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ABSTRACT: The tautomeric equilibria between the CH, OH and NH forms in a series of 4-substituted 1-phenyl-3-
methyl-pyrazolin-5-ones have been studied using ab initio calculations at various levels of theory and comparison
made with the experimental results obtained from NMR measurements. Quantitative comparison of both the relative
energies and the 13C chemical shifts of the tautomers constituting the tautomeric equilibria were made by calculation
of both sets of parameters. The influence of the solvent was included by employing various models of the self-
consistent reaction field theory. Initially, the solvent was included in the calculations by applying a continuum of
differing polarity over the surface of isolated tautomers (self-consistent isodensity polarized continuum model
method), then later by assuming formation of an adduct between the solute and the solvent (thereby simulating
effectively the hydrogen bonding in the OH and NH tautomers) and finally by calculating dimer or trimer complexes
of the various tautomers. In this manner, the agreement between the theoretically calculated and the experimentally
determined tautomeric equilibria was improved significantly. The theoretically calculated 13C chemical shifts of the
tautomers were found to be viable for the assignment of the tautomers, particularly the preferred tautomer in the OH/
NH equilibrium, which remains fast on the NMR time scale even at low temperatures. Copyright  2001 John Wiley
& Sons, Ltd.
Additional material for this paper is available from the epoc website at http://www.wiley.com/epoc


KEYWORDS: substituted 1-phenyl-3-methyl-pyrazolin-5-ones; ab initio calculations; NMR spectroscopy; 13C
chemical shifts; tautomeric equilibria; solvent influence; intermolecular interactions
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The study and quantitative evaluation of prototropic
tautomerism in heterocyclic compounds, which continues
to be of primary interest for both the reactivity and the
reaction pathway taken by these compounds, can only be
properly understood if the contributions of all possible
tautomers to the equilibrium are effectively quantified as
opposed to simply assessing the likely, preferred
tautomeric structure. The implications of this type of
work can have immense value, for example, for
biological systems where the tautomeric form of the
nucleic acid bases is determinate for base pairing, which
then consequently determines the frequency of muta-
tions.


The prototropic tautomerism in 4-alkyloxy- and 4-
alkylthio-1-phenyl-3-methyl-pyrazolin-5-ones,1 4-ben-
zoyl- and 4-cinnamoyl-1,3-dimethyl-pyrazolin-5-ones,2


various rubazoic acid derivatives3 and 1-phenyl-3-
methyl -4-(1-phenyl-3-methyl-pyrazolin-5-yl)-3-pyrazo-
lin-5-one4 were all studied in various solvents. In the case


of fast equilibria, estimations of the equilibrium position
were based on reference compounds4 or on solid-state
cross-polarization and magic angle spinning (CP-MAS)
NMR measurements1–3 supported initially by force field1


or semi-empirical quantum-chemical calculations.3,5,6


These have been reviewed by Katritzky et al.7 Subse-
quently, the more sophisticated methods of ab initio
molecular orbital (MO) theory were employed. For
example, the tautomerism of 3-hydroxy-pyrazole has
been studied by high-level ab initio quantum mechanical
methods in both the gas phase and in aqueous solution,
where the NH tautomer was indicated to be more stable
than the OH tautomer.8 The result compared favourably
with experiment in the gas phase,9 but not so in aqueous
solution.10 Importantly, N-substituted pyrazoles,11 3-
nitropyrazole12 and 5-ethoxycarbonyl-3-hydroxy-pyra-
zole13 were also calculated using ab initio methods in
the gas phase and included electron correlation. The
preferred tautomer implicated in each case was that
which was also found experimentally both in the solid
state by CP-MAS NMR and also in solution.


The prototropic tautomerism of both 1-phenyl-3-
methyl-pyrazolin-5-one (1) and its 4-methyl derivative
(2) has been extensively studied in the gas phase, in
solution and in the solid state.14–16 Depending on the
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solution, the three possible tautomers, the CH form 1,2a,
the OH form 1,2b and the NH form 1,2c (see Scheme 1),
can all be found. The rate of interconversion between the
CH tautomer 1,2a and the other two tautomers, 1,2b and
1,2c, is sufficiently slow on the NMR time scale for
separate sets of signals to be observable whereas the rate
of interconversion between the NH and the OH forms,
1,2b and 1,2c, was found to be too fast on the NMR time
scale and only averaged signals are observed, even at low
temperatures.17–22 In CDCl3 solution, it is the tautomer
2a that dominates,14–19 but in d6-DMSO the preference
shifts towards the equilibrium 2b � 2c. The position of
the equilibrium 2b � 2c, though, could only be estimated
by the use of reference compounds.14–19


Since it is not possible currently to freeze out the NH/
OH tautomeric equilibrium in 1,2b and 1,2c, a high-level
ab initio MO study on the tautomerism in 1 and 2 and a
number of other 4-substituted 1-phenyl-3-methyl-pyra-
zolin-4-ones (3–7, see Scheme 2) was thus warranted to
validate the previous estimations. Moreover, the tauto-
meric equilibrium was modelled in solution to enable
direct comparison with the results from NMR measure-
ments; to this effect, it was required to include the
influence of the solvent in the calculations, and efforts
were also made to model intermolecular interactions
between the tautomers and the solvent molecules. Herein,
the results of this ab initio study, together with the 13C
NMR results, are reported.


��&%'�& !�$ $"&�%&&"#�


!� 	�	�	� ��������	�� �( ��� ��������	� �)�	�	��	�
	� �*+ �� ,��	��
 ��,��
 �( ������


Since the tautomeric equilibria of both 1 and 2 have been
extensively studied experimentally in various solvents,


the energies of the tautomers for these two compounds
were calculated using ab initio methods at different levels
of theory—HF/6-31G*, HF/6-31G**, HF/6-311G**, HF/
6-311 � G**,23 MP2/6-31G**24—including the density
functional theory (DFT) approach at level B3LYP/6-
311G**25 (these latter two included the effect of electron
correlation), in order to evaluate the most appropriate
methodology for the additional compounds (3–7).
Thermodynamic corrections were also incorporated in
these computations. The results of these calculations are
presented in Table 1, including both the relative total
energies of the tautomers and the torsion angles between
the planes of the pyrazolin-5-one ring and the N-phenyl
ring. The torsion angle was calculated to provide an
indication of the level of conjugation in the compounds
and the influence of the substituent at position 4 on one
characteristic structural property. Based on these calcula-
tions, the following points for further calculations on the
other 4-substituted 1-phenyl-3-methyl-pyrazolidin-5-
ones 3–7 are noted.


(i)ii Both zero-point vibration and thermodynamic cor-
rections have only a negligible effect on determining
the relative stability of the various tautomers, and
they are essentially independent of the level of
computation:


comp. 1
(HF/6-31G*/kcal mol�1)


a
(100.06)


b
(100.82)


c
(101.28)


comp. 1
(B3LYP/6-311G**/kcal mol�1)


a
(90.98)


b
(91.28)


c
(91.48)


(ii)i The application of polarization functions for the
hydrogen atoms (particularly with regard to hydro-
gen bonding) stabilizes the OH tautomers by ca
3 kcal mol�1 and the NH tautomers by ca
1.5 kcal mol�1 in comparison with the CH tautomer.


(iii) The largest variation in the relative total energies of
the tautomers was obtained after inclusion of
electron correlation; the OH tautomer was stabilized
by 4.7–7.3 kcal mol�1 and the CH tautomer by 0–
2.2 kcal mol�1 in comparison with the NH tautomer.
Both the �-electron excess character of the five-
membered heterocyclic ring and the extended
conjugation along the entire mesomeric system of
the 3,4-disubstituted 1-phenyl-pyrazolin-5-one were
responsible for this result.


(iv) For the various calculations, different starting
structures for the tautomers were utilized and,
independent of the applied level of theory, the same
global energy minimum structure was arrived at in
each case. Thus, for finding the global minima of the
tautomers, even the lowest level of computation was
sufficiently adequate.


Thus, computations at levels of HF/6-31G*, MP2/6-
31G** and DFT at level B3LYP/6-311G** were
employed to study the tautomerism of 3–7; the relative
energies and the corresponding torsion angles are also
presented in Table 1. (The positions of the tautomeric
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equilibria in 1–7 are also provided, as determined
experimentally by NMR in various solvents.19,26,27)


The calculated relative stability of the tautomers
proved to be dependent on the substituent located in
position 4. Only in the case of 4 and 6 was the OH form,
4,6b, found to be the most stable tautomer, in agreement
with experiment; the presence of intramolecular hydro-
gen bonding between the 4-substituent and the OH
stabilizes 4,6b sufficiently that even rudimentary calcula-
tion at the HF/6-31G* level indicated this correctly. Upon
including electron correlation (MP2/6-31G** or B3LYP/
6-311G** level), the OH tautomer was also calculated to


be the most stable tautomer for both 5 and 7 (as is found
experimentally in solution); calculation at the HF/6-31G*
level provided the corresponding CH analogue as the
most stable tautomer for 5 and 7. Finally, in 1–3 the CH
tautomer was calculated to be the preferred tautomer in
the tautomeric equilibria; this is in line for 1 in CDCl3
solution, but is in contrast to what is found for both 2 and
3 in solution. In 2 and 3, when including electron
correlation, the OH form was also indicated to be more
stable than the NH form. This, too, is in disagreement
with NMR measurements, although the NMR results are
equivocal19,26,27 because they are estimations based on
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Molecule/method


CH form OH form NH form


Rel. energy
(kcal mol�1)


Torsion angle
(deg)


Rel. energy
(kcal mol�1)


Torsion angle
(deg)


Rel. energy
(kcal mol�1)


Torsion angle
(deg)


1a 4-H
HF/6-31G* 0.0 – 12.0 – 8.6 –
HF/6-31G*[G#] 0.0 – 12.7 – 9.8 –
HF/6-31G** 0.0 – 8.6 – 7.2 –
HF/6-311G** 0.0 – 8.2 – 6.4 –
HF6-311 � G** 0.0 – 8.1 – 6.1 –
B3LYP/6-311 � G** 0.0 – 6.9 – 5.4 –
B3LYP/6-311 � G**[G#] 0.0 0.0 7.2 22.4 5.9 8.3
MP2/6-31G** 0.0 7.1 4.1 32.9 8.5 9.5


2b 4-CH3
HF/6-31G* 0.0 – 11.6 – 6.5 –
HF/6-31G*[G#] 0.0 – 11.5 – 6.9 –
HF/6-31G** 0.0 – 8.5 – 5.1 –
HF/6-311G** 0.0 – 8.6 – 4.6 –
HF/6-311 � G** 0.0 – 8.6 – 4.6 –
B3LYP/6-311 � G** 0.0 0.7 5.9 31.1 3.0 8.0
MP2/6-31G** 0.0 5.4 3.1 34.0 6.3 8.5


3b 4-Br
HF/6-31G* 0.0 – 7.6 – 7.4 –
B3LYP/6-311 � G** 0.0 7.1 2.5 25.1 3.5 12.6
MP2/6-31G** 0.0 17.0 0.3 32.3 7.1 11.4


4c 4-NO2
HF/6-31G* 7.3 – 0.0 – 11.3 –
B3LYP/6-311 � G** 11.5 8.4 0.0 23.4 12.0 17.0
MP2/6-31G** 10.2 19.6 0.0 32.1 16.5 14.4


5c 4-SCN
HF/6-31G* 0.0 – 1.1 – 2.4 –
B3LYP/6-311 � G** 1.7 5.1 0.0 28.8 2.0 14.0
MP26-31G** 3.3 19.8 0.0 34.1 7.5 13.2


6d 4-CO—CH3
HF/6-31G* 7.3 – 0.0 – 6.8 –
B3LYP/6-311 � G** 10.3 1.8 0.0 16.5 7.7 14.4
MP2/6-31G** 10.3 15.4 0.0 29.2 12.7 12.6


7c 4-NH—CO—CH3
HF/6-31G* 0.0 – 4.5 – 4.6 –
B3LYP/6-311 � G** 3.9 0.4 0.0 22.5 3.1 10.6
MP2/6-31G** 5.9 8.5 0.0 31.6 3.3 10.0


a In d6-DMSO: OH form (major); CH form (minor); in CDCl3: CH form (major), NH form (minor).19


b In d6-DMSO: OH form (preferred); in CDCl3: CH form (major), NH form (minor).19


c In d6-DMSO: OH form preferred.19


d In both d6-DMSO and CDCl3 the OH form is preferred.26,27
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reference compounds. This equilibrium between the OH
and NH forms is fast on the NMR timescale, even at low
temperatures, and, therefore, it was decided to study in
more detail theoretically both the influence of the solvent
on the tautomeric equilibria and the influence of inter-
molecular hydrogen bonding between the tautomer and
the solvent or between various OH/NH tautomers.
Previously, Dardonville et al.21 had found the CH form
of 1-(2�,4�-dinitrophenyl)-3-methyl-2-pyrazolin-5-one to
be the most stable tautomer at all levels of theory,
although all three tautomers could be detected in solution
and the proportion of the CH form varied according to the
solvent.


The geometry of the pyrazolinone ring was indicated
to be planar in both the CH and the OH tautomers; in the
NH tautomer N-2 was determined to be slightly
pyramidal. The highest torsion angle between the two
ring moieties was calculated for the OH tautomer in every
case (17–34°), with the torsion angles in the NH and CH
tautomers always much smaller and generally compar-
able to one another. It can be inferred, though, that with
only slight angles present in all cases, a considerable
degree of conjugation between the two ring systems is
always in existence.


As an experimental probe for assessing the degree of
interannular conjugation for pyrazolinones in solution,
Begtrup28 utilized the chemical shift of the phenyl ortho
carbon and its difference to the chemical shift of the meta
carbon. When full conjugation is in effect, the chemical
shift of the ortho carbon lies in the restricted range of
118.5–118.8 ppm and the chemical shift difference from
the meta carbon (��m–o) is equal to 10.5 ppm. Deshield-
ing of the ortho carbon and consequent reduction in ��m–


o results from increasing degrees of twist between the
ring planes. From literature values available for the
carbon chemical shifts, the degrees of twist as indicated
by the ab initio calculations here are substantiated. In
fact, for 3 the 13C NMR spectra of all three tautomers are
known and the results (for the CH form, �o = 118.9 ppm,
��m–o = 9.3 ppm; NH form, �o = 120.6 ppm, ��m–o =
8.4 ppm; OH form, �o = 121.2 ppm, ��m–o = 7.7 ppm)
are in complete agreement with the theoretically
calculated twist angles. In other cases also where more
than one tautomer is present in the tautomeric equili-
brium, the calculated results are corroborated by the 13C
chemical shift parameters.19
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Since the tautomeric equilibrium of the 1-phenyl-
pyrazolin-5-ones is dependent on the solvent, the
temperature and the concentration, it is quite evident
that intermolecular interactions between the tautomers
themselves and/or with the solvent are in effect, and most
probably these interactions are of a hydrogen bonding


nature.19,22 The interactions with the solvent can readily
be taken into consideration in these computations by
including the self-consistent reaction field (SCRF) tech-
nique into the ab initio calculations.29,30 In this technique
the solvent is considered as a polar continuum on the
surfaces of the tautomers and specific interactions
between the solute tautomers and the solvent molecules
are not calculated, i.e. for hydrogen bonding only the
electrostatic portion is evaluated whilst charge transfer is
neglected. A number of test calculations were performed
on compound 1 to assess an appropriate methodology to
use, and because similar volumes for the tautomers were
obtained from isoelectron densities at the HF/6-31G*
level and only minor changes in bond lengths (�0.2 Å)
were found along the solution calculations, single-point
HF/6-31G* calculations employing the self-consistent
isodensity polarized continuum model (SCIPCM)† were
conducted on 1–7 for each of the three tautomeric forms.
The relative energies of the tautomers and the solvation
energies are presented in Table 2.


The NH tautomers were indicated to have the largest
solvation energies, whereas those of CH and OH forms
were generally quite comparable. The solvation energies
in DMSO, as expected, are larger in comparison with
chloroform, although the general sequence of stabiliza-
tion was not altered. Owing to the stronger solvation of
the NH form with respect to CH and OH forms, the
experimentally observed sequence of the tautomers in 1–
3 in chloroform (see Table 1) is now correctly predicted
by these calculations. However, in DMSO the same
sequence was again predicted, which is in disagreement
with experiment. The tautomeric preference for com-
pounds 4 and 6, the OH tautomer, is again correctly
indicated. However, the correct order of the tautomeric
preference for 5 and 7—as obtained when including
electron correlation but not solvent interactions—cannot
be reproduced with these SCIPCM-HF/6-31G* calcula-
tions. For 5 and 7 the NH and CH tautomers respectively
are indicated as the preferred tautomers, both of which
are in disagreement with the NMR results.


This inconsistency, especially the stabilization of the
OH tautomer (by experiment) with respect to the NH
tautomer in 5, induced us to consider further influences
that must be stabilizing the OH tautomer and which have
not been sufficiently incorporated into the SCIPCM-HF/
6-31G* calculations. Thus, 1:1 adducts comprised of
tautomer and solvent were calculated in order to simulate
the influence of potential intermolecular hydrogen bonds
between the NH or OH groups and the DMSO molecules,
in the respective tautomers. Of course, similar hydrogen
bonds cannot be present in the CH tautomers and
significant changes to the resultant relative energies were
anticipated. The results of various calculations performed
on 1 are presented in Table 3. To properly assess the


†T. A. Keith, J. B. Foresman and M. J. Frisch SCIPCM algorithm by,
part of the GAUSSIAN 94 package, see Ref. 31.
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adducts, different positions of DMSO with respect to 1a–
c were selected and subjected to computation. Several
different local minima were found, and the most stable
ones (obtained from MP2/6-31G** calculations) are
depicted in Fig. 1. At this level (MP2/6-31G**, i.e.
including electron correlation), the experimentally ob-
served tautomeric equilibrium is correctly calculated.


