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Abstract 2,2′-dihydroxybenzophenones and their oxime and
N-acyl hydrazone derivatives have been studied via the DFT/
B3LYP-6-311++G**methodology. An almost coplanar bifur-
cated six-membered H bridge is found in ketones. A similar H
bridge, accompanied by a seven-membered one in oximes and
a nine-membered-like one in hydrazones, is also formed.
While the closed (two pseudo rings) conformer is the lowest
energy one in 2,2′-dihydroxybenzophenones and their ox-
imes, the semi-closed conformer (one pseudo ring) corre-
sponds to the lowest energy one in N-acyl hydrazones. The
ΔHf of the closed conformer compared to its open counterpart
is ca. 17 kcal/mol in 2,2′-dihydroxybenzophenones while that
in oximes is ca. 11 kcal/mol. The energy barrier in changing
from the closed to the open (no pseudo ring) conformation is
<3 kcal/mol for all 2,2′-dihydroxybenzophenones and their
oximes. The impact of intramolecular hydrogen bonding on
the variation of ΔHf of the conformers are discussed with

respec t to mono- and di -p -subs t i tu t ion of 2 ,2 ′ -
dihydroxybenzophenone structure as well as to its conversion
into oxime and hydrazone derivatives.ΔHf of both closed and
semi-closed conformers decreases, throughout the series, un-
like that of semi-closed conformer of the Br-substituted ones.
A slightly decreased enthalpy due to intramolecular hydrogen
bonding in 2,2′-dihydroxybenzophenones is attributed to p-
substitution and a further significant decrease is noted in going
from 2,2′-dihydroxybenzophenones to oximes. An enthalpy
increase, on the other hand, occurs in moving from oxime to
hydrazone, again with the exception of semi-closed conformer
of the Br-substituted conformers.

Keywords 2,2′-dihydroxybenzophenones . Oxime . N-acyl
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Introduction

Hydroxybenzophenones exhibit interesting photophysical [1],
photochemical [2] and biological properties [3]. They have a
wide range of applications, e.g. in laser dyes [4], as polymer
stabilizers [5], biologically active metabolites [6] or in sun-
screens [7, 8] to name a few [9]. They are absorbed through
the human skin, therefore, bioaccumulation may occur in
wildlife and humans [10]. It is known that their reactivity
and their biological activity are linked to their acid-base and
metal chelating properties [11]. Their pharmacology usually
works through direct interaction with metal-bearing active en-
zyme sites [12]. Their oximes [13, 14] and hydrazones [15,
16] have been tested for a broad range of biological activities
and a few hydrazones have been found to display anti-
inflammatory activity [16, 17]. Their molecular structure and
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inherent intramolecular H bonding have been studied via the-
oretical methods [18, 19].

Much attention has been directed towards deciphering the
nature of the bonding in low-barrier short hydrogen bonds
[18–25]. Gilli et al. have proposed the resonance-assisted hy-
drogen bonding (RAHB) model to account for the very short

O-H…O andN-H…O distances observed in conjugated neutral
systems containing H bonds [26]. RAHBs are present in many
biological processes, which makes them an important topic in
fields such as enzyme catalysis [25, 27], organocatalysis [25],
(bio)chemistry and molecular biology [28]. Studies have fo-
cused mostly on H bonds that involve a single donor-acceptor

Fig. 1 Minima conformers and transition states (ts) of 1, 2, and 3. The relative energies (relative enthalpies at 298.150 K and 1 Atm) in kcal/mol are
given (C atoms are indicated by grey spheres, H by white, O by red, N by blue, and Br by dark red)

Chart 1 Compounds 1–13. Pseudo ring conformations: type I (bifurcated, closed form), type II (singly H-bonded conformation, semi-closed form) and
type III (non H-bonded conformation, open form)
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pair. However, there are instances in which the H bonding
pattern may include more than one donor or acceptor [25].
Such bonds, known as bifurcated H bonds, describe the inter-
action between one donor to two acceptors (e.g.,
C=O…H…O=C) or its alternative variation, i.e., two donors
to a single acceptor (e.g., N-H…O…H-N). Such bonding inter-
actions are said to be overcoordinated. The prevalence of such
bifurcated H bonds in proteins has been analysed [23] and has
even been implicated in bending of helices [29, 30].

