflections, monitored after every
100 intensity scans, gave no evidence of crystal decay. The
data were corrected for Lorentz and polarization effects. No
absorption correction was applied.

The structures were solved by direct methods using
SHELXS-86 17 and refined by full-matrix least-squares fit on all
F 2 using SHELXL-93.18 The positions of the hydrogen atoms
were determined from the difference Fourier synthesis. Only the
hydrogen atoms of the 5-methyl group in 2 were placed in the
geometrically calculated positions with the isotropic thermal
factors taken as 1.2 Ueq of the neighbouring heavier atoms.
Several cycles of refinement of the coordinates and anisotropic

Scheme 2

† CCDC reference numbers 168009–168012 and 180650. See http://
www.rsc.org/suppdata/p2/b1/b106145n/ for crystallographic files in .cif
or other electronic format.

thermal parameters for the non-hydrogen atoms were per-
formed. The scattering factors of neutral atoms were taken
from Ref.19 Details of the data collection procedure and values
of the processing parameters are shown in Table 1.

ORTEPII views 20 of the molecules with thermal ellipsoids at
50% probability are shown in Figs. 1–5.

Vibrational spectra were measured on an FT-IR Avatar 360
spectrophotometer, at a resolution of 1 cm�1, in CCl4 solutions,
in cells with KBr windows.

Fig. 1 Molecular structure and atom labelling system of 2-(N-methyl-
α-iminoethyl)-4-chlorophenol 1.

Fig. 2 Molecular structure and atom labelling system of 2-(N-propyl-
α-iminoethyl)-4-chlorophenol 2.

Fig. 3 Molecular structure and atom labelling system of 2-(N-methyl-
α-iminoethyl)-4-chloro-5-methylphenol 3.
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Table 1 Summary of data collection and processing parameters

Compound 1 2 3 4 5

Formula C9H10ClNO C11H14ClNO C10H12ClNO C11H14ClNO C12H16ClNO
Mr 183.63 211.68 197.66 211.68 225.71
Space group P1̄ P1̄ P21/n P1̄ P21/n
Temperature/K 293(2) 293(2) 293(2) 293(2) 293(2)
Cell constants 25 ref., 25.5

< 2θ < 46.3
25 ref., 26.8
< 2θ < 48.7

25 ref., 24.2
< 2θ < 47.6

25 ref., 24.8
< 2θ < 48.7

 

Crystal system Triclinic Triclinic Monoclinic Triclinic Monoclinic
a/Å 6.411(2) 6.953(2) 4.867(10) 6.984(2) 12.421(2)
b/Å 7.273(2) 7.594(2) 12.082(2) 7.515(2) 7.185(1)
c/Å 10.251(3) 11.013(3) 16.367(3) 11.298(3) 25.571(3)
α/� 99.03(3) 79.12(3)  75.26(3)  
β/� 95.57(3) 83.75(3) 90.35(3) 79.65(3) 91.06(2)
γ/� 105.59(3) 76.06(3)  72.89(3)  
Cell volume/Å3 449.8(1) 553.0(2) 962.4(3) 544.5(2) 2281.7(3)
Formula units/unit cell 2 2 4 2 8
Dcal/Mg m�3 1.356 1.271 1.364 1.291 1.314
Max. crystal dimensions/mm 0.20 × 0.20 × 0.20 0.20 × 0.20 × 0.25 0.15 × 0.15 × 0.20 0.15 × 0.15 × 0.20 0.15 × 0.15 × 0.20
Scan width/� Variable Variable Variable Variable Variable
No. of stand. ref. and int. 3 (100 ref.) 3 (100 ref.) 3 (100 ref.) 3 (100 ref.)  
Reflections measured 1841 2266 1993 2229 4457
2θ range/� 8.8–160.6 8.2–162.0 9.1–160.6 8.1–160.5 3.25–26.0
Range of h, k, l �8/8, �8/8, �13/13 �8/8, �8/8, �14/14 0/5, 0/15, �20/20 �8/8, �9/9, �14/14 �15/15, �8/8,

�21/31
Reflections observed

[Fo > 4�σ(Fo)]
1411 1942 1525 1911 3190

No. of parameters varied 150 184 167 184 399
GOF 1.059 1.060 1.026 1.034 1.147
R1 = Σ(|Fo| � |Fc|)/Σ(|Fo|) 0.0456 0.0498 0.0463 0.0456 0.0486
wR2 = {Σ[w(F0

2 � F0
2)2]/

Σ[w(F0
2)2]}1/2

0.1295 0.1276 0.1196 0.1231 0.1143

Function minimized   Σ w(∆F 2)2   
Largest feature final diff. map/e A�3 0.245 and �0.238 0.456 and �0.320 0.267 and �0.324 0.270 and �0.380 0.247 and �0.308

aw = 1/[σ2(F0
2) � (a�P)2 � b�P] where P = [ f�Max. of (0 or F0

2) � (1 � f ) × Fc
2].