Quite obviously, hydrogen bonding is the preponderant
intermolecular interaction in the tautomeric equilibria;
however, intermolecular hydrogen bonds can also exist
between OH tautomers or NH tautomers or a mix of the
two, and this too can effect the position of the tautomeric
equilibria. Adducts comprised solely of solute molecules
based on hydrogen bonding are experimentally implied


by the concentration and temperature dependence of the
tautomeric equilibria being maintained even in chloro-
form solution. Indeed, intermolecular hydrogen bonding
has been reported previously for the pyrazolinones in the
solid state12,20 and high-level ab initio calculations have
been performed on the pyrazole cyclic dimer, trimer and
tetramers in order to simulate intermolecular hydrogen
bonding. The results were found to compare favourably32


with experimental data from X-ray crystallography and
solid-state NMR. Thus, in solution also, the pyrazoli-
nones 1–7 should still be able to permeate intermolecular
hydrogen bonds, resulting in significant stabilization of
the corresponding tautomeric form(s).


As previously, adducts of various starting geometries
were selected for 1a–c and calculations initially
performed using the smaller basis set 3-21G, the
structures thus obtained were then further optimized
using the advanced basis set 6-31G**. Depicted in Figs 2
and 3 respectively are the most stable dimers and trimers
of 1a–c, and presented in Table 4 are the corresponding
stabilization energies. The results obtained are in line
with experiment, and although intermolecular hydrogen
bonding is possible only between the OH and the NH
tautomers, stabilization upon agglomeration also occurs
to some degree, albeit far less in magnitude by compari-
son, for the CH tautomer. The OH tautomer is somewhat
more effective than the NH form by comparable amounts
for both the formation of dimers and of trimers, by
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CH form OH form NH form


Rel. energy Solv. energy Rel. energy Solv. energy Rel. energy Solv. energy
Molecule (kcal mol�1) (kcal mol�1) (kcal mol�1)


1 4-H
CHCl3 0.0 �4.9 11.5 �5.4 7.0 �6.6
DMSO 0.0 �6.9 10.9 �7.9 6.2 �9.3


2 4-CH3
CHCl3 0.0 �4.5 11.5 �4.6 5.3 �5.7
DMSO 0.0 �6.4 11.1 �7.0 4.7 �8.2


3 4-Br
CHCl3 0.0 �4.6 8.2 �4.1 5.2 �6.8
DMSO 0.0 �6.7 8.6 �5.7 4.7 �9.8


4 4-NO2
CHCl3 6.2 �6.2 0.0 �5.1 5.4 �11.1
DMSO 5.7 �8.8 0.0 �7.3 2.7 �15.9


5 4-SCN
CHCl3 0.4 �6.7 1.8 �6.3 0.0 �9.5
DMSO 1.5 �9.6 3.1 �9.0 0.0 �13.5


6 4-COCH3
CHCl3 6.1 �5.4 0.0 �4.3 3.6 �7.4
DMSO 5.5 �7.8 0.0 �6.1 2.2 �10.7


7 4-NHCOCH3
CHCl3 0.0 �6.7 4.7 �6.4 3.5 �7.8
DMSO 0.0 �9.6 4.7 �9.4 3.2 �11.0


����� �� *������� ���	���� �� ��� �������	� �� � 1&%04 �� �
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Method


Rel. energy (kcal mol�1)


CH form OH form NH form


HF/6-31G** 0.0 2.3 3.1
MP2/6-31G** 2.3 0.0 3.8
SCIPCM/4.81; HF6-31G** 0.0 5.0 3.1
SCIPCM/46.7; HF6-31G** 0.0 4.8 2.6
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1.6 kcal mol�1 and 1.7 kcal mol�1 respectively. In addi-
tion, the basis set superposition error (BSSE) was
calculated for correcting the intermolecular interaction
energies (�E) between the dimers and trimers, and, as


/	.��� �� =����� �� ��*� ,��� ��� ������� ��������
$5�
� �� �+������ +� �+ ������ ���������� �� ��� 5�;8�%
#!'99 ����� 1�	����	�)�� ���,4
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expected, smaller BSSE values were obtained with the
more sophisticated basis set 6-31G**.


The interaction energies calculated for the dimers and
trimers describe much better the experimental tautomeric
equilibria than all of the aforementioned high-level ab
initio calculations at the same level of theory. However,
significant improvements were also made by high-level
ab initio calculations including electron correlation and
by considering interactions of the solute with the solvent;
thus, only by incorporating all of these aspects together,
i.e. adducts comprised of dimers or trimers together with
interactions with solvent (e.g. DMSO) at a level
including electron correlation, would it be possible to
quantify the tautomeric equilibria of pyrazolinones in
solution accurately. These calculations, unfortunately,
cannot presently be realized with the available equip-
ment.
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Whilst evaluating the energetics of the tautomeric
equilibria of 1–7, the corresponding 13C chemical shifts
of all carbon nuclei were calculated using the gauge-
including atomic orbital (GIAO) perturbation method,
which is incorporated as part of the GAUSSIAN 98
program. The resultant 13C NMR spectra of the different
tautomers were compared with the experimental spectra
and the positions of the tautomeric equilibria assessed
accordingly. This is straightforward for the CH tautomer
because C-4 is sp3 hybridized and exchange with the NH
and OH tautomer is slow on the NMR timescale. For the
equilibrium between the NH and OH tautomers, the rate
of exchange is fast on the NMR timescale even at low
temperatures, and comparison of the weighted average of


/	.��� �� (	���	� ��	���	�� �� �������	� ��*�
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the NH and OH chemical shifts with those of the single
tautomers was required for an indication of the position
of the NH/OH equilibrium. 15N and 13C chemical shifts
of the tautomers of some six- and five-membered
heterocyclic compounds have been calculated by the
same method and used as additional proof for the
predominant tautomers.33,34 The 1H chemical shifts were
not included in the present estimations because the
chemical shift range of 1H is small in comparison with
the 13C nucleus, and the solvent often has a direct and
dramatic influence on the 1H chemical shifts.


Likewise, employing all of the methods evaluated for
consideration of the influence of the solvent 1 was used as
a test case and the 13C chemical shifts of the pyrazolinone
carbon atoms were calculated. Both the experimental and
the calculated 13C chemical shifts, together with the


corresponding deviations (��/% and the sum of the
deviations for C-3�C-5 as ��2) are presented in Table 5.
At the HF/6-31G** level of theory, the deviations of the
theoretical chemical shift values from experimental are
comparable in the three tautomers and could not be
reduced sufficiently by the inclusion of electron correla-
tion, solvent interactions or agglomeration. On this basis,
calculation at the HF/6-31G** level was deemed
appropriate and the 13C NMR spectra of 2–7 were
calculated. The experimental and theoretical 13C chemi-
cal shifts of the OH/NH forms of the pyrazolin-5-ones
1–7 are compared graphically in Figs 4–6.


The CH tautomer is easily identifiable by the high-field
position of C-4, and this is in contrast to the correspond-
ing carbon in the NH/OH tautomers, which appears at
much lower field. C-5 and C-3 in the CH tautomer are


����� �� (���� ���	���� 1�� ����4 ��� ���+���-����� ���	���� �� ��� �������	� �>8���> 1�� ��� ����!4 �� ��*� ��� �� ��� ��	������
�� ����	� �	 �	���	�


Tautomers/Method Monomer Dimer Trimer �EDimer BSSEDimer �ETrimer BSSETrimer


1a
HF/3-21G �565.0773 �1130.1683 �1695.2563 �3.1 6.3 �5.3 11.6
HF/6-31G** �568.2729 �1136.5540 �1704.8337 �3.0 2.3 �5.8 4.1


1b
HF/3-21G �565.0638 �1130.1535 �1695.2467 �11.9 6.3 �25.7 13.2
HF/6-31G** �568.2592 �1136.5338 �1704.8120 �9.3 2.0 �21.8 4.9


1c
HF/3-21G �565.0697 �1130.1613 �1695.2561 �8.8 6.4 �20.1 13.0
HF/6-31G** �568.2614 �1136.5370 �1704.8220 �7.7 2.0 �20.1 5.9


����� �� >�)�	������� ��� ����	����� !#� ������ ������ �� ��� �������	� �� � �������	 ,��� ��� ��������� ��	 ��� �	+��
���� 1��4 ��� ��� ��� �� ��� ��	�� ���������� 1��;4


Method


� (ppm) �� (%)


C3 C4 C5 C3 C4 C5 Sum (��2)


1a, experimental 156.4 43.0 170.5
Monomer 1a HF 150.7 38.9 166.2 �3.6 �9.5 �2.5 110.6
Monomer 1a B3LYP 161.8 46.5 174.4 3.5 8.1 2.3 83.4
Monomer 1a MP2 140.2 40.5 158.3 �10.4 �5.8 �7.2 192.3
Monomer/DMSO 1a 154.6 39.3 170.3 �1.2 �8.6 �0.1 75.4
Dimer 1a 154.2 37.6 166.9 �1.4 �12.6 �2.1 164.1
Trimer 1a 157.1 39.7 170.6 0.4 �7.7 0.1 59.1


1b, experimental 148.5 89.0 155.2
Monomer 1b HF 149.0 78.5 148.4 0.3 �11.8 �4.4 158.5
Monomer 1b B3LYP 155.4 91.1 158.9 4.6 2.4 2.4 32.8
Monomer 1b MP2 132.0 83.8 139.2 �11.1 �5.8 �10.3 263.9
Monomer/DMSO 1b 149.9 78.1 150.4 0.9 �12.2 �3.1 160.4
Dimer 1b 157.1 78.8 153.7 5.8 �11.5 �1.0 165.8
Trimer 1b 154.7 78.0 153.7 4.2 �12.4 �1.0 171.1


1c, experimental 148.6 92.3 160.4
Monomer 1c HF 156.8 100.8 162.5 5.5 9.2 1.3 117.0
Monomer 1c B3LYP 159.8 110.4 168.4 7.5 19.6 5.0 466.2
Monomer 1c MP2 140.1 99.7 153.3 �5.7 8.0 �4.4 116.6
Monomer/DMSO 1c 160.8 96.4 164.0 8.2 4.4 2.2 92.2
Dimer 1c 158.8 97.2 167.2 6.9 5.3 4.2 93.3
Trimer 1c 163.9 95.1 166.9 10.3 3.0 4.1 131.6
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both positioned to lower field with respect to their
counterparts in the NH/OH tautomers, which is correctly
calculated at all levels of theory and within each of the
various methods there is no overlap. The situation
becomes problematic in the case of the NH/OH
tautomers, as the chemical shifts of C-3 are very similar
in the two tautomers; however, the correct order of C-4 in
the two tautomers (to lower field in the NH tautomer) was
correctly predicted in the theoretical analysis. Finally, the
chemical shift of C-5 in the two tautomers (also to lower
field in the NH tautomer) is also correctly calculated at all
levels of theory. This latter result was most encouraging
for calculating the 13C NMR spectra of the tautomers of
the other pyrazolinones 2–7 and in attempting to use the
chemical shifts for estimating the position of the NH/OH


/	.��� �� >�)�	������� !#� ������ ������ �� ��� �������	�
�� �/� ��)�	�� ,��� ��� ����	������� �������� �����
������ ��	 ���� .08
0 �������	� ����	����	����


/	.��� �� >�)�	������� !#� ������ ������ �� ��� �������	�
�� � ��� 1 ��)�	�� ,��� ��� ����	������� �������� �����
������ ��	 ���� .08
0 �������	� ����	����	����
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�� � ��� + ��)�	�� ,��� ��� ����	������� �������� �����
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equilibrium, since it was fast on the NMR time scale for
all of the compounds 1–7.


One disappointing result was the lack of improvement
in accuracy for the 13C chemical shifts of the OH tautomer
1b if either the solvent or other intermolecular interac-
tions were included in the calculations. Theoretically, this
simulation stabilized the OH tautomer with respect to the
CH and NH tautomers decisively and, for the first time,
reproduced the tautomerism of 1–7 correctly (vide supra).
Evidently, more advanced levels of theory, at least for the
case of calculating 13C chemical shifts, do not necessarily
improve the quality of the result; this observation has
been made previously when employing calculated 13C
chemical shifts for other phenomena (rotational twist,
intramolecular hydrogen bonding) that are also fast on the
NMR time scale.35,36


The agreement between the observed and the calcu-
lated shifts for the CH tautomers of 1–3 is excellent, and
since the assignment is unequivocal the shifts are not
represented in Fig. 4. For 1 (and also 2) all three
tautomers have been found in solution and the 13C
chemical shifts assigned; the agreement with the
calculated results is satisfactory. For 2, the calculated
chemical shifts for the OH form were shown to deviate
significantly from the experimental shifts; the chemical
shifts for the NH form, however, were found to be in
excellent agreement with the experimental shifts. For 3,
in addition to the CH tautomer, the NH tautomer has also
been identified by 1H NMR and IR spectroscopy to be
present in CDCl3 solution.37,38 The observed 13C
chemical shifts, however, are in much better agreement
with the chemical shifts calculated for the OH tautomer,
and it may be concluded that for 3 also, as for all the other
pyrazolin-5-ones substituted with a polar substituent in
position 4, it is the OH tautomer that is the preferred
second tautomer after the CH form.


Figure 5 depicts the observed and calculated shifts for
4 and 6. In these two compounds, there are strong
intramolecular hydrogen bonds involved that confer
overwhelming predominance to the OH tautomer (vide
supra). The agreement between experimental and
theoretically calculated 13C chemical shifts is good, in
particular for C-3. However, since the experimental 13C
chemical shifts of the pyrazolin-5-one carbon atoms lie in
between the calculated values obtained for the OH and
the NH tautomer, a significant though minor proportion
of the NH tautomer27 can be inferred.


Finally, in Fig. 6 the experimental and theoretically
calculated 13C chemical shifts for 5 and 7 are compared.
As for 4 and 6, the experimental 13C chemical shifts lie in
between the calculated values for the NH and OH
tautomers, and it can be concluded that fast exchange in
the OH/NH tautomeric equilibria, which is again strongly
biased towards the OH tautomer, is in effect. The strong
bias is based on the much closer alignment of the
experimental chemical shifts to the calculated chemical
shifts for the OH tautomer. Equilibrium constants can


obviously be calculated from these results, but the margin
of error in these measurements at this stage does not
warrant such evaluation.


������
	��



It is possible to calculate correctly the position of the
tautomeric equilibria of 4-substituted 1-phenyl-3-methyl-
pyrazolin-5-ones employing ab initio methods. Consid-
ering either the effect of the solvent or intermolecular
interactions between the tautomers themselves or with
DMSO (as the solvent) improves the results considerably.
From global minimum structures of the tautomers
obtained by application of the GIAO perturbation theory,
the 13C NMR spectra of the tautomers could also be
sufficiently calculated and compared with the experi-
mentally obtained chemical shift values. The 13C
chemical shifts of the CH tautomers, observable in the
13C NMR spectra, were calculated and found to be in
excellent agreement with the experimental chemical
shifts. For the tautomeric equilibria between the OH and
NH tautomers, which is fast on the NMR time scale, only
weighted averages of the 13C chemical shifts for the two
participating tautomers can be measured. For the non-
substituted, 4-methyl- and 4-bromo-1-phenyl-3-methyl-
pyrazolin-5-ones (1–3), the experimental tautomeric
equilibria could be readily confirmed. For the 1-phenyl-
3-methyl-pyrazolin-5-ones substituted with polar sub-
stituents in position 4 (4–7) the preferred OH tautomers
could also be readily identified; however, owing to the
inherent margin of error, minor proportions of the NH
tautomer contributing to the equilibrium cannot be
excluded.


�23��"����!'


Total molecular energies of the tautomers were calcu-
lated using ab initio theory by employing the GAUS-
SIAN 98/94 series of programs.31 Different levels of
theory were applied, namely HF/6-31G*, HF/6-31G**,
HF/6-311G**, HF/6-311�G**23 and MP2/6-31G**,24


together with DFT at level B3LYP/6-311�G**25 (these
latter two were used to account for the effect of electron
correlation). The NMR chemical shifts were calculated
using the GIAO method39 as the difference of the carbon
chemical shifts from a reference compound. The GIAO
method is implemented in the GAUSSIAN 98/94 series
of programs.31 The 13C chemical shifts of the tautomers
of 1–7 were calculated with the 6-31G** basis set at the
HF level of theory. For valid comparison, the chemical
shift of the reference compound (tetramethyl silane) was
carried out at the same level of theory as the tautomers.
The quantum-chemical calculations were processed on
SGI OCTANE (2 � R 12000) and SGI ORIGIN (32 � R
12/10000) computers.
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ABSTRACT: A salt solution prepared in one solvent promotes higher endo products of a Diels–Alder reaction, such
as the cyclopentadiene–methyl acrylate reaction, but yields less endo products when prepared in another solvent. The
reactions of cyclopentadiene with methyl acrylate were carried out in solutions of LiClO4 and LiCl in several organic
solvents and water. Aqueous LiClO4, which lowers the amount of endo product of the above reaction, enhances it in
solvents such as diethyl ether and ethyl acetate. Similarly, aqueous LiCl, which acts as a rate-promoting agent,
reduces the amount of endo products in several organic solvents. The experimental solubility measurements support
this change in the characteristics of a salt from salting-in to salting-out in different solvents and vice versa. The dual
role of a salt in solvents is also supported by salting coefficients calculated based on theory. Copyright  2001 John
Wiley & Sons, Ltd.