2,2′-Dihydroxybenzophenones [31, 32] and derivatives ex-
hibit obvious structure similarities to their mono-hydroxy an-
alogues. An important application in both chemistry and biol-
ogy is their use in axial and helical chirality [33]. They have
also been found as potent inhibitors against hGSTA1-1 in-
volved in multiple drug resistance [34]. Recently diverse
routes for their synthesis have been described and their struc-
ture profile has been scrutinized by DFT/B3LYP-6-311++
G** methodology and NMR spectroscopy [32]. Significant
anti-inflammatory activity, mainly of their oxime and
hydrazone derivatives, has been found, competing that of
marketed drugs. In silico docking studies point to the perspec-
tive potency of these structures as COX-1/COX-2 inhibitors
[32]. The significance of these results provided the impetus to
explore the geometrical features of their conformers and re-
quirements for their interconversion, thus, profiling likely
pathways for their displayed biological activity.

Oximes and N-acylhydrazones of 2,2′-dihydroxy
benzophenones have been chosen to elucidate the impact of
(a) intramolecular H bonding (IHB) on the relative stability
and interconversion of the various conformers, its competition
between single or bifurcated formations and (b) IHB

variations from steric constraints triggered by p-substitution.
To that end, transition states of interconversion, H bond
strengths and relative stabilities of the conformers have been
calculated by DFT calculations.

Computational details

Compounds 1–13 (Chart 1) have been studied. Three to
twelve low energy minima structures were calculated for each
one of them. These minima are divided into three categories:
(a) the Bbifurcated^ or closed form (type I), i.e., the structures
with two intramolecular H-bonded pseudo (quasi) 6-, 7- or 9-
membered rings, (b) the singly H-bonded or semi-closed form
(type II), i.e., the structures with one intramolecular H-bonded
pseudo ring, and (c) the non H-bonded structures or open form
(type III), i.e., the structures with no intramolecular H-bonded
pseudo rings (Chart 1). It should be noted that the closed or
Bbifurcated^ form, i.e., two donors to a single acceptor (e.g., -
O-H…O…H-O-) is found only in ketones 1–5 (Chart 1Α).
Transition states have been calculated for the interconversion
of conformers among I, II and III types, as well as for those
with multiple I-III types.

All minima and transition states for the conformers of 1–13
were fully optimized. The pathways for the transition between
the various conformers of the molecules were calculated. The
calculations were carried out using the hybrid B3LYP func-
tional [35, 36] coupled with the 6-311G++(d,p) [37]. The
suitability of the B3LYP functional has been tested in many
cases and has been found reliable for theoretical calculations
[38–41] and prediction of organic reaction mechanisms [42,

Fig. 2 Reaction enthalpy (298.150 K; 1 Atm) for the conformational
isomerization of the open structure (type III) of 1, 2, and 3 to the
closed structure (type I). Black lines correspond to 1, red lines to 2 and

blue lines to 3, see Fig. 1. Only the conformers and transition states of 3
are given for simplicity (C atoms are indicated by grey spheres, H by
white, O by red, and Br by dark red)
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43]. For example in similar compounds with the ones calcu-
lated here [43] the credibility of the B3LYP functional was
tested for the calculated minima, transition states and tentative
reaction pathways using the M06-2X functional and the sec-
ond order Møller-Plesset perturbation theory (MP2) in con-
junction with the 6-311G+(d,p) and aug-cc-pVTZ basis sets.
B3LYP/6-311G+(d,p) was found to be a good choice [43].

For all structures, the vibrational frequencies were calculat-
ed to confirm that the structures are true conformers or transi-
tion states. Their relative and zero point energies, corrected
values, relative thermal energies, enthalpies, free energies, di-
pole moments and cartesian coordinates are given in the
Supporting Information (SI). All computations have been car-
ried out and visualized using Gaussian 09 program [44].

Fig. 3 Minima and transition states (ts) of 4 and 5. The relative energies (relative enthalpies at 298.150 K; 1 Atm) in kcal/mol are given (C atoms are
indicated by grey spheres, H by white, O by red, and N by blue, and Br by dark red)

Fig. 4 Reaction enthalpy (298.150 K; 1 Atm) for the conformational
isomerization of the open structure (type III) of 4 and 5 to the closed
structure (type I). Black lines correspond to 4 (see Fig. 3) and red lines

to 5 (see Fig. 3) (C atoms are indicated by grey spheres, H bywhite, O by
red, N by blue, and Br by dark red)
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Results and discussion

2,2′-dihydroxybenzophenones

The >C=O and the phenol hydroxyl groups build up non
equivalent RAHB-stabilized [45] IHB interactions, leading
to non planar conformations. The latter, however and the
resulting distortion cannot impede bifurcation in 1–5.