Results and discussion
Molecular structures and the atom labelling system are shown
in Figs. 1–5.

Molecular structure and steric interaction

In all the molecules (1–5) strong intramolecular hydrogen
bonds are formed of very similar lengths from 2.487 Å in 2 and
3, through 2.490 Å in 1, 2.491 Å in 4 to 2.494(2) and 2.500(2) Å
in two different molecules in the unit cell of 5 with similar
O–H � � � N angles (155 ± 2�). These hydrogen bonds are pro-
nouncedly shortened in comparison to ortho-hydroxy Schiff

Fig. 4 Molecular structure and atom labelling system of 2-(N-ethyl-α-
iminoethyl)-4-chloro-5-methylphenol 4.

bases without steric interactions, where the O � � � N distances
are longer than 2.51 Å (cf. Fig. 6).9

As in the previously studied Schiff bases 9–12 with alkyl- and
phenyl-substituents in the –C(H)��N– group, the hydrogen bond
shortening results from steric repulsion between those substi-
tuents and the phenol ring (see Scheme 3). The angles which are
especially increased are marked in Scheme 3.

Fig. 5 Molecular structure and atom labelling system of 2-(N-propyl-
α-iminoethyl)-4-chloro-5-methylphenol 5.
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Introduction of a bulky B center instead of a hydrogen atom
in the C(H)��N moiety makes the distances between atoms in B
and A, D centers shorter by 0.4–0.6 Å than the sum of the van
der Waals radii. It changes the valence angles and slightly
increases the linearity of the hydrogen bridges (cf. Fig. 7). It

leads also to shortening of O � � � N distances and to strength-
ening of the hydrogen bonds. Scheme 4 presents a comparison
of valence angles in five studied compounds (1–5) with repre-
sentative molecules (molecular (6) and zwitterionic (7)) without
the substituents in the –C(H)��N– moiety.22 A real (on the order

Fig. 6 Scatter plot in the (�) (dOH, dON) and (�) (dHN, dON) space for
crystallographic data of Schiff bases.21 Shaded symbols denote the
results with steric substitution. The line drawing omits the points with
dX–H (where X = O, N) less than 0.96 Å.

Scheme 3

Fig. 7 Dependence of the OHN angle on dON distance for crystal-
lographic data of Schiff bases.21 Open circles—non sterically squeezed
hydrogen bonds; shaded circles—compounds with steric interaction.

of 2.5�) increase of external angles of the chelate rings and
consequent decrease of some internal angles can be mentioned.

A rough estimation of steric repulsion can be performed
(Table 2) by calculation of the energy of non-bonded inter-
actions between atoms in A, B and D centres, using the
MM2 and MM3 23 potentials (Scheme 3) and energy of
the valence angle deformations (discussed above) by applying
the parameters given in reference 24.

The increase of steric repulsion energy in compounds 1–5 by
means of methyl group substitution can be estimated as ∼ 5 kcal
mol�1 in relation to compounds 6 or 7, taken as reference states,
as appropriate.

Hydrogen bond and proton localization

The structure of 2-(N-alkyl-α-iminoethyl)-4-chlorophenol (1)
(see Fig. 1) can be compared with the structure of 2-(N-
methyliminomethyl)-4-chlorophenol (6)—a compound without
steric strengthening of intramolecular hydrogen bonding. Such
a comparison demonstrates the very strong influence of the
methyl substitution at the –C(H)��N–R moiety on the structure
of 1. It shortens the hydrogen bond from 2.559 to 2.490 Å and
causes the proton transfer. The O � � � H distance becomes
1.52(4) Å and H � � � N, 1.03(3) Å, while related distances were
0.977 and 1.715 Å in 6. The parameter A = Σn(di � d̄i)

2/n × 106

characterizes the bond length differentiation resulting from the
increase of the ortho-quinonoid character of the phenol ring.25