KEYWORDS: salt effect; Diels–Alder reaction; stereoselectivity; salting-out
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The pioneering work of Breslow and co-workers1


demonstrated that LiCl enhances the reaction rates of
Diels–Alder reactions in water, whereas LiClO4 and
guanidinium chloride (GnCl) retard them. Breslow and
Guo2 examined the effect of LiCl, LiClO4, urea, tetra-
butylammonium bromide (Bu4NBr) and GnCl on the
stereoselectivity ratios (endo/exo) and reaction rates of
the reactions of cyclopentadiene with methyl vinyl
ketone and of nitrosobenzene with 1,3-cyclohexadiene
in water, formamide and ethylene glycol. They concluded
that LiClO4 and urea, which lowered the endo/exo ratios
in water, failed to produce any noticeable change in
‘water-like’ solvents such as formamide and ethylene
glycol. Further, Grieco et al.3 showed that 5 M LPDE
(LiClO4–diethyl ether) could be a very powerful solvent
medium in accelerating the reaction rates of several
sluggish Diels–Alder reactions. The high-pressure synth-
esis of cantharidin was also shown to proceed at
atmospheric pressure with ease when using 5 M LPDE.
After the work of Breslow and co-workers1 and Grieco et
al.,3 salt solutions have frequently been employed in
Diels–Alder chemistry.4


As seen above, LiClO4 in water acts as a rate-retarding
agent,1 but changes into a powerful rate-enhancing agent
in diethyl ether3 for Diels–Alder reactions. Solutions of
LiClO4 in dichloromethane and nitromethane have also
been reported to be effective in some Diels–Alder
reactions, benzoin condensation, etc.4ab As LiClO4 is
common in the above media, the contrasting effect of
LiClO4 in different media should depend on the solvent
in which the salt solution is prepared. Thus, the salt–
solvent interactions gain importance in relation to the
kinetic behavior of Diels–Alder reactions. In view of the
dual role of a given salt in two different solvents, we set
out to investigate in detail the influence of a given salt in
different solvents on the endo/exo ratio of Diels–Alder
reactions. For this purpose, we carried out the reaction of
cyclopentadiene (CP) with methyl acrylate (MA) in
solutions of LiClO4 and LiCl in water, formamide,
ethylene glycol, dichloromethane, nitromethane, acetone,
ethyl acetate, tetrahydrofuran and diethyl ether. LiClO4


and LiCl were chosen for this study as their aqueous
solutions influence Diels–Alder reactions in opposite
directions.1 The CP � MA reaction is a good model
reaction to study solvent effects on reaction kinetics. The
above nine solvents were selected on the basis of their
relative permittivity, polarity and solvophobicity. This
work is part of our continuing efforts to delineate the
origins of the forces responsible for the dramatic rate
variations of Diels–Alder reactions in different salt
solutions.4a,5
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AR-grade LiClO4 and LiCl purchased from Aldrich
Chemical were recrystallized from water and dried under
vacuum. For preparing aqueous solutions, deionized
water was used. All the organic solvents procured from
Aldrich Chemical, were used after purifying and drying
according to standard procedures.


Cyclopentadiene was freshly cracked from its dimer
(Merck) just before use. Methyl acrylate obtained from
Merck was used after distillation.


In a typical run, 0.6 ml (7.26 mmol) of the freshly
cracked cyclopentadiene was dissolved in 2 ml of the salt
solution, then 0.6 ml (6.66 mmol) of methyl acrylate was
dissolved in 8 ml of the salt solution. The solution
containing cyclopentadiene was added to the solution of
methyl acrylate. The reaction mixture was magnetically
stirred at 298 K for about 5 h.


The endo and exo stereoselectivities were determined
using NMR as discussed in the literature6 as investigated
in our earlier work.5b Each reaction was carried out three
times and the endo/exo ratios were reproducible to within
5%.


Solubilities were obtained by the method described
earlier.5b The solubilities of MA were determined by
measuring the optical densities of solutions saturated
with MA in both pure water and salt solutions with a


Lambda 15 UV spectrophotometer (Perkin-Elmer) at 196
nm.7 The changes in the ionic concentrations produced
negligible changes in the absorptivity of MA.


$'��*#� �"� �!�&���!%"


Several reactions were conducted in the solutions of
LiClO4 and LiCl in the above-mentioned nine solvents at
0.1, 0.2, 0.4 and 0.6 M concentrations together with
control experiments. The endo products obtained in pure
solvents and their salt solutions in LiClO4 and LiCl are
presented in Table 1. The average yields of the reactions
as calculated from the values obtained at different salt
concentrations for each medium are given in Table 2. The
CP � MA reaction has been thoroughly investigated in
pure solvents. Cativiela et al.8 have reviewed the
application of several methods for the analysis of reaction
rate and stereoselectivity data. The log(endo/exo) values
obtained in pure solvents can be successfully correlated
with a combination of a normalized solvent polarity, EN


T,
and solvophobicity, Sp, parameters of the solvents. EN


T


is a normalized E30
T parameter, which indicates the


electron acceptance polarity index, and Sp is the
solvophobicity power of a solvent. It is therefore possible
to describe the log(endo/exo) values for the CP � MA
reaction in pure solvents as


log�endo�exo� � 0�013 ��0�003�
�0�178 ��0�017�EN


T


�0�156 ��0�018�Sp �1�


with � = 0.07 and correlation coefficient r = 0.982.
First let us discuss the effect of solutions of LiClO4 in


different solvents. The endo products obtained in
different solutions are plotted as a function of LiClO4


concentration in Fig. 1(a) and (b) [Figure 1 is divided into
(a) and (b) for the sake of clarity]. Figure 1(a) contains
the plots for LiClO4–water (LPWA), –formamide
(LPFO), –ethylene glycol (LPEG),–nitromethane
(LPNM) and–diethyl ether (LPDE). It can be seen that
LPWA solution decreases the amount of endo products of


#�+�� �� #��� $������  %" &�� �� 
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Solvent


LiClO4 LiCl


Pure solvent 0.1 M 0.2 M 0.4 M 0.6 M 0.1 M 0.2 M 0.4 M 0.6 M


Water 68 66 64 62 60 70 72 74 76
Formamide 63 62 61 63 62 63 62 62 63
Ethylene glycol 62 63 62 61 62 63 62 61 63
Nitromethane 57 59 60 62 63 56 54 52 50
Acetone 55 58 60 63 63 53 52 50 49
Dichloromethane 54 57 60 62 63 53 51 50 48
Tetrahydrofuran 54 57 58 63 65 51 50 48 46
Ethyl acetate 53 57 59 62 65 52 50 49 47
Diethyl ether 53 56 58 64 66 51 50 48 46


#�+�� �� (������ ���	�� �& ���	�)����� �� ��	 ��	�����
$��$���� �� ��&&���� ��	���� &�� �� 
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Solvent


Yield (%)


LiClO4 LiCl


Water 72 83
Formamide 68 63
Ethylene glycol 66 64
Nitromethane 84 73
Acetone 81 70
Dichloromethane 74 69
Ethyl acetate 91 68
Tetrahydrofuran 78 70
Diethyl ether 89 67
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the CP � MA reaction. This decrease is directly propor-
tional to the concentration of LiClO4 in the range covered
above. The amount endo product in pure water, 68%,
decreases to 60% at 0.6 M LPWA. In both LPFO and
LPEG solutions, no change in endo products is noted up
to 0.6 M solutions. Breslow and Guo2 noted that second-
order rate constants for the reactions of cyclopentadiene
with methyl vinyl ketone and of nitrosobenzene with 1,3-
cyclohexadiene increased in formamide and ethylene
glycol as compared with those in methanol. No special
effects were seen, however, concerning the stereoselec-
tivity data for these reactions in LPFO and LPEG. Our
current studies on the stereoselective products of the


CP � MA reaction in these salt solutions agree well with
the observations made by Breslow and Guo.2 However,
interesting results are obtained in LPNM solutions. A
clear enhancement of the endo products can be noted in
LPNM solutions compared with nitromethane alone. A
63% yield if endo product is obtained at 0.6 M LPNM
solution compared with 57% in pure nitromethane only.
The concentration dependence of endo products is
stronger in LPDE than in LPNM. One can easily note
the contrasting behavior of LiClO4 in water and diethyl
ether. An increase in the amount of endo product is
observed in LiClO4 solutions in acetone (LPAC),
dichloromethane (LPDM), ethyl acetate (LPEA), tetra-
hydrofuran (LPTF) and diethyl ether (LPDE) compared
with the pure solvents under identical reaction condi-
tions. In Fig. 1(b) are shown the concentration depen-
dences of endo products in LiClO4–acetone (LPAC),
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–dichloromethane (LPDM),–tetrahydrofuran (LPTF) and
–ethyl acetate (LPEA). An increase in the amount of endo
products in these solutions is evident over the corres-
ponding solvents in which these solutions are prepared.


In Fig. 2(a) are shown the endo products obtained in
LiCl solutions in water (LCWA), formamide (LCFO),
ethylene glycol (LCEG), nitromethane (LCNM) and
diethyl ether (LCDE), and Fig. 2(b) shows those obtained
in acetone (LCAC), dichloromethane (LCDM), tetrahy-
drofuran (LCTF) and ethyl acetate (LCEA). The results
plotted in Fig. 2 show that there is an increase in the
amount of endo products at different concentrations of
LiCl in water. This observation is in agreement with
earlier reports on the reaction of cyclopentadiene with
methyl vinyl ketone1 and methyl acrylate.5b An increase
of 8% in the amount of endo product is seen in 0.6 M


LCWA compared with pure water alone. LiCl, like
LiClO4, fails to show any effect on the endo products in
formamide and ethylene glycol. In nitromethane, LCNM
decreases the amount of endo product up to 0.6 M.
Similarly, LCAC, LCDM, LCEA, LCTF and LPDE
solutions decrease the amount of endo products. In fact,
one can see that the amounts of exo products become
slightly higher in 0.6 M solutions of LCAC, LCDM,
LCEA, LCTF and LCDE solutions.


As the solution of LiClO4 in water is a rate-reducing
salt in water and a rate-promoting salt in diethyl ether, it
appears that the solvents with high relative permittivity
(e.g. water) cause a rate acceleration compared with those
with low relative permittivity (e.g. diethyl ether). The
opposite is true in the case of LiCl solutions.


According to Breslow,9 the rate variations of Diels–
Alder reactions in water and its salt solutions can be
attributed to the changes in hydrophobic effects. Thus,
LCWA, which also increases the amount of endo
products, enhances the hydrophobic effect resulting in
higher reaction rates over water. The hydrophobic effect
is decreased in aqueous LiClO4, which leads to a decrease
in the reaction rates. In the terminology of Breslow and
Connors,10 aqueous LiCl and LiClO4 can be termed
prohydrophobic and antihydrophobic agents.


It is possible to analyze the endo/exo ratios in terms of
the salting-in and -out effects.5b,9,11 In general, the
decrease in the reaction rates and endo/exo ratios has
been attributed to a salting-in effect and the increase to a
salting-out effect. In order to determine these effects in
Diels–Alder reactions, we measured the solubilities of
methyl acrylate in different salt solutions. In Fig. 3 are
plotted the relative endo values, endoR (endo product in
salt solution/endo product in pure solvent) as a function
of relative solubility of methyl acrylate, SR


MA (solubility
of methyl acrylate in salt solution/solubility of methyl
acrylate in solvent) for 0.6 M LiClO4 and LiCl solutions.
An examination of Fig. 3 shows that the solubilities of
methyl acrylate in both formamide and ethylene glycol
solutions of LiCl and LiClO4 do not vary compared with
those noted in pure solvents. In the case of LPWA, the


solubility of MA causes a salting-in effect. However, the
reduced solubilities of methyl acrylate in LPNM, LPAC,
LPDM, LPTF, LPEA and LPDE confirm the salting-out
effect, which can be related to the increase in the amount
of endo products. On the other hand, LCWA yields a
higher endoR, suggesting a decrease in solubility of
methyl acrylate in aqueous LiCl solution. This is a clearly
a salting-out effect. The solubility of methyl acrylate in
LCNM, LCAC, LCDM, LCTF, LCEA and LCDE is
higher than that in the corresponding solvents in which
the solutions of LiCl are prepared. The decreased values
of endoR are therefore, the result of a salting-in process.


The above correlation of endo products with solubili-
ties argues strongly in favor of the changing behavior of a
salt in different solvents, verifying that a given salt,
which acts as a salting-in agent in one solvent, can change
its characteristics in another solvent. Breslow and Guo2


explained their results on the use of LiCl, GnCl and urea
in water, ethylene glycol and formamide in terms of the
chaotropic and antichaotropic nature of salts. Our results
also show that LiClO4, which is chaotropic in aqueous
medium, changes into antichaotropic in solvents such as
diethyl ether, ethyl acetate and dichloromethane. The
antichaotropic nature of LiCl in water changes to
chaotropic when used in diethyl ether, ethyl acetate, etc.


We also calculated the salting-in and -out coefficients
for the CP � MA reaction carried out in different
solutions according to the procedure12 used by us in this
context.5b Accordingly, the salting coefficient, �S is
composed of three terms, �a, �b and �c. �a and �b describe
the contributions due to cavitation and introduction of
non-electrolyte into the cavity, respectively. In general,
�S is the outcome of the competition between �a and �b.
�c denotes the number density of solution species. The
values of �a, �b, �c and �S as calculated using the input
parameters5b,13,14 are given in Table 3. In the case of
LiClO4 a negative �S value is obtained in water,
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suggesting the salting-in effect. The higher negative
value of �b in LPWA suggests that strong solute–solvent
interactions play a dominant role in reducing the amount
of endo products in this solution. No change in the
amount of endo products in formamide and ethylene
glycol solutions of LiClO4 over the pure solvents is
confirmed by the nearly zero value of �S. The theoretical
calculations of �S are also supported by our experimental
solubility data for MA in these salt solutions. The rate-
enhancing ability of LiClO4 in LPNM, LPAC, LPDM,
LPTF, LPEA and LPDE can be understood by the
positive �S (� 0.3–0.4) values. The cavitation phenom-
enon is difficult in LiClO4 solutions except in water as
shown by the high positive �a values, indicating a
positive change in the Gibbs free energy of cavitation.
The cavitation, solute–solvent interactions and the Gibbs
free energy associated with them were discussed in detail
by Breslow and Guo.15


A high positive value of �S is observed in the case of an
aqueous solution of LiCl. The �b values are dominant
over �a for those solutions of LiCl, which reduce the
amount of endo products. Small values of �S for solutions
of LiCl in formamide and ethylene glycol confirm that
stereoselective products are unaffected in these solutions
compared with the pure solvents. Breslow and Guo2


suggested that the absence of such an effect in these
solutions possibly reflected a weaker water-like structure.


Another point of relevance is the effect of counter-ions
in water. The ion–solvent interaction coefficient, B,
derived from the dilute viscosity data for Li�, Cl� and
ClO4


� at 298 K are 0.146, �0.007 and �0.082,
respectively.13a The B values suggest that Li� is a strong
structure maker in aqueous solution, whereas Cl� and
ClO4


� are structure breakers, with ClO4
� being stronger


than Cl�. The structure-making tendency of Li� is
neutralized in the presence of the strong structure breaker
ClO4


�, thus completely eliminating the salting-out effect
of Li� in water. On the other hand, the effect of Cl� on
the structure-making tendency of Li� is negligibly small.
The B coefficients calculated from viscosity data (A.
Kumar, unpublished results) for dilute solutions of
LiClO4 are 0.064, 0.015, 0.025, 0.121, 0.166, 0.196,


0.190, 0.172 and 0.219 in water, formamide, ethylene
glycol, nitromethane, acetone, dichloromethane, tetrahy-
drofuran, ethyl acetate and diethyl ether, respectively.
The increasing order of the B coefficients agrees well
with the effect of these solvents when used in preparing
solutions of LiClO4 in realizing the above Diels–Alder
reaction.


The above studies also explain why solutions of
LiClO4 in nitromethane and dichloromethane are effec-
tive in realizing several reactions with ease, as they
promote the reaction compared with that in water. In
summary, we have demonstrated that a salt which
produces a rate-reducing effect on the stereoselectivities
of Diels–Alder reactions in one solvent can accelerate the
reaction in another solvent.


��.	� ��
����	�


The authors acknowledge a grant-in-aid (SP/S1/G-19/99)
from the Department of Science and Technology, New
Delhi, for support of this work.


$','$'"&'�


1. (a) Rideout DC, Breslow R. J. Am. Chem. Soc. 1980; 102: 7816–
7817; (b) Breslow R, Maitra U, Rideout DC. Tetrahedron Lett.
1983; 24: 1901–1904; (c) Breslow R, Maitra U. Tetrahedron Lett.
1984; 25: 1239–1240; (d) Breslow R. In Water as Solvent for
Chemical Reactions, Anastas PT, Williamson TC (eds). Oxford
University Press: Oxford, 1998.