1, 2, and 3: Minima and transition states (ts) are depicted
and relative enthalpies are given for their conformers in Fig. 1.
Their reaction enthalpy changes during the conformational
isomerization of type III (open form) to type I (closed form)
is depicted in Fig. 2. Enthalpy barriers for the conversion of c
(type III) to b (semi-closed form, type II) in 1–3 are only 1.5,
2.5 and 2.7 kcal/mol, the lowest one of which is expectedly
observed for 1. The slightly higher values are attributed to
steric constraints due to p-substitution in 2 and 3. Still lower
enthalpy barriers of 1.2, 1.4 and 1.2 kcal/mol are found for the
isomerization of b to a (type I) for 1, 2, and 3, respectively.We
observe that the enthalpy of a (closed form) in 1–3 is lower to
that of c (open form) by 18.3(17.6), 17.0(16.4), and 17.1(16.5)
kcal/mol, respectively. For the parent 1, lacking any substitu-
tion constraints, the stabilization of the a form is slightly more
demanding than that of the c form by ca. 1 kcal/mol.

Intramolecular H bond distances, O-H…O angles (φ)
of the pseudo 6-rings and dihedral angles (d) of the a
form in 1, 2, and 3 (Table 1S, SI). No variation for the H
bond distances and angles φ and a marginal one for the
dihedral angle (d) have been observed. The dihedral an-
gle, engaging the two phenol groups, increases drastical-
ly from ca. 44 degrees in a (closed form), to ca. 70
degrees in b (semi-closed form) up to ca. 108 degrees
in c (open form) in agreement with experimental data for
similar compounds [46–48]. X-ray data of 1a indicate a
limited distortion with a dihedral angle at 38 degrees [46,
47] compared to a calculated value of 44 degrees. 1H
NMR chemical shifts are indicative of a bifurcated H

bridge [32, 49]. p-Substitution leads to a varying dihe-
dral angle of the two phenol groups) in the transition
states of 1–3. The two RAHB-stabilized pseudo 6-rings
(HO…H) form a dihedral angle of ca. 20 degrees in all a
conformers.

4 and 5: The minima and transition states (ts) of 4 and 5
conformers are depicted in Fig. 3. These structures have only
one of their phenol rings occupied by a phenyl or a Br sub-
stituent at the p-position, respectively. Relative enthalpies are
given in Fig. 3 while the reaction enthalpy variation upon
conformational isomerization of c (open form) of 4 and 5 to
a (closed form) conformation is depicted in Fig. 4. Worth
noting is that b and b2 (semi-closed forms) can be differenti-
ated through the orientation of the pseudo six-membered ring,
e.g. adjacent to or away from the p-substituted phenyl group
(Fig. 4). The enthalpy barrier for the isomerization of c (open
form) to b2 (semi-closed form) is less than 1 kcal/mol while
that for the conversion to b is 3 kcal/mol, (Fig. 4). Moreover,
the enthalpy barrier for the isomerization of b or b2 (semi-
closed form) to a (closed form) (two pseudo 6-rings formed
through bifurcation) is only ca. 1.2 kcal/mol. Thus, it appears
that the interconversion follows the c→ b2→ a pathway with
an enthalpy requirement of ca. 1 kcal/mol (Fig. 4).

Looking at the interconversion process in ketones 1–5 it
follows that (a) conversion of c to b has an enthalpy demand
of less than 3 kcal/mol, (b) the largest enthalpy of ca.
18.3(17.6) kcal/mol is observed for the conformation changes
in 1, (c) there is a lower enthalpy barrier and a higher enthalpy
toll for stabilization of ca. 0.5 kcal/mol for p-substitution on
only one of the rings (4 and 5) as opposed to p-substitution on
both rings (2 and 3), (d) the largest enthalpy barrier is ob-
served for 3, (e) the enthalpy barrier of the interconversion b
to a in the series is ca. 1.2 kcal/mol, (f) the a conformer is more
stable than the c one by ca. 17 kcal/mol.

Selected geometries of a, b, b2, and cminima and transition
structures of 4 and 5 are given in Table 2S, SI. The intramolec-
ular H bond distances and the O-H…O angles of their pseudo

Fig. 5 Minima conformers of 6 and 7. The relative energies (relative enthalpies at 298.150 K; 1 Atm) in kcal/mol are given. The lowest a minima are
given from two different perspectives
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6-rings are in the range 1.69 to 1.74 Å and 144 to 147 degrees,
respectively (Tables 1S and 2S, SI). Interestingly, a twisted six-
membered ring in the ts2a2c transition state, leads to a weakH…
O interaction of 2.303 Å (Table 2S, SI). The dihedral angles of
two pseudo six-membered rings (HO…H) of a are in the range
20–24 degrees while those of one pseudo six-membered ring

(HO…H) adjacent to a phenyl group is ca. 5 degrees and ca. 15
degrees when two pseudo six-membered rings are formed. Of
note is the dihedral angle engaging the two phenols, of 44
degrees, for the same conformer in 1–5. 1H NMR δ values
for the mono-substituted 4 and 5 display two deshielded OH
resonances, indicative of a bifurcated H bridge in the RAHB