In 1, the parameter A is equal to 651 Å2, which is close to the
average between 942 and 325 Å2 calculated for the ionic state of
7 and the molecular state of 6, respectively.22 Similarly, the cal-
culated value of Q [Q = (dCO � dC7N) � (dC2C7 � dC1C2)] charac-
terizing the resonance coupling of the chelate ring 6a–e is equal to
0.048 Å, while it is �0.035 and 0.136 Å in 7 and 6, respectively.22

It allows the estimation of the content of the ortho-quinonoid
resonance form in 1, which is less than that for the ionic state in
7 and more than that for the molecular state in 6 (see Table 3). It
suggests that hydrogen bonding in 1, although ionic, is shifted
in the direction of the strongest, C type (Scheme 1) hydrogen
bonds, with increased delocalisation of the proton arising from
a decrease of the barrier for the proton transfer. The O � � � H
distance in 1 is much shorter than in 7.

Serious strengthening of the hydrogen bond in 2-(N-methyl-
α-iminoethyl)-4-chlorophenol is also evident from comparison
of the IR spectra of this compound and 2-(N-methylimino-
methyl)-4-chlorophenol (6) (cf. Fig. 8). A similar red shift of
νs(OH) bands resulting from methyl substitution in 2–5 was
observed. The same conclusions follow from the spectra of
related compounds with N-benzyl substituents.10

In compounds 2 and 5 the molecular structure was found,
despite the expectations based on the electronic influence of the
N–n-C3H7 chain on the basicity of the nitrogen atom. The situ-
ation can be explained as a result of shielding of the hydrogen
bond from the surroundings caused by the N–n-C3H7 chain in

Table 2 Energy a of steric repulsion between A, B and D fragments

Energy

 Non bonded

Deformation of angles

Total

 MM3 MM2  MM3 MM2

1 3.85 3.48 2.04 5.89 5.52
2 3.90 3.50 2.50 6.40 6.00
3 5.00 5.77 2.75 7.75 8.52
4 3.82 3.49 2.14 5.96 5.63
5 3.91 3.09 2.42 6.33 5.51
 3.96 2.81 2.42 6.38 5.23
6 1.99 2.29 — 1.99 2.29
7 1.40 1.39 — 1.40 1.39
a In kcal mol�1. 
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Scheme 4

Fig. 8 Differences in IR spectra of two analogous Schiff bases resulting from the methyl group substitution.

the solid state. Such an effect was observed for the 2-(N,N-
dialkylamino)methyl-4-nitrophenols 26 in the solid state, as well
as for 2-(N,N-dialkylamino)methyl-4-nitro- and 2-(N,N-dialkyl-
amino)methyl-3,4,6-trichlorophenols in methanol solutions.27

In the first case, the N,N-dimethyl and N,N-diethyl derivatives
were zwitterionic, while the N,N-diisopropyl derivative was
molecular. In the second case, the amount of zwitterionic iso-
mer in solution was decreased with the increasing length of
N-chains, when substituents in the phenol ring were kept the
same. The H � � � N distance appears to be much shorter in 2
than in 6, however.

It makes the proton more delocalised in the OHN bridge and

the barrier for the proton transfer decreases. The O � � � H and
H � � � N distances equalization becomes even more effective in
3 and 4. In 3 one observes the ionic state of the hydrogen bond,
the O � � � N distance is a little bit shorter than in 1, but the
position of the proton is definitely nearer to the center of
the hydrogen bridge. Introduction of a methyl substituent in
position 5 of the phenol ring decreases the acidity of phenol
(in comparison to 1) and shifts the equilibrium back in the
direction of a molecular state.

The values of the CO bond length for all the compounds are
also included in Table 3. This bond length can serve as a crude
measure of proton transfer in complexes of phenols.28 In
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Table 3 Hydrogen bond parameters and selected bond lengths (Å) and angles (�), with esd’s in parentheses, in pseudoaromatic chelate rings