2. Breslow R, Guo T. J Am. Chem. Soc. 1988; 110: 5613–5617.
3. Grieco PA, Nunes JJ, Gaul MD. J. Am. Chem. Soc. 1990; 112:


4595–4596; (b) Grieco PA. Aldrichim. Acta, 1991; 24: 59–64.
4. (a) Kumar A. Chem. Rev. 2001; 101: 1–19; (b) Sankararaman S,


Nesakumar JE. Eur. J. Org. Chem. 2000; 2003–2011; (c) Knochel
P (ed). Modern Solvents in Organic Synthesis. Topics in Current
Chemistry, vol. 206. 1999, 208 pp; (d) Grieco PA (ed). Organic
Synthesis in Water. Blackie: Glasgow, 1998, 310 pp; (e) Garner
PP. In Organic Synthesis in Water, Grieco PA (ed). Blackie:
Glasgow, 1998; Chapt. 1, 46 pp; (f) Li C-J, Chan, T-H. Organic
Reactions in Aqueous Media. John Wiley: New York, 1997, 210
pp; (g) Breslow R. In Structure and Reactivity in Aqueous
Solutions, Cramer CJ, Truhlar DG (eds). ACS Symposium Series.
American Chemical Society: Washington, DC, 1994; 291–302; (h)
Li C-J. Chem. Rev. 1993; 93: 2023–2035; (h) Pindur U, Lutz G,


#�+�� -� 0�� ��	��� ���&8����� �!� ��� �� ���$����� �� ��	 ��	����� �& ��
	�� ��� ��
	 �� ��&&���� ��	����


Solvent


LiClO4 LiCl


�a �b �c �S �a �b �c �S


Water 0.06 �0.462 �0.067 �0.469 0.546 �0.062 0.010 0.494
Formamide 0.418 �0.371 �0.059 �0.012 0.242 �0.245 0.008 0.005
Ethylene glycol 0.413 �0.344 �0.062 0.007 0.220 �0.227 �0.005 �0.012
Nitromethane 0.463 �0.130 �0.050 0.283 0.229 �0.317 �0.009 �0.097
Acetone 0.458 �0.109 �0.028 0.321 0.217 �0.327 �0.012 �0.094
Dichloromethane 0.454 �0.118 �0.019 0.317 0.251 �0.353 �0.019 �0.122
Tetrahydrofuran 0.401 �0.091 �0.012 0.298 0.200 �0.330 �0.025 �0.155
Ethyl acetate 0.470 �0.080 0.009 0.399 0.225 �0.382 �0.038 �0.195
Diethyl ether 0.452 �0.077 0.002 0.377 0.260 �0.378 �0.042 �0.160


Copyright  2001 John Wiley & Sons, Ltd. J. Phys. Org. Chem. 2001; 14: 577–582


DIELS–ALDER REACTIONS IN SALT SOLUTIONS 581







Otto C. Chem. Rev. 1993; 93: 741–761; (i) Reissig H.-U. In
Organic Synthesis Highlights. VCH: Weinheim, 1991; 71.


5. (a) Kumar A, Phalgune U, Pawar SS. J. Phys. Org. Chem. 2000;
13: 555–557; (b) Pawar SS, Phalgune U, Kumar A. J. Org. Chem.
1999; 64: 7055; (c) Kumar A. Pure Appl. Chem. 1998; 70: 615; (d)
Kumar A. J. Phys. Org. Chem. 1996; 9: 287–294; (e) Kumar A. J.
Org. Chem. 1994; 59: 4612–4617; (f) Kumar A. J. Org. Chem.
1994; 59: 230–231.


6. Nakagawa K, Ishii Y, Ogawa M. Tetrahedron, 1976; 32: 1427–
1429.


7. Closson WD, Brady SF, Orenski PJ. J. Org. Chem. 1965; 30:
4026–4031.


8. Cativiela C, Garcia JI, Mayoral JA, Salvatella L. Chem. Soc. Rev.
1996; 209–218.


9. Breslow R. Acc. Chem. Res. 1991; 24: 159–164, and references
cited therein.


10. Breslow R, Connors RV. J. Am. Chem. Soc. 1995; 117: 6601–6602.
11. (a) Long FA, McDevitt WF. Chem. Rev. 1952; 52: 119–169; (b)


Gordon JE. The Organic Chemistry of Electrolyte Solutions.
Wiley: New York, 1975, 554 pp.


12. Shoor SK, Gubbins KE. J. Phys. Chem. 1969; 73: 498–505.
13. (a) Marcus Y. Ion Solvation. Wiley: New York, 1986; (b) Cativiela


C, Garcia JI, Mayoral JA, Salvatella L J. Chem. Soc., Perkin Trans.
2 1994; 847–851; (c) Cativiela C, Garcia JI, Mayoral JA, Avenoza
A, Peregrina JM, Roy MA. J. Phys. Org. Chem. 1991; 4: 48–52.


14. Kumar A. J. Chem. Eng. Data 2000; 45: 630–635.
15. Breslow R, Guo T. Proc. Natl. Acad. Sci. USA 1990; 87: 167–169.


Copyright  2001 John Wiley & Sons, Ltd. J. Phys. Org. Chem. 2001; 14: 577–582


582 A. KUMAR, U. D. PHALGUNE AND S. S. PAWAR








���������	
 ������ �� ��	�� �� ����	���� ���
��
���������	��� ����� ��� ������ ��������	
 ������
����� ����� 	� �����������	
 �� ������


�� ��	��� ������  �	�* 	�  ����� !���


���������� 	
 ��������� ������ �������� 	
 ������ ��� �����	�	��� ������ �������  �	���!� "��#$�� 	
 ����


Received 6 December 2000; revised 27 March 2001; accepted 13 April 2001


ABSTRACT: The heats of formation (HOFs) have been calculated for 21 polynitrocubane compounds using
semiempirical MO methods (MINDO/3, MNDO, AM1 and PM3) and for eight of 21 polynitrocubanes containing one
to four nitro groups using the density functional theory method at the B3LYP/6-31G* level by means of designed
isodesmic reactions. The cubane cage skeletons in the polynitrocubane molecules have been kept in setting up the
isodesmic reactions to produce more accurate and reliable results. It is found that there is a good linear relationship
between the HOFs of eight polynitrocubanes calculated using the B3LYP/6-31G* and PM3 methods, but not for the
other methods, and the linear correlation coefficient equals 0.9971. Subsequently, accurate HOFs at the B3LYP/6-
31G* level of the other 13 polynitrocubanes containing four to eight nitro groups were obtained by systematically
correcting their PM3-calculated HOFs. All 21 polynitrocubane compounds have high HOFs, implying that they can
be very powerful energetic materials. The relationship between the HOFs and molecular structures for
polynitrocubanes is discussed. Copyright  2001 John Wiley & Sons, Ltd.


KEYWORDS: polynitrocubanes; heat of formation; density functional theory; semiempirical MO methods
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Cubane chemistry has undergone an intense development
since the first synthesis of the cubane C8H8 with
polycarbocyclic “cage” system three decades ago.1 In
addition to the theoretical and synthetic challenges
inherent in this cage system, much current interest stems
from the unusual stability, high density, and compact
framework exhibited by cubane and its functionalized
derivatives. Polynitrocubanes C8H8�m(NO2)m (1 � m
� 8),2–14 the nitro derivatives of cubane, have especially
attracted much attention of chemists because they are
very powerful energetic materials. To date, all of the
eight nitro groups have been attached to cubane.13


It is well known that the evaluation of the explosive
performance of energetic materials requires a knowledge
of the heat of formation (HOF). Moreover, HOFs are of
great importance for researchers involved in thermo-
chemistry. For stable compounds, of course, there are
many tables that contain experimental data of HOFs.
However, it is impractical or dangerous for energetic
materials and unstable compounds to measure their HOFs
experimentally. In these cases, many computational


methods are employed to obtain HOFs.15–24 The group
additivity method is an empirical model having some
restrictions in application.25 MO methods are much more
widely used. The parameterized semiempirical MO
methods, such as MINDO/3,26 MNDO,27 AM128 and
PM3,29 are able to figure out HOFs directly and rapidly.
Although these semiempirical MO methods often cause
large HOFs errors from various groups and skeletons,
they are sometimes systematic and can be corrected. Ab
initio MO methods are also employed to calculate HOFs.
For this purpose, certain reactions need to be designed
and accurate energies are required. To obtain accurate
total energies, one often needs to perform high-level
calculations such as QCISD(T) and MP2 concerning
electron correlation correction, which are computation-
ally expensive and even impossible for large molecules.
Nowadays, density functional theory (DFT)30–32


methods, especially the B3LYP33,34 hybrid DFT method,
which not only can produce reliable geometries and
energies but also requires less time and computer
resources, have been widely employed and have become
an important and economical tool to deal with complex
electron correlation problems.


To our knowledge, although many polynitrocubanes
containing various numbers of nitro groups have been
synthesized,2,5,8–14 no experimental HOFs for polynitro-
cubanes are available. There are some theoretical HOFs
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of polynitrocubanes calculated using an empirical model4


and other methods.13,14 Owing to the presence of lone
pairs of electrons on nitrogen and oxygen atoms in nitro
groups, the electron correlation effects in nitrocubanes
are great. Therefore, it is necessary to include the electron
correlation correction to obtain accurate energies.


There are 21 polynitrocubanes in all. In this paper,
accurate HOFs have been calculated for eight poly-
nitrocubanes (number of nitro groups: m = 1–4) of
relatively small size using the DFT B3LYP method and
the 6-31G* basis set35 via designed isodesmic reactions.
It is shown that there is a good linear relationship
between the HOFs calculated using the B3LYP/6-31G*
and PM3 methods for these eight polynitrocubanes. The
HOFs of the other 13 polynitrocubanes (m = 4–8) at the
B3LYP/6-31G* level are obtained by systematically
correcting their corresponding PM3-calculated HOFs.
The relation between the HOFs and the molecular
structures for polynitrocubanes is discussed.


'���&�(�"�#(� �)���%* (#% %)�("�*


The hybrid DFT method based on Becke’s 3-functional36


with nonlocal correlation provided by the Lee, Yang, and
Parr functional (LYP),33 designated as B3LYP, is used
throughout. The basis sets used in the calculation of total
energies have large effects on both the calculated HOFs
and on the CPU time. In this study, the 6-31G* basis set is
used. Many studies24,37–39 have shown that the B3LYP
method in combination with the 6-31G* basis set is able
to obtain total energies that are very close to the results of
high-level ab initio calculations.


Although DFT methods need less time and computer
resources compared with post Hartree–Fock ab initio
calculations, with increasing numbers of nitro groups the
geometry optimizations and frequency computations
become quite difficult, owing to the limitation of
computer resources or because too much CPU time is
required. Another problem is that calculations often
produce more than one imaginary frequency when the
number of nitro groups is greater than four. In order to
obtain a stable molecular geometry without imaginary
frequencies, much time has to be spent to eliminate these
imaginary frequencies. For example, in optimizing the
structure of 1,3,5,7-tetranitrocubane, we found a total of
seven imaginary frequencies that were fully eliminated
after three rounds of calculations. Therefore, it is very
difficult or impractical to calculate the HOFs of all 21
polynitrocubanes at the B3LYP/6-31G* level. In this
paper, only eight polynitrocubanes of relatively small
size are calculated using the B3LYP/6-31G* method.


We have tried to look for other more suitable
approaches to computing accurate HOFs for the other
13 polynitrocubane compounds containing more than
four nitro groups. As is well known, HOFs of many kinds
of compound can be obtained easily from semiempirical


MO methods such as MINDO/3, MNDO, AM1 and PM3.
However, various parameterized MO methods may lead
to quite different results. Thus, it is important to choose
an appropriate semiempirical MO method, and certain
correction is often necessary.


In this paper, four semiempirical MO methods, i.e.
MINDO/3, MNDO, AM1 and PM3, are employed
besides the B3LYP/6-31G* method. The initial structures
of the 21 polynitrocubane molecules were built with the
Hyperchem program package.40 The B3LYP/6-31G* and
semiempirical MO calculations were performed with the
GAUSSIAN 94 program package41 and the MOPAC 6.0
program package42 respectively. The optimizations were
performed without any symmetry restrictions using the
default convergence criteria in the programs. All of the
optimized structures were characterized to be true
relative energy minima of the potential surfaces by
frequency calculations (no imaginary frequencies were
found).


The method of isodesmic reactions has been employed
very successfully to calculate HOFs from total energies
obtained from ab initio calculations.43 Isodesmic reaction
processes, in which the number of each kind of formal
bond is conserved, are used with application of the bond
separation reaction rules. The molecule is broken down
into a set of two heavy-atom molecules containing the
same component bonds.44 However, the usual bond
separation reaction rules cannot be applied to molecules
with delocalized bonds and cage skeletons because of the
large calculation errors of HOFs. To solve this problem,
we do not break down the cubane cage skeletons in the
polynitrocubane molecules. To be specific, we take
cubane as a reference compound (the experimental
HOF of cubane is 622.1 kJ mol�1 in the gas phase45).
This approach has been proved to be reliable.23,24


First, eight polynitrocubanes of a relatively small size
were chosen, and their accurate HOFs calculated at the
B3LYP/6–31G* level from a series of isodesmic
reactions. These eight polynitrocubanes include nitrocu-
bane, three dinitrocubane isomers, three trinitrocubane
isomers and one tetranitrocubane (1,3,5,7-tetranitrocu-
bane), which is the most stable among the six
tetranitrocubane isomers.


The isodesmic reactions used to derive the HOFs of the
eight polynitrocubanes at 298 K are designed as follows:


C8H8�m�NO2�m � mCH4 � C8H8 � mCH3NO2 �1�


where m is the number of nitro groups in the
polynitrocubane molecules C8H8�m(NO2)m, and C8H8 is
cubane.


For the isodesmic reaction (1), the heat of reaction
�H298 at 298 K can be calculated from the following
equation:


�H298 �
�


�Hf �P �
�


�Hf �R �2�
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where �Hf,R and �Hf,P are the HOFs of the reactants and
products respectively at 298 K, and the experimental
HOFs of reference compounds (CH4,C8H8 and CH3NO2)
are all available. The HOFs of polynitrocubanes
(C8H8�m(NO2)m) can be obtained when the heat of
reaction �H298 is known. Therefore, the most important
thing is to compute �H298, which can be calculated using
the following expression:


�H298 � �E298 ���PV �
� �E0 ��ZPE ��HT ��nRT �3�


where �E0 is the change in total energy between the
products and the reactants at 0 K, �ZPE is the difference
between the zero-point energies (ZPEs) of the products
and the reactants at 0 K, and �HT is thermal correction
from 0 to 298 K. �(PV) in Eqn. (3) is the PV work term. It
equals �nRT for reactions in the gas phase. For the
isodesmic reaction (1), �n = 0, so �(PV) = 0.


Table 1 contains the total energies, ZPE, thermal
correction values and experimental HOFs for the three
reference compounds in the isodesmic reaction (1).


Table 2 lists the calculated HOFs for the eight
polynitrocubane compounds using the B3LYP/6–31G*
method (by designed isodesmic reactions) and the PM3
method; their total energies, ZPEs and thermal correction
values at the B3LYP/6–31G* level are also listed. Both
thermal correction (from 0 to 298 K) and ZPE correction


are included in all calculations. It should be pointed out
that the frequencies used for both thermal correction and
ZPE correction in this paper are unscaled. The reason is
that the calculated HOFs can be very satisfactory using
the unscaled frequencies at the B3LYP/6–31G* level.24


Moreover, for the 1,4-dinitrocubane investigated here, its
unscaled computational frequencies are in good agree-
ment with corresponding experimental data.5 All calcula-
tions in this paper were performed on a Pentium personal
computer in our laboratory.


$)*&��* (#% %"*'&**"�#


Figure 1 shows the correlation between the HOFs
calculated using the B3LYP/6–31G* (see Table 2) and
semiempirical MO methods (MINDO/3, MNDO, AM1
and PM3) for the eight polynitrocubane compounds.
From Fig. 1(a) we can see that there is a good linear
relationship between the HOFs calculated at the B3LYP/
6–31G* and PM3 levels, and the linear correlation
coefficient is 0.9971. However, Fig. 1(b) reveals that the
correlation for the AM1, MNDO and MINDO/3 methods
is much poorer than that for PM3, which shows that
different semiempirical MO methods can cause large
differences in the HOF. Obviously, the HOFs obtained
from the PM3 method are very satisfactory. In fact, the
PM3 method derives from a mathematical reparameter-
ization of the MNDO method. Adjacent lone pair/lone
pair repulsions are better described at the PM3 level.47


The PM3 method gives results for HOFs that are clearly
superior to the other semiempirical MO methods for the
systems containing —NO2 in which there are strong
interactions between adjacent nitro groups.39,47,48 As is
well known, the DFT methods are able to deal with
complex electron correlation problems, which seems to
be a bit similar to the adjacent lone pair/lone pair
repulsions from the PM3 method. In polynitrocubane
molecules, the interactions between adjacent nitro groups
confined on the cubane skeleton are strong. These may be
quite important reasons why there is a good linear


�	�
� +, �	��� ������� %�� & %� ������� �	�����	� ���#�� '�


��� �(��������� ')*� 
	� ��� ��
������ �	��	#����


Com-
pound


E0
(Hartree)


ZPE
(kJ mol�1)


HT
(kJ mol�1)


HOF
(kJ mol�1)


C8H8 �309.460 37 352.19 14.33 622.1
CH4 �40.518 38 118.69 10.00 �74.4
CH3NO2 �245.009 33 131.74 13.93 �74.3


a Experimental HOFs (T = 298 K) are from the literature,45,46 and the
others are calculated at the B3LYP/6–31G* level.


�	�
� -, �	��� ������� %�� & %�� ������� �	�����	� ���#�� '� ��� ')*� 	$����� 
�	� ��� +,-. /01,�23 ���  4,����	�� 
	�
��� ���� �	�����	�#$��� �	��	#�����$


Compound E0 (Hartree) ZPE (kJ mol�1) HT (kJ mol�1)
HOF (kJ mol�1)
B3LYP/6–31G* PM3


Nitrocubane �513.964 28 357.98 21.18 583.83 437.26
1,4-Dinitrocubane �718.463 27 364.64 29.26 560.58 410.36
1,2-Dinitrocubane �718.459 17 365.17 28.85 571.47 423.19
1,3-Dinitrocubane �718.462 42 364.83 29.15 562.90 412.37
1,2,3-Trinitrocubane �922.949 38 370.87 36.34 569.72 419.78
1,2,4-Trinitrocubane �922.953 46 370.61 36.54 558.95 407.72
1,3,5-Trinitrocubane �922.955 70 370.28 36.77 552.97 402.59
1,3,5,7-Tetranitrocubane �1127.443 95 374.97 44.66 555.76 402.93


a E0, ZPE and HT are B3LYP/6–31G* results, and the HOFs at the B3LYP/6–31G* level are derived from reaction (1).
b Experimental HOF of cubane is 622.1 kJ mol�1 in the gas phase.45
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relationship between the HOFs calculated with the
B3LYP/6–31G* and PM3 methods.