Fig. 7 Reaction enthalpy (298.150 K; 1 Atm) for the conformational isomerization of the open form (type III) of 8 to the closed form (type I) (C atoms
are indicated by grey spheres, H by white, O by red, and N by blue)

Fig. 6 Minima conformers and transition states (ts) of 8 . The relative energies (relative enthalpies at 298.150 K; 1 Atm) in kcal/mol are given (C atoms
are indicated by grey spheres, H by white, O by red, and N by blue)
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Fig. 8 Minima and transition states (ts) of 9. The relative energies (relative enthalpies at 298.150 K; 1 Atm) in kcal/mol are given (C atoms are indicated
by grey spheres, H by white, O by red, and N by blue)
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Fig. 9 Minima and transition states (ts) of 10. The relative energies (relative enthalpies at 298.150 K and 1 Atm) in kcal/mol are given. (C atoms are
indicated by grey spheres, H by white, O by red, N by blue, and Br by dark red)
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Fig. 10 Reaction enthalpy (298.150 K; 1 Atm) for the conformational
isomerization of the open form (type III) of 9 and 10 to the closed form
(type I). Black lines correspond to 9 (see Fig. 4) and red lines to 10 (see

Fig. 4). Only the conformers and transition states of 10 are given for
simplicity (C atoms are indicated by grey spheres, H by white, O by red,
N by blue, and Br by dark red)

Fig. 11 Minima and transition states (ts) of 11. The relative energies (relative enthalpies at 298.150 K and 1 Atm) in kcal/mol are given (C atoms are
indicated by grey spheres, H by white, O by red, and N by blue)
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stabilized pseudo ring [32], in line with the calculated geometry
data. Precedents confirm the RAHB-pseudo ring stabilized
bridges (bifurcated included) in 1–5 [32, 50–53]. Accordingly,
not only these bridges affect the inherent reactivity of 1–5, they
also protect OH groups. RAHB further deters o-oxidation and
differentiates the two phenol rings, allowing the synthesis of
diverse derivatives [32]. Evidence for the RAHB bridgings
has also been obtained from 1H,13C and 17O NMR and FT-IR
spectroscopy, 2DNMRdata and grid scan analysis [32, 54, 55].

Ether derivatives

6 and 7: The minima and relative enthalpies of 6 and 7 are
shown in Fig. 5. It should be noted that the OH groups are
masked/protected (by benzyl moieties), thus, excluding H
bonding and pseudo ring formation. The minima of a con-
former in both structures are similar. Its geometry is not af-
fected by the nature of the p-substituent. Interactions between
H atoms of phenol rings and the >C=OO atom, most probably
of C-H…π type, are detected [25], with bond distances of 2.6–
2.7 Å. The >CH2 groups are situated far from the C=O group
at the global minima, thus, no CH… π interactions are detect-
ed. However, such weak interactions at bond distances of 2.2–
2.6 Å are found in the other conformers. The dihedral angles
engaging the phenol groups in the lowest minima of 6 and 7
have been estimated (Table 3S, SI).

Oximes

Replacing O by N in the pivotal double bond gives rise to non
equivalent H bonding arrangements. Oximes are known to

function as H bond donors, through their OH site and accep-
tors, through their N lone pair [56]. The N and O lone pair
repulsion endows the donor-acceptor character to the oxime N
and O sites and forces one of the rings out of planarity.

8: The minima and transition states (ts) of the parent 8 are
depicted in Fig. 6. The lowest energy minima 8a and 8e indi-
cate one six-membered and one seven-membered pseudo
rings. The former is built up through the OH H atom (8a)
whereas the latter engages the H atom from the NOH entity
(8e). The 8b, 8c and 8dminima form one six-membered pseu-
do ring, 8h has one seven-membered pseudo ring while no
pseudo rings are found in the 8f and 8g (open form) minima.
The transition state ts8a8c between 8a (closed form) and 8c
(semi-closed form) corresponds to the dismantling of the
seven-membered pseudo ring upon rotation of the phenol
group, the ts8c8g transition state between 8c and 8g corre-
sponds to the dismantling of the six-membered pseudo ring
upon rotation of OH group and the ts8f8g transition state be-
tween 8f and 8g (open form) corresponds to the rotation of the
oxime OH group. The reaction enthalpy variation for the con-
formational changes is depicted in Fig. 7. The enthalpy bar-
riers for the 8f (open)→ 8g (open)→ 8c (semi-closed)→ 8a
(closed) conversions are 11.4, 2.0 and 1.4 kcal/mol,
respectively.