 Form of HB d(OH) d(ON) d(HN) α(OHN) d(CO) d(CN) A % of keto form Q

1 O � � � H–N 1.52(4) 2.490(2) 1.03(3) 155(3) 1.300(2) 1.288(2) 651 35 0.048
2 O–H � � � N 1.02(4) 2.487(2) 1.53(4) 153(3) 1.317(2) 1.283(2) 462 32 0.067
3 O � � � H–N 1.43(4) 2.487(2) 1.11(4) 157(4) 1.312(2) 1.291(2) 348 34 0.055
4 O � � � H � � � N 1.33(4) 2.491(2) 1.22(4) 155(4) 1.316(2) 1.281(2) 250 30 0.082
5 O–H � � � N 1.05(4) 2.494(2) 1.50(4) 156(3) 1.345(3) 1.287(3) 208 25 0.118
 O–H � � � N 1.03(3) 2.500(2) 1.52(3) 156(3) 1.344(2) 1.297(3) 254 27 0.103
6 O–H � � � N 0.977 2.559 1.715 142.5 1.349(6) 1.269(6) 325 22 0.136
7 O � � � H–N 1.637 2.574 1.048 146.1 1.280(3) 1.291(3) 942 47 �0.035

phenols this distance is within the range 1.37–1.34 Å; it
becomes 1.33–1.31 Å in the shortest hydrogen bonds with 50%
of proton transfer and reaches 1.29–1.26 Å in phenolates. The
analysis of the data of Table 3 shows that the parameter A,
describing bond length differentiation in the phenol ring, grows
with the decrease of the CO distance, so does the calculated
percent of keto form. From this point of view sterically hin-
dered Schiff bases follow the rules found for “ordinary” Schiff
bases without steric strain.22

The best equalization of the O–H and H � � � N bond lengths
was found in 4 (cf. Table 3), contrary to expectations that the
extension of the N–CH3 to the N–C2H5 chain should increase
the basic abilities of the nitrogen atom. Steric shielding of the
reaction center by the longer N-alkyl chain appears to be more
effective than these electronic influences. This effect becomes
even more pronounced in 5. The more bulky N–n-C3H7 chain
reinforces shielding from the surroundings to such an extent
that hydrogen bonding becomes molecular (enol form). Acid
and base centres in 2 and 5 appear in a less polar environment
than in 3 and 4. It demonstrates how important is the influence
of the surroundings on the proton location in the studied
molecules.

It is hard to make judgements about the localisation of the
proton in 3 and 4 only on the basis of X-ray measurements. The
obtained results should be accepted as evidence of strong pro-
ton delocalisation in these compounds. Additional support for
this statement is provided by an independent determination
(with CuKα radiation) of the structure of 4, where the O � � � H
and H � � � N distances were obtained opposite to those given in
Table 3 (dOH = 1.22 Å, dNH = 1.30 Å).

Ab initio and DFT calculations of the potential for proton
movement

In order to understand the influence of “steric” substitution on
the intramolecular hydrogen bond in Schiff bases, “single
point” calculations of the adiabatic potential for the proton
movement were performed for two model compounds: 2-(N-
methyliminomethyl)phenol, for which the molecular structure
was not determined experimentally as it is a liquid, and its ana-
logue, 2-(N-methyl-α-iminoethyl)phenol with the methyl group
substituted in the C(H)��N–CH3 fragment. The calculations
were performed at MP2/6-31G** 29,30 and DFT/6-31G** 30,31

levels using the Gaussian 94 program.32

Fig. 9 shows the energy profile for proton movement within
the hydrogen bridge for both of these compounds. The effect of
shortening of the hydrogen bond upon the methyl group substi-
tution appears to be very clear from the potentials’ comparison.

Very similar modifications of the potential were found by
means of two quantum mechanical methods (DFT and MP2).
The calculations were performed by extension of the OH bond
length, while positions of all the other atoms were frozen at the
equilibrium positions, optimized for each applied method. Such
an approach seems to be rational when one makes an attempt to
obtain the potential for the fast movement of proton, at least in
the solid state.

On the other hand, in bent hydrogen bonds one can also
expect some deviation of the proton movement from the OH

direction. The second variant of the calculations was applied,
where the COH and CCOH angles were allowed to be freely
modified in the course of O–H bond extension. The modifi-
cation of the potentials is presented in Figs. 10A, 10B. From the
figures it is obvious that the “softer” model gives a more flat
potential for the proton movement. Barriers for the proton
transfer decrease, and the proton becomes more labile.

All the approaches used evidently support the idea that the
steric repulsion of the substituted methyl group decreases the
energy of the minimum for the O� � � � H–N� state and makes
the potential more shallow. The barrier for such a flat potential
reduces in agreement with the experimental observations.

Moreover, the calculations were performed in the gas phase
and one can expect an even stronger decrease of energy of
the minimum for the O� � � � H–N� state and more advanced
delocalisation of proton.