Studies23,24 have demonstrated that, when suitable
reference compounds are chosen in isodesmic reactions,
satisfactory HOFs that are very close to their correspond-
ing experimental values in the gas phase can be obtained
using the B3LYP/6–31G* method. Hopefully, the HOFs
in Table 2 obtained using the B3LYP/6–31G* method are
quite accurate, though there are no experimental HOFs
available for comparison.


Because there is a good linear relationship between the
HOFs calculated using the B3LYP/6–31G* and the PM3
methods for the eight polynitrocubanes, accurate HOFs
for the other 13 polynitrocubanes can be obtained by
systematically correcting their corresponding PM3-cal-
culated HOFs. Based on the data in Table 2, the linear
equation for the HOFs can be expressed as follows:


HOFB3LYP � 0�8589HOFPM3 � 208�50 �4�


where HOFB3LYP and HOFPM3 denote the HOFs obtained
using the B3LYP/6-31G* and the PM3 calculations
respectively. From Eqn. (4), we can easily evaluate
accurate HOFs for the other 13 polynitrocubane com-
pounds at the B3LYP/6-31G* level, since the PM3 HOFs
of these compounds can be obtained easily. All of the
calculated HOFs for these polynitrocubanes are listed in
Table 3.


Examining the HOF data from the B3LYP/6-31G*
method shown in Tables 2 and 3, we find that the number
of nitro groups in the polynitrocubane has a significant
influence on the HOFs. To clarify the problem, Fig. 2
shows the B3LYP/6-31G* HOFs with respect to the
number of nitro groups in the nitro-substituted cubanes
that have the lowest HOFs among the isomers. In Fig. 2,


the HOF of cubane is an experimental value.45 All the
molecular structures of these stable compounds are
shown in Fig. 3. It is clearly shown in Fig. 2 that when
the number of —NO2 groups m changes from zero to
three, the HOFs decrease; then, the HOFs increase a little
as m increases from three to four. However, when m
changes from four to eight, it is very interesting that the
HOFs increase rapidly and linearly (the linear correlation
coefficient is equal to 0.9969). This is because the
strongly electron-withdrawing nitro groups can stabilize
the cubane skeleton when the number of nitro groups in
the polynitrocubane molecule is not too great,2,3 hence,
as the number of nitro groups increases, the HOF
decreases. However, when there are more than four nitro
groups in a polynitrocubane molecule, stronger repul-


.����� +, �	������	� $��5��� ��� ')*� 	$����� 
�	� ���������� 4) 647��)/,� 4��)� 84� ���
 4,9 ��� �*�:+,-. /01,�23 ����#���	��


�	�
� �,  4,:����#����� ')*� ��� +,-. /0:,�23 ')*�
	$����� $� �	������� ��� �	�����	����  4,:����#�����
')*� 
	� �, �	�����	�#$��� �	��	#���


Compound
HOFPM3


(kJ mol�1)


HOFB3LYP
(kJ mol�1)
(correction)


1,2,3,4-Tetranitrocubane 435.67 582.70
1,2,3,6-Tetranitrocubane 423.78 572.48
1,2,3,5-Tetranitrocubane 415.41 565.30
1,2,5,6-Tetranitrocubane 411.93 562.31
1,2,3,7-Tetranitrocubane 427.84 575.97
1,2,3,4,5-Pentanitrocubane 446.98 592.41
1,2,3,5,6-Pentanitrocubane 438.47 585.10
1,2,3,5,7-Pentanitrocubane 433.12 580.51
1,2,3,4,5,6-Hexanitrocubane 476.32 617.61
1,2,3,4,5,7-Hexanitrocubane 470.31 612.45
1,2,3,5,6,8-Hexanitrocubane 470.74 612.82
Heptanitrocubane 510.38 646.87
Octanitrocubane 555.26 685.41


Copyright  2001 John Wiley & Sons, Ltd. J. Phys. Org. Chem. 2001; 14: 583–588


586 J. ZHANG, H. XIAO AND X. GONG







sions will be caused because of the close crowding of the
nitro groups. Thus, the total energies of the polynitrocu-
bane molecules increase, and, correspondingly, the HOF
increases. The calculated results suggest that substituted
cubanes with more nitro groups have higher HOFs,
especially for molecules with six to eight nitro groups. So
they may be very powerful explosives, and it will be
worthy of further experimental study to synthesize highly
nitrated cubanes, although the work may be quite
difficult.


Analyzing the data listed in Tables 2 and 3, one can
also see that the HOFs of polynitrocubane isomers with
the same number of —NO2 groups are affected by the
positions of the nitro groups and molecular symmetry.
However, the positions of the nitro groups on the cubane
skeleton have greater effects on their HOFs. In general,
the closer the nitro groups in a molecule, the higher the


HOF it has. For example, the HOF of 1,3,5,7-tetrani-
trocubane using the B3LYP/6-31G* method is the lowest
(555.76 kJ mol�1) among the six tetranitrocubane iso-
mers because the four nitro groups attached to the cubane
skeleton are the most scattered. On the contrary, the HOF
of 1,2,3,4-tetranitrocubane is the highest (582.70
kJ mol�1) among the six tetranitrocubane isomers owing
to the crowding of the four nitro groups in its molecule.
Similar results for the other four tetranitrocubanes can
also be found. According to the above conclusions, if the
relative positions of the nitro groups in each isomeric
molecule are known, one is able to estimate the relative
order of the HOF values for the polynitrocubane isomers
with the same number of nitro groups. Accordingly, the
relative stability of these polynitrocubane isomers can
also be predicted.


'�#'�&*"�#*


From the calculated HOF results for 21 polynitrocubanes
using the DFT-B3LYP and semiempirical MO methods,
the following conclusions can be drawn.


1 Accurate HOFs of polynitrocubanes can be obtained
when the DFT-B3LYP/6-31G* method is used and
the cubane cage skeletons in the polynitrocubane
molecules have been kept in setting up the isodesmic
reactions.


2 There is a good linear relationship between the HOFs
calculated using the B3LYP/6-31G* and the PM3
methods for polynitrocubanes. Therefore, it is possible
to obtain accurate HOFs for the polynitrocubanes by
systematically correcting their PM3 results, for which
high-level calculations may not be performed.


3 All 21 polynitrocubane compounds have high HOFs,
which means that they might be very powerful
energetic materials.


4 For the most stable polynitrocubane isomers with


.����� -, ������� 	
 ')* 5�� �������� �#�$�� 	
 ���	
��	#�� � ���	:�#$���#��� �#$����; ��� ')* 	
 �#$��� � ��
�(��������� ���#���< ��� ��� ')*� 	
 ��� ���� �	�����	:
�#$���� ��� 	$����� #��� ��� +,-. /0:,�23 ����	�


.����� �, ��� �	���#��� ���#��#��� 	
 ��� �	�� ���$�� �	���� 	
 �	�����	�#$����
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different numbers of —NO2 groups m, the substitutions
of nitro groups on cubane decrease the HOF when
m � 3, but increase the HOF when m � 4. Furthermore,
the HOFs of polynitrocubanes increase linearly when m
is changed from four to eight.


5 Generally, for polynitrocubane isomers with the same
number of —NO2 groups, the closer the nitro groups in
a molecule, the higher the HOF it has.
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ABSTRACT: Density functional theory (DFT) at the B3LYP/6–31 � G(d,p)//B3LYP/6–31G(d) level was used to
calculate 17O and 13C NMR chemical shifts of the carbonyl group of aromatic acyl chlorides 1a–n. The aryl groups
included substituted phenyl, furyl, thienyl and naphthyl. The calculated 17O chemical shifts correlated well with the
experimental values and with Hammett-type �� constants. Therefore, in many cases it is possible to deduce ��


constants of substituted aryl groups via gas-phase calculation of 17O chemical shifts of the carbonyl groups. The ��


values obtained in the gas-phase calculation show the intrinsic property of substituents, so they provide a good
reference set for systematic comparison to evaluate the effect of the environment. Furthermore, the concept of n–�*
mixing can be used to understand the sensitivity of the O and Cl atoms and the insensitivity of the C atom towards
substituent effects in aromatic acyl chlorides. Copyright  2001 John Wiley & Sons, Ltd.
Additional material for this paper is available from the epoc website at http://www.wiley.com/epoc


KEYWORDS: 17O chemical shift; theoretical calculation; substituent constant; n–�* mixing; solvolysis; solvent
effect
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With the use of substituted acetophenones and benzalde-
hydes, it has been shown that the 17O NMR chemical shift
�(17O) of a carbonyl group is sensitive to substituents of
the neighboring phenyl group.1,2 Studies of acyl-contain-
ing compounds such as acids, amides, esters and other
derivatives of carboxylic acids [YC(=O)X] have also
confirmed the sensitivity of 17O chemical shifts in
reflecting the electronic nature of substituents X and
Y.3–9 Owing to this sensitivity, 17O chemical shifts have
been studied from different viewpoints. Dahn and co-
workers used them to establish a scale of electrophilicity
of the carbonyl group.3–5 Others used them to study the
effectiveness of transmission of the substituent effect.9–13


It was found that an excellent linear correlation existed
between �� and 17O chemical shifts measured in the non-
polar solvent CCl4 for 12 �,�,�-trifluoroacetophenones
(correlation coefficient R = 0.998).7 Extending the study
of benzene derivatives of trifluoroacetyl compounds to
heteroaromatic derivatives such as furyl and thienyl, the
same correlation between �� and 17O chemical shifts was
also observed, except in the case of 3-furyl.14 More


recently, we demonstrated that density functional theory
(DFT) calculations of 17O chemical shifts at the B3LYP/
6–31 � G(d,p)//B3LYP/6–31G(d) level of the above
trifluoroacetyl compounds were compatible with the
experimental values measured in CCl4.15 The small
deviation (absolute values of �5 ppm in most cases) of
the calculated values from the experimental values might
be fortuitous, but the good correlation between the
calculated and observed values is important. An excellent
linear correlation (R = 0.993) between the calculated and
observed 17O chemical shifts of 15 trifluoroacetyl
compounds was obtained when the data for the 3-furyl
compound was excluded. Therefore, for functional
groups the �� values of which are difficult to deduce
experimentally, theoretical calculation of 17O chemical
shifts of corresponding carbonyl compounds seems to be
a potential substitute.


In contrast to the high sensitivity of the oxygen atom to
the donor/acceptor ability of a neighboring group, the 13C
chemical shift of the carbonyl carbon atom is less
dependent on the electronic nature of a neighboring
group.11,12,16,17 Analysis of components of shielding
tensors of HCOX with ab initio calculation has revealed
that n–�* mixing contributes to the sensitivity of 17O
chemical shifts toward the nature of X.16 As the n-orbital
is basically localized on the oxygen atom, the sensitivity
observed on the oxygen atom does not occur on the
carbon atom.


In order to establish whether the good correlations
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between calculated and observed 17O chemical shifts and
between �� constants and calculated 17O chemical shifts
also exist in systems other than the trifluoroacetyl
compounds, we have studied other carbonyl compounds.
In this paper, we present results for aromatic acyl
chlorides (compounds 1a–n). The aryl groups also
include furyl, thienyl and naphthyl, not just limited to
substituted phenyl of which the �� constants vs observed
17O chemical shift correlation have been reported in the
literature.8 In addition to the analysis of the 17O chemical
shifts of acyl chlorides, the 13C chemical shifts of the acyl
carbon atom were also analyzed to verify if the
explanation deduced from the calculation of HCOX can
be invoked to explain the sensitivity difference of 17O
and 13C chemical shifts in ArCOCl.


*+,*���*�!-& -�� ���,'!-!���-&
�*!-�&#


17O NMR spectra were recorded on a Bruker AM-300
WB spectrometer equipped with a 10 mm broadband
probe operating at 40.670 MHz and values were reported
relative to deuterium oxide. A 0.5 M solution in carbon
tetrachloride was prepared in a dry-box. Perdeuterated
benzene was used as the external lock. The recording
temperature (51°C) was corrected by using 80% ethylene
glycol in DMSO-d6 as the standard. A preliminary study
of the unsubstituted benzoyl chloride indicated that 0.3
and 0.5 M solutions showed very close �(17O) values
(�� = 0.3 ppm). Therefore, 0.5 M is probably an appro-
priate concentration to minimize the possible dipole
interactions between solute molecules. 13C NMR spectra
were recorded on a Bruker AM-300 spectrometer using
chloroform-d solutions at ambient temperature (uncer-
tainty: 0.5 ppm). The observed chemical shifts at natural
abundance are given in Table 1.


Stable conformers of aromatic acyl chlorides were
searched and checked with frequency analysis at the
AM1 level.18 The structures of the conformers found
were further optimized and verified by frequency analysis
at the B3LYP/6–31G(d) level. B3LYP means that
Becke’s three parameter functional19a is used for the
exchange energy and the Lee, Yang and Parr func-
tional19b for correlation energy. Single-point energy
calculations and GIAO NMR chemical shift calcula-
tions20 were carried out at the B3LYP/6–31 � G(d,p)
level based on the B3LYP/6–31G(d) optimized struc-


tures. The energy differences at the B3LYP/6–31 �
G(d,p) level between conformers were used to calculate
the population of conformers according to the Boltzmann
distribution (T = 298 K). The chemical shifts of con-
formers were all taken into account according to the
population. All the semi-empirical calculations were
carried out with the program SPARTAN 4.1.21 The ab
initio calculations were carried out with Gaussian 94,22a


except for the orbital energies listed in the supplementary
material, which were calculated with Gaussian 98.22b


To calculate the shielding tensor components (�xx, �yy


and �zz), the convention of Dahn and Carrupt was
followed.23 In brief, the direction of the C=O bond is
defined as the z-axis and the direction perpendicular to
the acyl chloride plane is defined as the x-axis. Because
the �� constants for the ortho-substituted 1l–n are not
available, we only calculate the tensor components for
1a–k in their lowest energy conformations.


�*#'&!# -�� ��#�'##���


The calculated chemical shifts are analyzed in two
directions. The degree of similarity between gas-phase
calculated values and chemical shifts observed in non-
polar CCl4 is examined by plotting �calc against �obs. The
sensitivity of the calculated chemical shifts to substituent
effects in solvolysis reactions is checked by plotting �calc


against ��. Table 1 shows the 17O NMR chemical shifts
of 1a–n. The range of the 17O NMR chemical shifts in
CCl4 is 470.6–536.3 ppm. The deviations between the
calculated [�(17O)calc] and observed [�(17O)obs] chemical
shifts are small (ca 2 ppm) for benzoyl chlorides 1a–h
and the calculated values are consistently downfield
relative to the observed values. The �(17O)calc–�(17O)obs


correlation is excellent (R = 0.999) for 1a–h. As the
observed values correlate well with �� constants (R =
0.995), the calculated values correlate equally well with
�� (R = 0.996). If ortho-substituted phenyl (1m and n),
naphthyl (1k and l) and heteroaromatic (1i and j) acyl
chlorides are all taken into account, the �(17O)calc–
�(17O)obs correlation (Fig. 1) is still reasonable (R =
0.985). Among the 14 compounds, the calculated
chemical shifts of 1j (2-furyl) and 1n (2,6-dimethylphe-
nyl) show the largest deviations (9–10 ppm) from the
observed values. Basically, the magnitude of the devia-
tions of �(17O)calc from �(17O)obs is similar to that in the
trifluoroacetyl series.15 For compounds without ortho
substituents to the carbonyl group, 1a–k, the correlation
coefficient for the �(17O)calc–�


� correlation is 0.988 and
for �(17O)obs–�


� it is 0.993. The reason for the large
deviations for 1j and 1n is not clear. With two ortho-
methyl groups, 1n (2,6-dimethylphenyl) possesses the
greatest steric congestion among the 14 acyl chlorides.
The dihedral angle between the phenyl ring and the acyl
plane is 58.5° in the calculated geometry of 1n whereas
the corresponding angle is no more than 5° in other
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compounds. Since proper treatment of electron correla-
tion is important for NMR calculations as we have shown
in Ref. 15 (p. 1002) that correlation between calculated
and measured chemical shifts dropped if NMR calcula-
tions were carried out at the HF level, it is likely that
better electron correlated theory levels are needed to
handle sterically congestive systems such as 1n.


In the literature, the 17O chemical shifts measured in
polar acetonitrile (CH3CN) solvent8,10 have been re-
ported for 1a, c, d, f–h and k–n. They were more upfield
than that in the non-polar CCl4 by several ppm in most
cases (Table 1). The sterically congested 1n has a larger
deviation [�(17O)obs,CCl4


� �(17O)obs,CH3CN = 13 ppm].
The correlation between gas-phase calculated chemical
shifts [�(17O)calc] and those measured in CH3CN
[�(17O)obs,CH3CN] is fair (R = 0.968). With the exclusion
of 1n, the correlation improves (R = 0.985). The
corresponding R value for the �(17O)calc–�(17O)obs


correlation in CCl4 with the same set of compounds
(also excluding 1n) is 0.992. The better correlation
between calculated values and chemical shifts in the non-
polar solvent demonstrate that gas-phase calculated
chemical shifts are reasonable and they may be used as
a control group to contrast the influence of solvents on
solutes.


The 13C chemical shifts of the carbonyl carbon atom of
1a–n in CDCl3 are in the range 154.6–177.0 ppm [Table
1, �(13C)obs]. Although the calculated chemical shifts
deviate from the observed values by less than 5.9 ppm,
the relatively small variation range of �(13C)obs (ca
23 ppm) makes the �(13C)calc–�(13C)obs correlation
(R = 0.904) much worse than that for 17O chemical
shifts. Scattered �(13C)obs–�


� and �(13C)calc–�
� plots


were obtained (R � 0.77) even if the sterically congested
compounds 1l–n were not included.