The intramolecular H bond distances and the O-H…
O angles of the six- and seven-membered pseudo rings
of the minima and transition states of 8 are given in
Table 4S, SI. It should be noted that the RAHB-
stabilized six-membered pseudo ring is nearly planar,
unlike its seven-membered counterpart. H… O bond
distances of 1.8–1.9 Å are longer than those in 1 by

Fig. 12 Reaction enthalpy (298.150 K; 1 Atm) for the conformational isomerization of the open form (type III) of 11 to the closed form (type I) (C
atoms are indicated by grey spheres, H by white, O by red, and N by blue)
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0.15 Å. The H…N bond distance, on the other hand, is
expectedly slightly shorter at 1.7–1.8 Å. Their N-O dis-
tance, is in agreement with the generally observed range
of 2.5–2.6 Å in (aldo)ketoximes [54]. The dihedral an-
gle between the two phenol groups in the lowest energy
minimum conformer of 8 is larger to that in 1 by ca. 20
degrees. The NMR data of 8 [32] in contrast to 1,
display the symmetrical protons of the two rings as
magnetically non equivalent because of the restricted
rotation around the C=N bond of the oxime moiety,
which Blocks^ its OH group in a certain orientation
towards one of the two phenol rings, inducing different
magnetic environments to their protons in agreement
with our calculated geometries.

9 and 10: The minima and transition states (ts) of 9 and 10
are depicted in Figs. 8 and 9. They both display the same
minima and transition states with a nearly identical ordering.
All minima are in pairs, e.g. (a, b) (c, d) (e, f) and so on. The
paired conformers have identical pseudo ring formations and
they only differ to which ring is p-substituted. Conformers a,
b, i, and j each have a six- and a seven-membered pseudo
rings; c - h have one six-membered pseudo ring; o, and p have
one seven-membered pseudo ring; k, l, m, and n have no
pseudo rings. Transition state tshj, between h and j con-
formers, each having a six-membered ring, carries two pseudo
rings. The reaction enthalpy variation for the conversion be-
tween the open forms of l, m and n to the closed form a are
depicted in Fig. 10. The enthalpy barrier for the first step of the

Fig. 13 Minima and transition states (ts) of 12. The relative energies (relative enthalpies at 298.150 K and 1 Atm) in kcal/mol are given (C atoms are
indicated by grey spheres, H by white, O by red, and N by blue)
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conformation change m, n, l (open) → a (closed) is 1.4(1.3),
2.6(3.1), 5.9(4.8) kcal/mol, respectively. The energy demand
for the conformation changes in 10 is slightly lower than that
in 9.

The intramolecular H bond distances and the O-H…O
angles of the six- and seven-membered pseudo rings of
the minima and transition states of 9 and 10 are given
in Table 5S, SI. Comparing the geometries of 8, 9, and
10, we observe that the distances and the angles are sim-
ilar among the corresponding conformers. Oxime con-
formers are differentiated by a substitution-triggered sym-
metry disruption. Thus, bromine substitution in 10, namely
the 10a and 10b conformers, is observed in the NMR
signals in a population ratio 1:1, indicating the presence
of two distinct conformations [32]. Distortions of bonds,
their angles and dihedral angles are also in this case in-
dicative of the IHB-stabilized rings. NMR data display
symmetrical ring protons as magnetically non equivalent.
Grid scan analysis revealed the possibility of H bonding
between the phenol OH and the oxime N site.

Hydrazones

Geometry features similar, in part, to those of oximes 8–10,
are more pronounced in hydrazones 11–13. The two rings are
markedly twisted out of planarity by ca. 60–73 degrees. The
extent of the pseudo ring RAHB-driven distortion of the struc-
tures is indicated by their dihedral angles sharper to those
found in 8–10.

11 and 12: The minima and transition states (ts) of con-
formers of 11 are depicted in Fig. 11. The 11a–e conformers
form a RAHB-stabilized six-membered pseudo ring while the

lowest energy conformer 11d has a six- and a nine-membered
pseudo rings. The latter should be best looked at as a pseudo
ring-like interaction formed by the pendant N-acyl arm,
through a sterically favourable orientation. 11f has no pseudo
rings. The ts11a11b and ts11c11e transition states between 11a
and 11b and between 11c and 11e, respectively (all in closed
forms) correspond to the rotation of a phenol OH group. The
ts11d11e transition state between 11d (two pseudo rings) and
11e (one pseudo ring) corresponds to the dismantling of a
nine-membered pseudo ring. The ts11a11c transition state be-
tween 11a and 11c (both in closed forms) corresponds to the
rotation of NN-CO arm.