The potentials discussed above describe the dynamics of pro-
ton movement. Predicted due to widening of the potential at
the minimum, the red shift of IR absorption comes in full
agreement with the experiment. Discussion of the proton pos-
ition in stationary states, studied by X-ray crystallography,
needs calculations with full optimisation of all structural
parameters. It allows the establishment of the energy difference
between two tautomeric states. Such calculations were per-
formed with full optimisation of the enol and proton transfer
states. The increase of the energy related to the proton transfer
in 2-(N-methyliminomethyl)phenol is equal to 5 kcal mol�1 and
decreases to 2.77 kcal mol�1 in 2-(N-methyl-α-iminoethyl)-
phenol. Analogous values were obtained for related N-benzyl
derivatives (4.87 and 2.76 kcal mol�1, respectively).9 The signifi-
cant decrease of the energy of the proton transfer process
(∆EPT) in such calculations (Figs. 9 and 10) can be estimated as
2.75 kcal mol�1. Therefore, the proton transfer state is easily
accessible in sterically hindered Schiff bases, especially if taking
into account that calculations were performed for the gas phase.

Fig. 9 Adiabatic potential for the proton movement for 2-(N-methyl-
α-iminoethyl)phenol (�) and 2-(N-methyliminomethyl)phenol (∆) at
the B3LYP/6-31G(d,p) level.
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Conclusions
A new class of sterically modified hydrogen bonds in Schiff
bases has been discovered. Introducing an alkyl or aryl sub-
stituent into the C(H)��N–CH3 moiety leads to substantial
shortening of the hydrogen bond length and a change of the
spectroscopic behaviour of such systems.

Especially interesting are the systems from the intermediate
(critical) region, where the low barrier for the proton transfer
within hydrogen bonds can be anticipated. Five compounds
(1–5) were synthesised and their crystal structures were deter-
mined. All these compounds, derivatives of p-chlorophenol,
really contain very short OHN hydrogen bonds (equal to or less
than 2.500 Å) and belong to the group of critical hydrogen
bonds. Changing the substituents at the phenol ring or an
extension of the N-chain makes possible modification of the
potential for proton transfer.

Addition of a methyl substituent at position 5 of the phenol
ring in 1 shifts the equilibrium in the direction of enol type
hydrogen bonds, but the hydrogen bond persists in being
zwitterionic (in 3). Such a combination of substituent effects
(5-methyl-4-chloro substitution) gives more intermediate pro-
ton positions—dOH = 1.43 Å and dNH = 1.11 Å. Delicate exten-
sion of the N-chain, from N–CH3 to N–C2H5 when going from

Fig. 10 (A) Comparison of the adiabatic potential for the proton
movement for 2-(N-methyl-α-iminoethyl)phenol at B3LYP/6-31G(d,p)
level: (�) obtained by the OH length modulation, other parameters
fixed; (�) obtained by the OH length and COH and CCOH angles
optimization, other parameters fixed. (B) Comparison of the adiabatic
potential for the proton movement for 2-(N-methyliminomethyl)phenol
at B3LYP/6-31G(d,p) level: (�) obtained by the OH length modulation,
other parameters fixed; (�) obtained by the OH length and COH and
CCOH angles optimization, other parameters fixed.

3 to 4, causes a further shift of the equilibrium in the direction
of an enol type hydrogen bridge (in 4). The apparent proton
position appears labile to such an extent that two slight tech-
nical differences in the X-ray determinations gave two opposite
solutions, one with 1.33 and 1.22 Å OH and HN bond lengths
distribution, the second with inversed bond length ordering.
The positions of all other atoms were practically the same in
both solved structures.

This can be accepted as evidence of a large proton delocaliz-
ation within the hydrogen bond, characteristic of the very low
potential barrier for the proton transfer.

Further extension of the N-chain to a propyl group shifts the
structure to a typically enol form (in 5).

It was shown that steric repulsion and slight modification of
substituents can give the possibility of drastic modification
of the potential shape for the proton transfer and reduction of
the barrier in ortho-hydroxy Schiff bases, which opens the way
for practical application of these compounds. Such a situation
is caused by the fact that compounds 1–5 belong (due to steric
squeezing of the hydrogen bridges) to the range of intermediate
(or inversion) hydrogen bridges.

The N � � � O distances in 1–5 look very much alike, which
suggests that the hydrogen bridge shortening mainly results
from steric interactions.
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