A chemical shift is the difference in isotropic
shieldings [�iso; �iso = (�xx � �yy � �zz)/3, where �xx,
�yy, and �zz are the shielding tensor components in the
x, y and z directions, respectively] between the reference


compound and the measured compound. In the study of
HCOX (X = SiH3, H, Me, SH, Cl, F, OMe, OH, NH2 and
O�), Dahn and Carrupt found that �zz of 17O is far more
sensitive than �xx and �yy to the electronic nature of X.16


The range of �zz is �1649 (X = SiH3) to �9 ppm
(X = O�), whereas the range of �xx is 414–215 ppm and
that of �yy is �604 to �126 ppm. Shielding tensor
component �zz is related to charge circulation in the x,y
plane. Analyzing the mixing of unoccupied and occupied
ground-state orbitals in the presence of a magnetic field
from IGLO24,25 calculation results, Dahn and Carrupt16


found that the n (in the y direction)–�* (in the x direction)
mixing is the major cause of the large variation of �zz and
is therefore responsible for the sensitivity of 17O
chemical shifts. On the other hand, the magnitudes of
�xx, �yy and �zz of 13C do not differ as much as in the case
of 17O. Furthermore, although some sensitivity towards X
has been found for �xx and �yy of 13C, the irregular
variation of �zz results in a poor overall sensitivity of the
carbonyl carbon atom towards X.16 In brief, the 17O shift
values are strongly influenced by the n–�* mixing,
whereas the 13C shift values are determined by multiple
factors. The n–�* mixing does not affect the 13C
chemical shifts because the lone pair is located on the
O atom.


In comparison with HCOX, the ArCOCl system, with
the presence of an aryl group, is more complex in terms
of mixing of orbitals under the influence of a magnetic
field. Whether a specific shielding tensor component still
dominates the sensitivity of an atom is unclear. Using the
same definition of the x, y, z, directions as in Dahn and
Carrupt’s study, we calculated �xx, �yy and �zz of carbonyl
oxygen and carbon atoms and plotted them against ��


constants to examine whether the tensor components are
sensitive to the substituent effect. As shown in Fig. 2, the
slopes for �xx, �yy and �zz of 17O are 6.68, �23.18 and
�33.50, respectively; the correlation coefficients are
0.490, 0.992 and 0.920, respectively. Therefore, although
�zz is inferior to �yy in correlating with ��, it is the most
sensitive component toward substituent effects as judged
by the slopes. This result is similar to that of HCOX in
that �yy correlates the best with Hammett–Taft �R°
constants, but is less sensitive than �zz.


16 Because the
substituent effect is controlled by groups not directly
bonded to the carbonyl group, unlike in the HCOX series,
the variation ranges of the components are smaller in
ArCOCl than in HCOX. When only the phenyl analogs
1a–h (�� = 0.612 to �0.188) are considered, all three
components correlate well with �� (R = 0.988, 0.997 and
0.996 for �xx, �yy and �zz, respectively). The slopes are
9.79, �24.25 and �42.30 for �xx, �yy and �zz,
respectively, so �zz still contributes significantly to the
variation of �iso.


Figure 3 shows the correlation between shielding
tensor components of 13C and �� constants. All
correlation coefficients are less satisfactory (�0.9) than
those for 17O. The slopes do not differ much from each


.�"	�� �) �	���#���	� )������ ���*� ��#� ��� ���*� 	)� 
	�
�	�	���� ��+�
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other, so the variation of �iso is not dominated by any
specific component. Therefore, it will not be possible to
describe the variation of 13C chemical shifts qualitatively
by a specific argument. Unlike for 17O chemical shifts,
the dominance of �zz makes the argument of n–�* mixing
plausible.


Examination of frontier orbitals of the lowest energy
conformer of 1a–h shows that HOMO and HOMO-1 are
� orbitals distributed basically on the phenyl ring. The
HOMO-2 contains the oxygen lone pair along the y-axis
(in the acyl chloride molecular plane and perpendicular to
the C—O bond). The LUMO consists of �* of C—O and
the phenyl ring. Therefore, the HOMO-2 to LUMO
transition has the smallest energy gap among transitions
that are responsible to the magnitude of �zz(


17O). Plotting
this n–�* energy gap against �zz and �iso of 17O afforded a
fair correlation (both R � 0.96) (only the lowest energy
conformers of 1a–h are used in finding the correlation;
the values of orbital energies are reported in the
supporting information at the epoc website at http://
www.wiley.com/epoc). The HOMO–LUMO �–�* tran-
sition is irrelevant to the O atom, so it is not surprising
that when the HOMO–LUMO gaps are plotted against �
(�zz or �iso), the correlation is very poor (R � 0.4).


Since HOMO-2 contains not only the lone pair of the
oxygen atom, but also the lone pair of the chlorine atom
in the y,z plane, we postulate that chlorine may also
exhibit sensitivity towards substituent effects with a
similar n–�* mixing mechanism. Plotting calculated �zz


of the chlorine atom of sterically unhindered 1a–k
against �� constants indeed shows a fair correlation
(R = 0.952). Because the �xx of the two five-membered
heteroaryl 1i and j deviate significantly from the trend for
other aromatic acyl chlorides (Fig. 4), it makes the �iso of
these two compounds much smaller than one would
expect on the basis of the �� value (Table 1). To have a
fair comparison between O, C and Cl, we use 1a–h again
to examine how well �iso of Cl reflects substituent effects.
Plotting �iso of Cl against �� gives a correlation


coefficient of 0.972. This is worse than the �(17O)calc–
�� correlation, but significantly better than the
�(13C)calc–�


� correlation.


����&'#���


We have shown that calculations of 17O chemical shifts at
the B3LYP/6–31 � G(d,p)//B3LYP/6–31G(d) level af-
ford good results for ArCOCl, as found previously for
ArCOCF3. In general, the correlation between calculated
and observed 17O chemical shifts is good, especially
when unhindered phenyl analogs are considered. There-
fore, the calculation of 17O chemical shifts has the
potential to determine the �� constant for a given group.
It is known that �� values (and also other substituent
constants) for certain groups observed in different solvent
systems are at significant variance.26 The �� values
obtained in gas-phase calculations show the intrinsic


.�"	��  ) ,#	� 	
 ��#��#���� ��� 	
 �*� ������� �� �	�������

	� �	�	���� ��+/
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 ��#��#���� ��� 	
 �-� ������� �� �	������� 
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�	�	���� ��+/


.�"	�� 0) ,#	� 	
 ��#��#���� ��� 	
 �# ������� �� �	������� 
	�
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property of substituents, so they provide a good reference
set for systematic comparison to evaluate the effect of the
environment.


The calculated absolute deviation of 13C chemical
shifts from the observed values is similar to that for 17O.
Nevertheless, the significantly smaller variation range of
observed 13C chemical shifts of the carbonyl carbon atom
makes the analysis of �(13C) not worthwhile in terms of
detecting substituent effects. Our results demonstrate that
for ArCOCl the sensitivity of �(17O) and the insensitivity
of �(13C) could be understood in terms of n–�* mixing, in
line with the conclusion obtained from HCOX by Dahn
and co-workers. Furthermore, this concept leads us to
analyze the �iso of Cl and we have found a correlation
between �iso(Cl) and �� for closely related compounds.


#	22�����" �����������


A table of calculated shielding tensors and a table of
orbital energies of HOMO-2, HOMO and LUMO of
lowest energy conformers of 1a–h at the B3LYP/6–
31 � G(d,p) level are available at the epoc website at
http://www.wiley.com/epoc.
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ABSTRACT: The effect of inductive strength and �-conjugating tendency on the structure and energetics of singly
substituted benzynes is studied for different substituents. For amino and cyano substituents, all possible isomers are
examined. For silyl and ammonio substituents, meta isomers are examined. Copyright  2001 John Wiley & Sons,
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Arynes are useful as synthetic reagents1,2 and they are
also key intermediates responsible for the cytotoxicity of
the enediyne class of antitumor antibiotics.3–5 In
particular, a p-benzyne reactive intermediate can be
generated by Bergman cyclization6,7 of the metastable
enediyne functionality after binding to cellular DNA.
This highly reactive diradical abstracts two hydrogen
atoms from ribose moieties, one from each backbone of
the DNA double helix. The resulting lesions result in
irreparable double-stranded cleavage, and there is thus
much interest in tuning the reactivity and selectivity of
enediyne-based drugs so that they may be more
selectively targeted. Insofar as such efforts typically
involve substitution of the p-benzyne framework with
one or more substituents, the fundamental effects of such
substitution on the structure and reactivity of the diradical
are of significant interest. From a physical organic
standpoint, substitution effects on arynes in general are
of interest to the extent they influence the properties of
these reactive intermediates. In this work, we examine a
series of singly substituted benzynes in an attempt to
deduce what effects �- and �-donors and -acceptors have
on the lowest energy singlet and triplet states for all
isomers of these molecules.


The three isomers of the parent benzyne molecule are


well known and have been characterized thoroughly both
experimentally8–10 and by approximate solution of the
Schrödinger equation.11–18 Substituted arynes have
been less completely characterized, although experimen-
tal19–22 and computational22–28 studies have been re-
ported for several. The effect of heteroatomic substitution
within the ring has also seen substantial study.18,29–35 We
recently reported a detailed computational study of the
ten didehydrophenols, i.e. those benzynes derived from
exocyclic substitution by a hydroxyl group.28 In this work
a more complete set of substituents is examined in order
to span a wider region of chemical space with respect to
the substituent properties. In particular, we computation-
ally characterize all possible didehydroanilines (DDAs)
and didehydrobenzonitriles (DDBNs). To illuminate
particular details associated with singlet meta benzynes,
we also characterized the singlet meta isomers of the
didehydrophenylammonium cation (DDPA�), and dide-
hydrophenylsilane (DDPS).


��"#!�$����$% "&�'� �%��(


Geometries were optimized at the multiconfigurational
self-consistent-field (MCSCF) and density functional
theory (DFT) levels. In every case the correlation-
consistent polarized valence-double-� basis set, cc-
pVDZ,36 was employed.


The MCSCF calculations were of the complete active
space SCF (CASSCF) variety.37 For the arynes, eight
electrons were included in the active space constructed
from the six � orbitals of the aromatic ring and the two �
radical orbitals. This active space was reduced to seven
electrons/orbitals for the substituted phenyl radicals, and
to six electrons/orbitals for substituted benzenes when
analysis of such species proved appropriate.
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The DFT functional employed combined the gradient-
corrected exchange functional of Becke38 with the
gradient-corrected correlation functional of Lee et al.39


(BLYP). Singlet aryne DFT “wave functions” that
exhibited instability with respect to spin-symmetry
breaking were reoptimized with an unrestricted self-
consistent-field formalism. Vibrational frequencies, zero-
point vibrational energies, and thermal enthalpy con-
tributions were calculated at the (U)BLYP/cc-pVDZ
level.


Dynamic electron correlation was also accounted for at
the CASPT2 level40,41 using the MCSCF wave functions
as the reference. Some caution must be applied in
interpreting the CASPT2 results, since this level of theory
is known to suffer from a systematic error proportional to
the number of unpaired electrons.42 CASPT2 energies
were calculated for both MCSCF and DFT geometries. In
addition, coupled-cluster calculations43,44 including sin-
gle and double excitations and a perturbative estimate for
triple excitations were carried out for single-configura-
tion reference wave functions expressed in Brueckner
orbitals (BD(T)45). Brueckner orbitals46 eliminate con-
tributions from single excitations in the coupled-cluster
ansatz, and this can remove instabilities47 associated with
very large singles amplitudes in the more common
CCSD(T) method. Such instabilities were manifest in
many of the substituted phenyl radicals and arynes. We
note that this is purely a mathematical technique to
stabilize the solution of the truncated coupled-cluster
equations, and in no way affects analysis of the reference
wave functions.


Analysis of the CASPT2 and BD(T) energies for the
MCSCF and BLYP geometries indicated that, in the
overwhelming number of instances, the BLYP geome-
tries were lower in energy (i.e. better, since they are
closer to the minima on the corresponding correlated
potential energy surfaces). Thus, unless otherwise
indicated, all data in this paper are computed using the
BLYP geometries. Geometries of the monoradicals were
also optimized using the gradient-corrected correlation
functional of Perdew et al.48 (BPW91) for the sole
purpose of calculating 1H isotropic hyperfine splittings
(hfs). Using previously published correlations between
the BPW91/cc-pVDZ hfs and CASPT2/cc-pVDZ//
CASSCF/cc-pVDZ singlet–triplet (S–T) splittings af-
forded cheap and accurate estimates for the latter
quantities (vide infra). [The particular correlating equa-
tion is (S–T splitting, kcal mol�1) = a(1H hfs, G)�b,
where for ortho and meta diradicals a = �1.39 and
b = �9.48 and for para diradicals a = �1.99 and
b = �0.30.] We note that Sander and Exner have also
compared various functionals for their accuracy in
predicting substituted m-benzyne geometries and con-
cluded that the BLYP functional was optimal.22 Gräfen-
stein et al. have also shown that this level of theory
compares well with experiment for unsubstituted arynes,
noting that this agreement derives in part from a


fortuitous cancellation of errors associated with basis
set incompleteness and deficiencies in the functional.49


Isotropic hyperfine coupling constants (hfs) were
calculated as50


aX � �4��3��Sz��1ggX��X��X � �1�


where g is the electronic g factor, � is the Bohr magneton,
gX and �X are the corresponding values for nucleus X,
and �(X) is the Fermi contact integral


��X� �
�


��


P���
�� 	��RX�	��RX� �2�


where P�–� is the BPW91/cc-pVDZ one-electron spin-
density matrix, and evaluation of the overlap between
basis functions �� and �� is only at the nuclear position
RX.


Multi- and single-reference calculations were carried
out with the MOLCAS51 and Gaussian 9852 electronic
structure program suites respectively.


��"&��%$�!�&


We adopt a naming convention where the substituted
carbon atom is assigned to be position 1, and numbering
proceeds around the ring so as to provide the lowest
possible number to the dehydrocenter nearest the point of
substitution. Thus, the analogs of o-benzyne are 2,3- and
3,4-didehydro species, the analogs of m-benzyne are 2,4-,
2,6-, and 3,5-didehydro species, and the analogs of p-
benzyne are 2,5-didehydro species. As the substituents
studied here are all symmetric with respect to a plane
perpendicular to and bisecting the aromatic ring, there are
no issues associated with substituent rotational isomer-
ism.


�&�!%��


The various theoretical energies were processed in a
series of isodesmic reactions in order to achieve
chemically interpretable accuracy. First, biradical stabi-
lization energies (BSEs) for the singlet and triplet
benzynes were computed. The BSE is the 298 K enthalpy
change for


m-C6H4R � n-C6H4R � m, n-C6H3R � C6H5R �3�


where m and n represent the dehydro positions. Thus,
Eqn. (3) measures the difference in enthalpy associated
with having both radicals in the same molecule compared
withhavingtheradicals individually locatedat the identical
positions in corresponding monoradicals. We then correct
the raw BSE values by the amount required to bring the
analogous isodesmic equation for the corresponding
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benzyne(i.e.R = H)intoagreementwithexperiment for the
particular level of theory.9 [The experimental BSEs (H298,
kcal mol�1) for o-, m-, and p-benzyne are �35.6 	 3.6,
�20.6 	 3.6, and �4.2 	 2.1 respectively for the singlet
state,and2.1 	 3.6,0.8 	 2.8,and�0.4 	 2.2respectively
for the triplet state. The experimental S–T splittings (H0,
kcal mol�1)are�37.5 	 0.3,�21.0 	 0.3,and�3.8 	 0.5
respectively. The experimental heats of formation (H298,
kcal mol�1) of benzene and the phenyl radical are
19.7 	 0.2,53a and 81.2 	 0.653b respectively.] This meth-
od largely removes any idiosyncratic behavior associated
with the various levels of theory in this paper; indeed, the
span of the predicted BSEs, listed in Tables 1 and 2 for the
singlets and triplets respectively, is typically on the order of
1 kcal mol�1 or less. Naturally, this scheme is reliant upon
the substitution on the aromatic ring being regarded as a
small perturbation on the parent benzyne, and may be
expected to break down in situations that fail to conform to
this relationship.


The differences in BSEs for the singlet and triplet spin
states define the 298 K S–T splittings. Experimentally,


such splittings are more typically reported as 0 K
quantities, and we follow that convention in Table 3
where S–T splittings for the DDAs and DDBNs are
reported (the differential thermal contributions to the
singlet and triplet spin states at 298 K are rarely more
than 0.1 or 0.2 kcal mol�1 in any case). Applying the
BSE correction scheme outlined above is equivalent to
calculating the reaction enthalpy difference between the
singlet and triplet states for


m, n-C6H4 � C6H5R � m, n-C6H3R � C6H6 �4�


and then adding this quantity to the experimental
value9,53 for the S–T splitting of the appropriate
unsubstituted benzyne. Again, the efficacy of this
procedure is evident in the narrow range of splittings
predicted by the various levels of theory in Table 3.