We observe that all lowest energyminima lie within a range
of 3 kcal/mol. The 11d minimum, having a six- and a nine-
membered pseudo rings, lies only ca. 2.3 kcal/mol above that
of 11a (see Fig. 11). For the conversion process of 11f (open
form) to 11d (closed form with two pseudo rings) low enthal-
py barriers of ca. 1.8 and 1.1 kcal/mol are needed (see Fig. 12).
However, for the three-step conversion process of 11f (open
form) to the lowest minimum 11a a high enthalpy barrier of
ca. 20.0 kcal/mol is needed, corresponding to the rotation of
NN-CO arm. This transition state lies ca. 10.3 kcal/mol above
that of 11f (open form) while the 11a lowest minimum lies
below that of 11f by ca. 11.6 kcal/mol. Thus, the required
enthalpy barrier is paid by the stabilization enthalpy of the
11f. The other two steps have limited enthalpy demands of
ca. 1.8 and 2.6 kcal/mol, respectively (see Fig. 13). Note that,
the energy barrier between ts11a11b and ts11c11e transition states
for the rotation of the phenol OH group is ca. 3 kcal/mol (see
Fig. 12).

Theminima of the conformers of 12 are depicted in Fig. 13.
In 12 a pyridine has replaced the phenyl ring of 11 as the aryl

Fig. 14 Reaction enthalpy (298.150 K; 1 Atm) for the conformational isomerization of the open form (type III) of 12 to the closed form (type I) (C
atoms are indicated by grey spheres, H by white, O by red, and N by blue)
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moiety attached to the amide >C=O. All minima have a six-
membered pseudo ring except 12g, which has an additional
nine-membered one and 12h having no pseudo rings. Both 11
and 12 have the same global conformer. However, the exis-
tence of the pyridine N atom (through its π electron lone pair)
affects the relevant stability of other minima. For example, 11c

and 11e, resulting from the rotation of the NN-CO arm, lie ca.
2.0 and 2.6 kcal/mol, respectively, above the corresponding
11a minimum while the corresponding minima of 12c and
12d lie ca. 5.7 and 7.4 kcal/mol above the global minimum.
The minima with two pseudo rings, i.e. 11d and 12g, lie at ca.
2.3 and 11.4 kcal/mol, respectively, above the corresponding

Fig. 15 Minima and transition states (ts) of 13. The relative energies (relative enthalpies at 298.150 K and 1 Atm) in kcal/mol are given (C atoms are
indicated by grey spheres, H by white, O by red, N by blue, and Br by dark red)
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global conformer while 11g and 12h (open forms) lie at ca.
11.9 and 18.1 kcal/mol. Overall, the pyridine σ and π geom-
etry increases the separation of the various minima, compared
with those with the phenyl ring. 12a, 12e, and 12f differ only
with respect to the relative orientation of pyridine ring. The
transition states of 12 are depicted in Fig. 13. Worth noting is
that transition states of 11 and 12 are similar between a and b
only, i.e., ts11a11b and ts12a12b whereas notable differences are
detected among the rest.

The reaction enthalpy variation for the conversion between
12h (open form) to the lowest energy minimum 12a (with one
pseudo ring) and to 12g (with two pseudo rings) is depicted in
Fig. 14. Comparing the enthalpy variation for the conversion
processes in 11 (Fig. 12) and 12 (Fig. 14) we observe the
following notable changes, (a) the first step in 12 has a barrier

of ca. 5.7 kcal/mol compared with that of ca. 1.8 kcal/mol for
11, (b) a demanding barrier of ca. 20 kcal/mol between the c
and a conformers of 11 is diminished to 12.9 kcal/mol for 12,
(c) The OH rotation barrier between a and b or c and d is ca.
2.5 kcal/mol and (d) the barrier from 12d to 12g (minima with
two rings) is ca. 4.3 kcal/mol.

The intramolecular H bond distances and the O-H…
O and O-H…N angles of the six- seven- and nine-
membered pseudo rings and the dihedral angles of the
minima and transition states of 11 and 12 are given in
Table 6S, SI. The corresponding H…N bond distance is
ca. 1.7–1.8 Å whereas the H…O distance in the nine-
membered ring is ca. 1.813 (11d), 1.823 (12g), and
2.047 for ts11d11e. The six-membered pseudo ring-
forming H atom interacts with the pyridine N atom in
12c, 12d, and ts12c12d having a H… N distance of ca.
2.2 Å. The lowest energy minimum dihedral angle be-
tween the two phenol groups is 80 degrees in both 11
and 12, i.e. larger by 17 degrees to that of oxime 8 and
37 degrees to that of parent ketone 1 (see Tables 1S, 4S
and 6S of SI). A H…N distance of ca. 1.944 Å is
found in the ts12a12c transition state, having an addition-
al seven-membered ring, ca. 0.2 Å longer than the H…
N distances of the six-membered pseudo rings (see
Fig. 14). Further, the dihedral angles between the phe-
nyl (in 11) or pyridine (in 12) groups and the phenol
closer to either, of 68.0 degrees vs 3.6 degrees, indicate
and reflect a strong impact of the pyridine ring in the
adopted conformation. NMR data and grid scan analysis
for 11 and 12 reveals the possibility of H bonding be-
tween the phenol OH and the hydrazone N site [32].
The results are in agreement with the present DFT