An estimation of the S–T splitting based on the use of
antecedent radical 1H hyperfine coupling constants is also
presented in Table 3. In aryl radicals, the magnitude of
the hfs predicted for a particular H atom has been found to


����� )� ��"��� #��$��� %�&��


Benzyne Theory


BSE (H298, kcal mol�1)


ortho meta para


2,3 3,4 2,6 3,5 2,4 2,5b


DDA (R=NH2) BLYP �38.0 �34.4 �25.8 �23.5 �18.1 �3.4
CASPT2 �37.2 �34.6 �24.8 �22.1 �18.5 �3.1
BD(T) �35.3 �34.6 �25.1 �22.7 �18.5 �3.2


DDBN (R=CN) BLYP �36.3 �35.3 �20.8 �20.7 �20.6 �3.8
CASPT2 �35.9 �35.4 �20.7 �20.4 �19.6 �3.6
BD(T) �34.4 �33.9 �19.0 �19.0 �18.7 �2.6


DDPS (R=SiH3) BLYP �20.6 �20.1 �20.9
CASPT2 �20.1 �20.0 �21.3
BD(T) �20.6 �20.1 �21.2


DDPA (R = NH3
�) BLYP �23.5 �21.7 �23.4


CASPT2 �23.2 �20.3 �21.1
BD(T) �23.0 �20.8 �22.5


a At optimized BLYP/cc-pVDZ geometries; see Eqn. (3) for definition of BSE.
b Geometry optimized with unrestricted (broken-spin-symmetry) BLYP.


����� *� '����� #��$��� %�&��


Benzyne Theory


BSE (H298, kcal mol�1)


ortho meta para


2,3 3,4 2,6 3,5 2,4 2,5


DDA (R=NH2) BLYP 2.1 1.5 0.4 1.0 �0.1 �1.0
CASPT2 5.4 2.5 3.2 1.2 0.0 �0.8
BD(T) 4.9 2.6 2.9 1.2 0.0 �0.9


DDBN (R=CN) BLYP 2.1 2.0 1.3 1.1 0.6 �0.7
CASPT2 1.8 2.1 1.2 0.9 0.6 �0.6
BD(T) 3.3 3.6 2.7 2.4 2.2 0.9


a At optimized BLYP/cc-pVDZ geometries; see Eqn. (3) for definition of BSE.
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correlate with the magnitude of the S–T splitting for the
diradical that would be generated by abstraction of that H
atom. Thus, for instance, the hfs for the proton at position
3 in the 2-dehydroaniline radical can be used to predict
the S–T splitting in 2,3-DDA (and so too that at position 2
in the 3-didehydroaniline radical; as per the correlating
equations noted above).16,18,27,28 The S–T splittings


generated in this way were then corrected by the same
amount needed to bring the estimated S–T splitting for
the corresponding benzyne into agreement with experi-
ment. The overall agreement between direct computation
and this estimation technique is exceptional. The ease
with which one may generate the small amount of data
needed to estimate the S–T splittings using the hfs


����� +� %��$��� �(' ������"��


Benzyne Theory


S–T (H0, kcal mol�1)


ortho meta para


2,3 3,4 2,6 3,5 2,4 2,5b


DDA (R=NH2) BLYP �38.2 �35.7 �26.5 �24.6 �18.1 �2.5
CASPT2 �42.5 �36.9 �28.2 �23.5 �18.7 �2.3
BD(T) �40.1 �37.0 �28.3 �24.0 �18.7 �2.4
hfs corr.c �40.4 �36.6 �25.3 �22.2 �19.1 �2.9


DDBN (R=CN) BLYP �39.0 �37.3 �21.8 �21.4 �20.9 �3.1
CASPT2 �38.3 �37.5 �21.6 �21.0 �20.0 �3.0
BD(T) �38.3 �37.5 �21.3 �21.2 �20.6 �3.4
hfs corr.c �39.1 �37.7 �22.0 �20.7 �20.1 �3.8


a At optimized BLYP/cc-pVDZ geometries unless otherwise indicated; see also Eqn. (4) and accompanying text.
b Singlet geometry optimized with unrestricted (broken-spin-symmetry) BLYP.
c At optimized BPW91/cc-pVDZ geometries; see Computational Methodology.


,�-��� )� )���$�� "�	������ *%+,-.����/�01 	
 ��"��� #��$����2 '�� ��#�������� ��� ����3�� �� "�	�� 4 � ��� ��#���
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correlation makes this methodology particularly appro-
priate for larger systems and for rapid surveys of smaller
systems.


In order to ascertain the origin of various changes in
BSEs as a function of substitution, it is helpful to consider
changes in molecular geometries as well. Unique heavy
atom bond distances for all singlet arynes are presented in
Fig. 1. The geometries of the triplet DDAs and DDBNs
are not particularly perturbed relative to their unsubsti-
tuted analogs, so they are not presented or discussed; they
are, however, provided as supporting information.


 ���!�����


To facilitate discussion, we will hereafter refer only to
CASPT2 energies. This level of theory provides results
that are closest to the average over the reasonably narrow
span of all of the theoretical predictions. Note, however,
that the good agreement between different levels of
theory relies on having used an isodesmic correction
scheme—in the absence of such an approach there is no
reason to expect CASPT2 to be better than DFT or
BD(T). We begin with a discussion of some geometric
effects common to all of the diradicals, then focus on
particular substitution effects influencing the individual
ortho, meta, and para benzynes.


������ -�������
 �		�
��


In every isomer, regardless of spin state, C—C bonds to
the radical centers shorten and bonds antiperiplanar to
these centers lengthen. The radical centers preferentially
increase the s character in their C—C bonds at the
expense of their singly occupied orbital, and this leads to
bond shortening. Furthermore, the radical centers hyper-
conjugate with the � and �* orbitals of the antiperiplanar
C—C bonds, with the singly occupied orbital acting as a
donor into the �*CC and an acceptor from the �CC.11,54 As
both interactions decrease the bond order of the
antiperiplanar bond, it lengthens. As the hyperconjuga-
tive overlap between the radical orbital and the ring �
orbitals is net bonding, this is a second factor that
shortens C—C bonds to the radical centers. In ortho and
meta benzynes, the particular locations of the radicals can
cause these various effects to oppose one another and
possibly cancel, but in the para benzynes they reinforce
one another, and those rings are thus significantly
distorted. The longest C—C bond lengths are those that
are antiperiplanar to both radical centers in 2,5-DDA and
2,5-DDBN, 1.453 Å and 1.460 Å respectively.


��� ����� ������
���


The 3,4-benzynes are essentially unaffected by substitu-


tion. The singlet and triplet BSEs for 3,4-DDA and 3,4-
DDBN are all within 1 kcal mol�1 of the experimental
values9,53 for unsubstituted o-benzyne. The same in-
sensitivity has already been noted in 3,4-didehydrophe-
nol.28 The 2,3-benzynes, on the other hand, do show
singlet BSE variations as a function of the aryl
substituent. The bent in-plane � bond of the aryne is
highly polarizable and can stabilize partial positive
charge at position C1 by increasing electron probability
density on the adjacent carbon C2 (presumably it could
also polarize in the opposite direction to stabilize partial
negative charge at position C1, but we do not study any
ortho isomers substituted with strong � donors here). This
polarization leads to significant distortions in the
geometry of the ring. The radical orbital at C2 increases
in s character in order to stabilize the increased amount of
charge (i.e. it becomes more carbanion-like), which
results in a more acute C1—C2—C3 bond angle. The
reverse is true at C3: the relative dearth of electron
density results in a more obtuse bond angle as s character
is invested in this position’s bonding orbitals in
preference to its depleted “non-bonding” orbital. The
difference between the C2 and C3 bond angles is 17° for
R = OH,28 11° for R = NH2, and only 5° for R = CN. This
trend qualitatively tracks the �-withdrawing power of the
three substituents. The same trend is reflected in the
difference in S–T splittings for the 2,3-versus the 3,4-
isomers. The former enjoy an increasingly larger
stabilization of the singlet with stronger � electron-
withdrawing groups, whereas the latter are effectively
insulated from substitution effects. As the stabilizing
polarization is not available to the triplet (at least not
within the frontier orbitals, since the non-bonding
electrons have the same spin), the S–T splittings of
the 2,3-isomers are larger than that of o-benzyne,
whereas the unmodulated S–T splittings of the 3,4-
isomers are essentially identical to that of o-ben-
zyne.9,28,53


��� ���� ������
���


The geometries and energies of the various substituted
meta isomers can best be understood by considering the
resonance between diradical and zwitterionic forms that
is available to the singlets


�5�


(Note that the alternative zwitterionic mesomer having
reversed charge is disfavored by the antiaromaticity of
the cyclopropenyl anion and/or cyclopentadienyl cation
combination.) Electron donors and acceptors cause the
charge-separated resonance structure to contribute to the
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hybrid to a greater or lesser extent, depending on the
location of substitution. Donors, such as OH, NH2, and
SiH3, substituted on the three-membered ring (i.e.
generating the 2,6-benzyne) stabilize the cyclopropenium
cation. Thus, we see the 2,6-interdehydrocarbon distance
is smallest with NH2 and SiH3 as substituents and longest
with CN and NH3


� as substituents (Fig. 1), reflecting the
greater contribution of the formally bicyclic mesomer to
describing the benzynes substituted with electron-donat-
ing groups instead of electron-withdrawing groups.


By contrast, substituents on the termini of the allyl
anion moiety in Eqn. (5) (i.e. 2,4-benzynes) interact not
with a partial positive charge but with a negative one.
Thus, acceptors such as NH3


� and CN better stabilize the
zwitterionic mesomer and show the shortest 2,4-inter-
dehydrocarbon distances, whereas donors like NH2 and
SiH3 are destabilizing, and show the longest such
distances (Fig. 1).


Finally, in the case of the 3,5-benzynes, the allyl anion
is negatively charged but the central carbon is polarized to
be slightly positive by the build-up of anionic density
primarily at the termini. Thus, it is expected that the
zwitterionic mesomer will be best stabilized by �-
electron-withdrawing groups and �-electron-donating
groups. Conforming to this analysis, the 3,5-interdehy-
drocarbon distance is shortest for the corresponding DDA
isomer, next shortest for the DDPA isomer, and longest
for the more weakly perturbed DDBN and DDPS isomers.


Trends in isomer energetics largely follow the lines
expected based on the above analysis. Thus, for instance,
the largest singlet BSE for a 2,6-benzyne is that predicted
for DDA, the largest singlet BSE for a 2,4-benzyne is that
predicted for DDPA, and the largest singlet BSE for a
3,5-benzyne is that predicted for DDA. Another factor
influencing energetics appears to be electrostatic in
nature. Over all benzyne isomers, population analysis
indicates that there is a tendency for the radical positions
each to be about 0.1 units more negatively charged than
the remaining CH fragments of the aromatic ring. This
seems to be the factor making 2,6-DDPA somewhat more
stable than 2,4-DDPA, even though the resonance
analysis above would suggest the opposite ordering.


Note that, owing to the enormous flexibility of meta
arynes,15,21,22,25,28,33 the different geometric trends dis-
cussed above are not necessarily associated with very large
energetic consequences. Recalling that the singlet BSE for
m-benzyne is �20.6 kcal mol�1,9,53 Table 1 indicates that
eight of the 12 substituted benzyne isomers discussed here
have singlet BSEs predicted to be within 1 kcal mol�1 of
that value, and must therefore be considered to be
energetically unaffected by substitution to within the
combined theoretical and experimental errors.


��� ���� ������
���


The predicted S–T splittings for 2,5-DDA and 2,5-DDBN


are smaller than that found for p-benzyne.9,53 The
difference is largest for the DDA, rather small for
DDBN, and has been predicted to be of intermediate
magnitude for 2,5-didehydrophenol.28 We rationalize this
effect as deriving from selective triplet stabilization in
these isomers by strongly inductive substituents. In
particular, the empty Cipso—X �* orbital (where X
represents the substituent) mixes slightly with the
molecular orbital (MO) derived from symmetric combi-
nation of the two nonbonding orbitals. The latter MO is
the higher energy linear combination of the nonbonding
orbitals, and is formally empty in the singlet state and
singly occupied in the triplet.11,15 Thus, the interaction
favors the triplet and reduces the S–T splitting.


����%!�����


Substituent effects in the benzynes manifest themselves
both inductively and conjugatively. Usually, the singlet
states are the most sensitive to substitution and are
selectively stabilized over the triplets to the greatest
extent according to the following rules:


� the 2,3-isomer is better stabilized by �-withdrawing/�-
withdrawing groups;


� the 2,4-isomer is better stabilized by �-withdrawing/�-
withdrawing groups;


� the 2,6-isomer is better stabilized by �-withdrawing/�-
donating groups;


� the 3,5-isomer is better stabilized, albeit only weakly,
by �-withdrawing/�-donating groups.


When substitution is exactly contrary to the above rules,
the singlet is destabilized relative to the triplet. When the
above rules are followed only partially, intermediate
effects in either direction may be noted. The 3,4-isomers
are, for the most part, insensitive to substitution.


In the 2,5-isomer, substitution effects tend to be small.
However, the presence of a strong �-withdrawing
substituent can selectively stabilize the triplet over the
singlet by hyperconjugative interaction.


�!##������ ��,��"$���� $.$�%$/%&


Electronic energies and structures for all species from all
levels of theory are available electronically on the EPOC
website.
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Schütz M, Seijo L, Serrano-Andrés L, Siegbahn PEM, Widmark
P-O. MOLCAS-4, Lund, Sweden, 1997.


52. Frisch MJ, Trucks GW, Schlegel HB, Gill PMW, Johnson BG,
Robb MA, Cheeseman JR, Keith TA, Petersson GA, Montgomery
JA, Raghavachari K, Al-Laham MA, Zakrzewski VG, Ortiz JV,
Foresman JB, Peng CY, Ayala PA, Wong MW, Andres JL,
Replogle ES, Gomperts R, Martin RL, Fox DJ, Binkley JS, Defrees
DJ, Baker J, Stewart JP, Head-Gordon M, Gonzalez C, Pople JA.
Gaussian 98. Gaussian, Inc: Pittsburgh, PA, 1998.


53. (a) Gurvich LV, Veyts IV, Alcock CB. Thermodynamic Properties
of Individual Substances; vol. 2, parts 1 and 2 4th edn. Hemisphere:
New York, 1991. (b) Davico GE, Bierbaum VM, DePuy CH,
Ellison GB, Squires RR. J. Am. Chem. Soc. 1995; 117: 2590.


54. Cramer CJ. J. Mol. Struct. (Theochem) 1996; 370: 135.


Copyright  2001 John Wiley & Sons, Ltd. J. Phys. Org. Chem. 2001; 14: 597–603


BENZYNE ELECTRONIC STRUCTURES 603








����������	
 �� 	�	�
�����
��� ��	���
 �	 ���
����
����	�� ����
���� ������	
 ��� �� �
������	 �� ��
��	���
 �� ������ ������	 ����	�
�



��	�	 �� ������ �	� ����	� ����


���������� 	
 �������� ��� �	��������� ���� ����� ��������� �	���� �� ����������� �� 


Received 27 February 2001; revised 20 April 2001; accepted 29 April 2001


ABSTRACT: The resolution of the kinetics of the reversible consecutive second-order reaction mechanism


A� B����
kf


kb


I��kp
P


involving the formation of a kinetically significant intermediate, which does not reach steady state before late in the
first half-life, followed by an irreversible product-forming reaction is discussed. It is shown that an apparent second-
order rate constant kapp and an extent of reaction–time profile are the only experimental data necessary for the
evaluation of kf and kb (the forward and reverse rate constants) as well as kp (the microscopic rate constant for the
product forming reaction). When the product-forming step involves the cleavage of a C—H bond, for which there is a
deuterium kinetic isotope effect on kp, the resolution of the kinetics is enhanced. In this case, the experimental data
include two apparent rate constants (kH


appand kD
app) and two extent of reaction–time profiles, one for normal reactants


and the other for isotopically substituted reactants. Under these circumstances, a unique highly resolved experimental
to theoretical data fit is found that results in the evaluation of all four microscopic rate constants: kf � kb� kH


p and kD
p . An


alternative, when a kinetic isotope effect is not involved, is to fit the extent of reaction–time profiles for two or more
concentrations of reactants concurrently. This procedure results in the resolution of the three microscopic rate
constants for the reaction. Copyright  2001 John Wiley & Sons, Ltd.


KEYWORDS: non-steady-state kinetics; complex mechanisms; reaction kinetics
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It has recently been shown that some second-order
organic reactions that involve the cleavage of C—H
bonds take place by two-step mechanisms involving the
formation of kinetically significant intermediates.1,2 The
kinetics of the two-step mechanism can be resolved to
provide the microscopic rate constant for the formation of
the intermediate kf, as well as those for the partitioning of
the intermediate between the reactants (kb) and the
products (kp). The key to the resolution of the kinetics of
the complex mechanisms is that the reactions often do not
reach steady state before late in the first half-life. In the
pre-steady-state time period the various rate constants
affect the overall rate of reaction to different extents than
implied by the rate equation derived for the steady-state
case.


Two examples of reactions for which we have resolved
the kinetics are illustrated in Schemes 1 and 2. The first
case (Scheme 1) involves the proton transfer reactions
between methylarene radical cations and pyridine bases.1


The other system (Scheme 2) consists of the reaction
between a nitroalkane and hydroxide ion to give the
stable carbanion.2 The intermediates are shown in
parentheses in Schemes 1 and 2 and are believed to be
donor–acceptor complexes. Both studies revealed that the
reactions do not reach steady state until late in the first
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half-life and were accompanied by extent-of-reaction-
dependent apparent deuterium kinetic isotope effects
(KIEapp). Real deuterium kinetic isotope effects (KIEreal)
derived from the resolved rate constants for proton and
deuteron transfer were observed to be considerably larger
than KIEapp in both cases. The latter suggests that the
extent of proton tunneling is considerably greater in these
reactions than could have been concluded from the
KIEapp.