Fig. 16 Reaction enthalpy (298.150 K; 1 Atm) for the conformational isomerization of the open structure (type III) of 13 to the closed form (type I) (C
atoms are indicated by grey spheres, H by white, O by red, N by blue, and Br by dark red)
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Fig. 17 Relative enthalpies (298.150 K; 1 Atm) of the lowest energy
conformers of types I, II, and III
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calculations, confirming the formation of a six-
membered pseudo ring.

13: Minima and transition states (ts) of 13 are depicted in
Fig. 15. All minima, except 13h and 13i, have only one six-
membered pseudo ring. 13h and 13i have an additional nine-
membered pseudo ring, while 13k and 13l have no pseudo
rings. Note that 13a (conformer carrying the p-Br substituent
in one of the phenol rings) and 13c (conformer carrying the
unsubstituted phenol ring) give different minima for the six-
membered pseudo ring formation. Comparing energetically
the conformers of 13with those of 11 and 12, we observe that
the minima in 13 exhibit smaller relative energy differences
than in 11 or 12. For example, a and b forms in 11–13 differ in
the O-H bond orientation with energy differences of 1.8, 1.6
and 0.36 kcal/mol for 11, 12 and 13, respectively. The ts13a13b
transition state corresponds to a barrier of OH rotation, ts13-
a13d and ts13c13f correspond to a barrier of NN-CO rotation,
ts13d13l and ts13f13k correspond to a barrier for the formation of
a six-membered pseudo ring, ts13f13h ts13a13i, and ts13c13h cor-
respond to a barrier for the formation of an additional nine-
membered pseudo ring. The reaction enthalpy variation for the
conformational changes between the open forms of 13k or 13l
to the lowest energy minima of 13a or 13c with one pseudo
ring and to 13dwith two pseudo rings, is depicted in Fig. 16. It
is interesting that the ts13d13l is stabilized via an eight-

membered pseudo ring and the ts13a13d and ts13c13f are stabi-
lized via a seven-membered pseudo ring (see Fig. 16).

The intramolecular H bond distances, the O-H… O
and O-H…N angles of the six-, seven-, eight- and nine-
membered pseudo rings and the dihedral angles of the
minima and transition states of 13 are given in
Table 7S, SI. An intramolecular H…N bond distance
of ca. 1.7–1.8 Å and a H…O distance of the nine-
membered ring of ca. 1.83 Å and 2.0–2.4 Å at the
transition states have been estimated. The dihedral angle
between the two phenol rings in the lowest energy min-
imum is 100 degrees, i.e. ca. 20 degrees larger than the
corresponding one in 11 and 12 (see Tables 6S and 7S,
SI). The ts13a13d and ts13c13f transition states with an
additional seven-membered ring (see Fig. 14) display
H…N distances of ca. 1.90 Å, i.e. ca. 0.2 Å longer
than the H…N distances of the six-membered pseudo
rings. On the other hand, an eight-membered ring is
formed by the interaction of two OH groups, having
H…O distances of ca. 2.1 Å (see Fig. 15).

The two rings aremarkedly twisted out of planarity by ca. 60–
73 degrees [32, 57]. 11–13 display their symmetrical phenol ring
protons as magnetically non equivalent [32]. The intramolecular
H bonding is probed by the deshielded 1H NMR resonances in
the range 10.5–13.2 ppm supported by grid scan analysis.

Fig. 18 Variation of the formation enthalpy of the lowest in energy conformer of types I and II from III
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Impact of intramolecular H bonding on conformation

The effects of intramolecular H bonding (IHB) on the
lowest energy conformers of types I and II are
discussed in terms of (a) relative formation enthalpies
and (b) dipole moments of compounds 1–13, modified

by p-substitution (see Figs. 17, 18, 19, 20, and 21),
bearing in mind that a H bond is considered as a de-
protonation event or an arrested intermediate in an acid-
base equilibrium [25]. Observed variations display the
significance of IHB as a major determinant of favoured
conformations.

Relative enthalpies of the lowest energy conformers
of types I, II, and III in 1–5 and 8–13 are shown in
Fig. 17. These exhibit similar trends in ketones 1–5
and oximes 8–10 but not in hydrazones 11–13. The
largest enthalpy of stabilization is found in type I con-
formers compared to those of type III, being 17.6 and
11.2 kcal/mol for the parent members 1 and 8, respec-
tively, among 1–10 (see Fig. 17). Most stable in 11–
13, relative to type III, are the type II conformers,
estimated as 17.6 kcal/mol (12), 11.6 kcal/mol (11),
and 8.8 kcal/mol (13). Energy demands of like magni-
tude are shown in 12 and 13 type I conformers and it
is 11 that appears to be somewhat less demanding by
ca. 3 kcal/mol. Similar trends are obtained for the
Gibbs free energies (see Fig. 1S, SI). An overall de-
crease is observed in the enthalpy of formation of 1–10
for both types I and II, in contrast with a reverse trend
noted in type II hydrazones 11 and 12. Enthalpy

Fig. 19 Variation of the intramolecular H bond energy of the lowest energy conformer of types I and II
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Fig. 20 Dipole moments μ of the lowest energy conformer of types I, II,
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changes for the lowest energy conformers of types I
and II against those of type III are shown in Fig. 18.

The IHB energy (EH) in type I and II of the series as well as
its sum of type I (two IHBs, i.e. two pseudo rings) (E2H) are
given in Table 8S, SI. These values correspond to the energy
required for the O-H rotation by a steering angle of 180 de-
grees [58]. In ketones 1–5we observe H bond energies of ca. -
13 kcal/mol for each H bond of the bifurcation domain of type
I conformers and ca. -15 kcal/mol for type II conformers.
Expectedly lower energies than those in 1–5 by ca. 2 kcal/
mol (i.e. ca. -11 kcal/mol for type I and ca. -13 kcal/mol for
the type II′ conformers) are found for the OH…N H bonds,
building up the six-membered rings, in oximes 8–10. The
energy of that bond, corresponding to the 2nd seven-
membered ring, is further lowered to ca. 6 kcal/mol for type
I and only ca. -0.3 kcal/mol for type II″. This decrease is
clearly attributed to the larger size and much greater distortion
of the latter ring. The energy of the OH… N bond of six-
membered ring in hydrazones, is 12–16 kcal/mol for the types
II and I while the corresponding one for the nine-membered
ring is ca. 10 kcal/mol.

Enthalpies of IHB formation for the lowest energy con-
formers of types I and II shown in Fig. 19. A marginal de-
crease in 1–5, a further significant drop in 8–10 and a reverse
of this trend in 11–13 (except in type II conformers of 13) are
observed, traited to p-substitution steric pleas.

Dipole moments (μ) of the lowest energy type I-III con-
formers, shown in Fig. 20, in agreement with the already
discussed data indicate an expectedly substantial sensitivity
of polarity to conformation, clearly implicating the IHB inter-
actions. Accordingly, apart from ketones 1, 2 and 4, having a
μ = 4D, in any conformation, all other conformations in 1–13
exhibit dramatically varying μ values, for instance 0.4D (type
I), 2.9D (type II), and 4.9D (type III) for 3 and 2.9D (type I),
1.4D (type II) and 6.3D (type III) for 13. The highest values
are observed in hydrazones 11–13. Dipole changes for the
lowest energy conformers of types I and II against those of
type III are shown in Fig. 21.

Conclusions

The lowest energy conformer in ketones 1–5 has a homomeric
bifurcation bridge (i.e two six-membered pseudo rings), a
heteromeric bifurcation bridge (i.e. one six- and one seven-
membered pseudo rings) in oximes 8–10 while that in 11–13
has only one six-membered pseudo ring. H-bonded (singly
and bifurcated) conformations are expectedly more stable than
their non H-bonded congeners throughout the series 1–13.
This is clearly more notable in 1–5 than 8–10, particularly
so for their parent members 1 and 8, as revealed by enthalpy
changes of ca. 17 and 11 kcal/mol, respectively or barriers of

Fig. 21 Variation of the dipole moments μ of the lowest energy conformer of types I, II, and III
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ca. 3 kcal/mol. Corresponding H-bonded conformers against
their non H-bonded ones in 11–13 series, on the other hand,
reveal no trends, stability of H-bonded conformers compara-
ble to that in 1–5 or 8–10 and greater energy demands for
conformation interconversions. Enthalpy and interconversion
barrier data as well as dipole moments among the various
conformations demonstrate (a) stabilization infused by intra-
molecular H bonding, (b) additional stabilization endowed by
bifurcation, particularly a homomeric bridging one, (c) the
greater enthalpy demands in O-based H-bonded rings and
(d) a weaker stabilization of a N-engaging H bridge compared
to an O atom one, reflecting their relative nucleophilicities.
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