In this paper we systematically develop the use of non-
steady-state kinetics as a powerful tool in physical
organic chemistry to identify complex reaction mechan-
isms and to resolve the apparent rate constants into the
microscopic rate constants for the elementary steps in the
mechanism.
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In mechanism (1)


HA����
kf
�


kb


I��kp
C �1�


the general analytical solution of the set of three
differential equations for the rate expressions for the
three species, in terms of the initial reactant concentration
[HA]0 and the rate constants, consists of the set of Eqns
(2a)–(2c)


�HA	 
 �HA	0��2 � �1��1��kb � kp � �1�
� exp���1t� � �kb � kp � �2� exp���2t� (2a)


�I	 
 �HA	0kf ��2 � �1��1


� �exp���1t� � exp���2t� (2b)


�C	 
 �HA	0�1� kf kp��1 � �2��1 exp���1t�


� kf kp��2��2 � �1�	�1 exp���2t� (2c)


for the instantaneous concentrations [HA], [I] and [C]
respectively,3,4 where �1�2 = kf�kp and (�1� �2) =
kf�� kb� kp. Note that in reaction 1 kf�, a first-order or
pseudo first-order rate constant, is labeled to distinguish it


from the second-order rate constants in the other
equations. When the formation of the product C is
monitored the pertinent equation is Eqn. (2c). Equation
(2c) can be used to calculate extent of reaction–time
profiles for the pseudo first-order version of mechanism
(3a). The differential equations for the irreversible
second-order sequence (3b) have been solved using a
separation of variables technique, which may possibly be
applicable to reaction (3a).5


HA� B��������
kf


kb


I����kp
C (3a)


HA� B����kf I����kp
C (3b)


HA� B����kf C (3c)


The differential equations describing consecutive bimol-
ecular reactions, e.g. mechanisms (3a) and (3b), are
classified as non-linear, and general analytical solutions
cannot be found.4 The analytical solution is available for
the irreversible second-order reaction (3c).6–9 On the
other hand, a general Laplace transform methodology for
solving kinetic schemes of unimolecular transformations
has been reported.4 Integrated rate equations for a number
of mechanisms can be found in several monographs.6–9


The lack of an analytical solution for the kinetics of
reaction (3a) makes it necessary to resort to numerical
integration in order to obtain extent of reaction–time
profiles under second-order conditions. When applying
numerical methods there is no need to treat reactions (3a)
and (3b) as distinct mechanisms. Mechanism (3b) is a
limiting case of mechanism (3a) when kb becomes
insignificantly small relative to kp. In the remainder of
this discussion the latter is assumed.


,���������


The fourth-order Runge–Kutta method10 is commonly
used for numerical integration of complex rate equations
and was selected for the derivation of the extent of
reaction–time profiles discussed here. No significant
differences between the data obtained using the analytical
Eqn. (2c) and that obtained by numerical integration
could be detected under conditions where both methods
are applicable. A pertinent description of the use of the
fourth-order Runge–Kutta integration in chemical ki-
netics, with an example, can be found in a monograph
dealing with the determination of organic reaction
mechanisms.9 A more general brief introduction to the
application of numerical integration methods in chemical
kinetics can be found in a recent text-book.11


Care must be taken to determine whether or not the set
of differential equations that is being solved numerically is
“stiff”.12 (Research on numerical methods that addressed
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the problem of stiff systems of equations in chemical
kinetics peaked in the 1970s, and an entire issue of the
Journal of Physical Chemistry was devoted to this topic in
1977.12) Stiff systems of equations result for mechanism
(3a) when the rate of one of the three reactions is several
orders of magnitude different than the other two.


In practice we use two different methods to insure that
our numerical integrations are reliable. The first is to
compare results obtained using the fourth-order Runge–
Kutta method with simple finite difference (Euler’s
method) integrations. The numerical integration results
for stiff systems of equations will differ using the two
methods, with the finite difference method giving the
greatest error. For systems of equations that are not stiff,
the two methods result in values that do not differ
significantly as long as the time step is sufficiently small.
When we suspect possible stiff behavior we compare our
results with those obtained using commercially available
programs that have the capability to handle stiff systems
of equations.† The complex proton transfer reactions that
we have encountered so far do not give rise to stiff
behavior, and the usual numerical methods are applicable
to the integrations.


In order to generate the extent of reaction–time profiles
we typically carry out calculations with reaction times
changing incrementally between calculations so that
about 50 000 calculations are necessary to reach an extent
of reaction equal to 0.50. For example, if the half-life of
the reaction is 5 s then the first calculation is at t = 0.0001
s. The reaction time is then incremented by 0.0001 s
(t = 0.0002 s) for the second calculation and calculations
are repeated until the extent of reaction for the last
calculation is �0.50. The times for extents of reaction
equal to 0.05, 0.06, 0.07, 0.08, 0.09, 0.10, 0.15, 0.20, 0.25,
0.30, 0.35, 0.40, 0.45 and 0.50 are then determined from
the data and a data file consisting of 14 extent of reaction/
time points is constructed. The 14 data points for analysis
correspond to those we use in experimental studies. The
data file is then used to compare with an appropriate
experimental file during the procedure to find the best fit
between experimental and theoretical data.


We usually avoid taking data points at times earlier
than necessary for the extent of reaction to equal 0.05.
There can be a considerable degree of uncertainty in data
recorded at short times when using stopped-flow spectro-
photometry to follow the course of the reaction. This
uncertainty arises from the time necessary for mixing of
reactant solutions. For example, if the “dead-time” is
3 ms then the error in time is large at 10 ms, but it is
considerably less significant at 100 ms.


In the sections that follow we demonstrate the method
used to fit theoretical extent of reaction–time profiles to
the corresponding experimental data. Theoretical extent
of reaction–time profiles using systematic variations in
the trial values of the rate constants are simulated and the
sum of the deviations between theoretical and experi-
mental data is determined for each calculated profile. The
best fit is then determined to be the calculated profile that
shows the lowest value of the total deviation between the
calculated and experimental data.


%������
�	 �� �� ��	� �� ������	.��� ����
/�
 ��� �� �*�
�+� ��	
����* ����	�
�
0��� ���� ��� �� ���*�
�+� 
��	������ ����
�	�
�


Once steady state is reached the rate law for mechanism
(3a) is given by Eqn. 4. If we compare this with the rate
law in Eqn. 5 for the irreversible second-order mechan-
ism (3c) we see that the two rate laws are experimentally
indistinguishable and only differ in the definitions of the
rate constants.


d[C]/dt 
 �kf kp��kp � kb�	[HA][B] �4�
d[C]/dt 
 kf [HA][B] �5�


On the other hand, in the period before steady state is
established the rate constants for mechanism (3a) affect
the overall rate of the reaction to degrees different than
implied by Eqn. 4. The latter gives rise to extent of
reaction–time profiles in the pre-steady-state period that
can differ significantly from that for the irreversible
second-order mechanism.


We begin by examining the extent of reaction-time
profiles for reaction (3a) when [HA]0 = 0.0001 M and
[B]0 = 0.002 M, with kH


app = 99.8 M�1s�1, kD
app =13.9 M�1


s�1, kf = 139 M�1 s�1 and with several different values of
kH


p .The rate constants used, with the exception of the


1���� '� !"���� 	
 �����	�#��� ��	$%�� &�' ��� ��������
(���� �	�	�� �

���#�"���� 	
 �����	� ��	$%�� &)' 
	� ���
�*	����� ��	�	� �����
�� �������� �� � 
+���	� 	
 ��	�	�
�����
�� ���� �	������, -. / 0 �,��1 2� -�/ 0 �,��� 2�
(���
. 0 33,� 2�1 ��1� (���


� 0 1�,3 2�1 ��1


†During the 1990s programs capable of providing accurate integration
results for stiff systems of equations became commercially available.
The two that we use to compare our results with are DIGISIM
(electrochemical applications) and BERKELEY MADONNA (stopped-
flow homogeneous kinetics). The programs are based on semi-implicit
algorithms with variable time-step size. Neither program is directly
applicable to our data-fitting procedure, but they serve the purpose of
insuring that our calculations are reliable.
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variable kp, are those that were derived for the reaction
between 1-nitro-1-(4-nitrophenyl)ethane (NNPEH(D))
and hydroxide ions in water/acetonitrile (50/50 vol.%)
at the reactant concentrations given.2 The parameters
were chosen to insure that the theoretical data generated
are pertinent to a known reaction. The extent of reaction–
time profiles in Fig. 1a are for the HA/B reaction. The
dashed line in Fig. 1a represents the response for the
simple second-order mechanism. The essential message
that can be derived from these data is that extent of
reaction–time profiles for mechanism (3) are generally
more steep than those for the irreversible second-order
mechanism (3c). A comparison of an experimental extent
of reaction–time profile with that expected for the
irreversible second-order reaction provides a convenient
criterion for mechanism analysis.


The second experimental test to distinguish between
complex and simple mechanism behavior for a reaction
involving the cleavage of a C—H(D) bond consists of
plotting KIEapp (equal �kH


app�ss��kD
app�ss, where the sub-


script ss indicates a steady-state value) versus the extent
of reaction. This analysis is illustrated in Fig. 1b, for the
same set of parameters as before, with three widely
different kp values. The data show that, in the pre-steady-
state period, KIEapp for mechanism (3a) can increase,
remain constant, or decrease with increasing extent of
reaction. Again, these plots provide an additional
convenient criterion for mechanism analysis.


1����	� �����	��� �� ��������� ��	� ��
������	.��� ���/�



Experimental non-steady-state kinetic studies of reac-
tions involving C—H bond cleavage provide extent of
reaction–time profiles as well as apparent rate constants
for the HA �kH


app� and DA �kD
app� reactions. For a single


extent of reaction–time profile (either HA or DA data),
the relationship between the apparent rate constant and
the microscopic rate constants is given by Eqns 6 or 7.


�kH
app�ss�kf 
 �kH


p �kb���1� kH
p �kb� 
 CH �6�


�kD
app�ss�kf 
 �kD


p �kb���1� kD
p �kb� 
 CD �7�


When both HA and DA profiles are available the KIEreal


can be derived from Eqn. 8.


KIEreal 
 �CH��1� CH�	��CD��1� CD�	 
 kH
p �kD


p �8�


The definitions in terms of CH and CD are used to
emphasize that the determination of KIEreal requires only
values of kf and the apparent rate constants.


We have previously shown1 that the range of kf where
resolution of the non-steady-state kinetic data can be
accomplished is approximately from kapp to 11 times kapp.


The protocol for the fitting of experimental to theoretical
data is the same whether a single extent of reaction–time
profile is available, or extent of reaction–time profiles for
both HA and DA reactions are available. A number of kf


values over the entire applicable range are selected and, at
each kf, kH


p is varied while adjusting the other rate
constant(s) (kb or kb and kD


p ) to conform to Eqns (6)–(8).
The latter results in an array of extent of reaction–time pro-
files, one for each kH


p value at each kf value. For example,
we typically do calculations for 25 kf with 50 kH


p at each kf


for the first iteration of the fitting procedure, resulting in
1250 extent of reaction–time profiles. Since 50000
calculations are involved in each extent of reaction–time
profile, an enormous number of calculations are carried out
just in the first iteration. However, the calculations do not
require excessive computer time: the 25 kf� 50 kp extent of
reaction–time profile array only requires about 25 s using a
850 MHz Pentium III processor.


In the discussion of Figs 2–7 that follows, the
“experimental” data file is made up of theoretical data


1���� -� 4���� �+���� 
	� ��� . �"���� 	
 �����	�#���
��	$%� *���� (
 &�' 	� (� &)' � ����� �	 $�� ��� )��� $�,
-. / 0 �,���1 2 ��� -�/ 0 �,��� 2, ��� �	�����	� $%�
�	������ 	
 ��� �"���� 	
 �����	�#��� ��	$%� ���������
*�� (���


. 0 33,� 2�1 ��1� (
 0 1�3 2
�1 ��1 ��� (� 0 ��,�


��1, � � ��$��� � !5�, 3, ��� ���� �%	� ��� �����
���	%+�	� 	� ��� (
 �"�
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 �����	�#���
��	$%� *���� (
 &�' 	� (� &)' � ����� �	 $�� ��� )��� $�,
-� / 0 �,���1 2 ��� -�/ 0 �,��� 2, ��� �	�����	� $%�
�	������ 	
 ��� �"���� 	
 �����	�#��� ��	$%� ���������
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calculated for [HA] = [HD] = 0.0001 M, [B] = 0.002,
0.005 or 0.0005 M, kH


app= 99.8 M�1 s�1, kD
app= 13.9 M�1 s�1,


kf = 139 M�1 s�1, kH
p = 28.2 s�1, and kD


p = 13.9 s�1. These
data were generated to correspond to those reported in
table 1 of Ref. 2 for the reaction of NNPEH(D) with
hydroxide ions in water/acetonitrile (50/50 vol.%) at
298 K. The input data are summarized in Table 1. Using
this data file as input illustrates the fitting process with-
out distraction from experimental error in the kinetic
data.


The first step for determining the best fit of the cal-
culated data to the input data, usually experimental data,
but in this case that summarized in Table 1, involves the
determination of the deviation between the calculated
extent of reaction–time points and those in the input file.
The output for comparison is the total deviations �total,
defined in Eqn. 9, between the two data arrays (input and
calculated).


�total 
 100
�14


1


��tER
calc � tER


file��tER
file	�14 �9�


The terms tER
calc and tER


file are the times to reach a given


extent of reaction (ER) in the calculated profile and in the
input profile respectively. The summation is over extents
of reaction corresponding to 0.05, 0.06, 0.07, 0.08, 0.09,
0.10, 0.15, 0.20, 0.25, 0.30, 0.35, 0.40, 0.45 and 0.50. A
�total is recorded for each calculated extent of reaction–
time profile.


Suppose that the data array consists of extent of
reaction–time profiles for 50 kp values at each kf value.
The procedure to find the best fit is to first plot �total


versus kp for each kf. For a given kf the minimum of the
resulting �total/kp plot gives the best-fit value of kp and the
corresponding �min (�total at the minimum) for that kf.
The procedure provides an array of 25 data points (one
for each kf), and plotting �min versus kf results in a V-
shaped curve that gives the best-fit value of kf at the
minimum. The data-fitting procedure is demonstrated in
the following sections.


1����	� 
�	�� ��	� �� ������	.��� ���/�
 ��
��������� ���� ��� �� ������ ����	�
�


The fitting procedure was carried out on the extent of
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reaction–time profiles for the HA reactions with B and
the results are summarized in Fig. 2. The curve in Fig. 2a
was derived from extent of reaction–time profiles
generated from 25 kf, over the range from kH


app to 10
kH


app, with 50 kp values at each kf. For each kf a �min was
derived from the corresponding kp versus �total plots. The
kf at the minimum of the plot is the best fit value at the
resolution of the plot. The inset provides a higher degree
of resolution on the kf axis and a second-order
polynomial fit of the data in the region of the minimum
results in (kf)min = 139 M�1 s�1. In order to obtain the best
fit value of kp, a new set of 50 extent of reaction–time
profiles was generated with kf = 139 M�1 s�1 and kp


ranging from about 25 to 32 s�1. The resulting plot of
�total versus kp is shown in Fig. 2b. The minimum in this
plot is very close to 28.2 s�1 on the kp axis, which is the
expected best-fit value.


Similar calculations were carried out on the DA
reaction with the input data summarized in Table 1. The
array of 1250 extent of reaction–time profiles was
generated as in the previous paragraph. The plot of
�min versus kf shown in Fig. 3a gives kf at the minimum
of a V-shaped curve very close to 139 M�1 s�1 without
further refinement of the calculations. The �total versus kp


plot shown in Fig. 3b is again very close to the expected
best-fit value of 1.31 s�1.


%�	����	� /���	� �� ��	� �� ������	.���
���/�
 ��� 7� �	� �� �� ��������� ���� ���
�� ������ ����	�
�


When there are two extent of reaction–time profiles in the
input file the total deviation between experimental and
theoretical data files can be expressed as in Eqn. (10)


�total 
 �HA
total ��DA


total ��KIE
total �10�


where each of the three terms on the right-hand side are
defined in a manner similar to the definition of �total in


Eqn. 9. The first iteration of the fit of the HA�DA input
file to theoretical data is illustrated in Fig. 4a for extent of
reaction–time profiles where kf was varied from kH


app to 10
kH


app. In order to determine the best-fit kf value it was
desirable to increase the resolution of the kf axis, and the
results are illustrated by the plot in Fig. 4b, where kf is
varied from about 120 to 180 M�1 s�1. The minimum of
this curve falls very close to the expected value of
139 M�1 s�1.


It is of interest to note the relatively large values of
�min that give rise to the deep minima when the HA
and DA data are treated concurrently. The best-fit values
of the rate constants can readily be obtained under
these circumstances, even when there is significant
experimental error in the extent of reaction–time pro-
files.


(��	� �� ������	.��� ���/�
 ��� ������	
 ��
7� 0��� 8 �� �0� ��	�	������	



In previous work we have only considered the resolution
of proton transfer kinetics where extent of reaction–time
profiles could be obtained for reactions of both HA and
DA.1,2 If the resolution of the kinetics requires data from
reactions of both HA and DA this would be a serious
limitation, in that only reactions showing significant
deuterium kinetic isotope effects could be treated by
the non-steady-state kinetic method. We find that the
latter is not the case, since concurrent analysis of either
HA or DA reactions at two or more different concentra-
tions makes use of two or more extent of reaction–time
profiles for the analysis. The extent of reaction–time
profiles for the reactions of HA (0.0001 M) with B at
two different concentrations are shown in Fig. 5a
([B] = 0.005 M) and b ([B] = 0.0005 M). The dashed lines
in Fig. 5a and b represent the extent of reaction–time
profile for the irreversible second-order mechanism.
When the ratios of times tC2/tC1 (subscripts C2 and C1
refer to the two concentrations) for each of the data
points are plotted versus extent of reaction the curve
illustrated in Fig. 5c is generated. The expected result for
a second-order reaction at steady state is that tC2/
tC1 = 10.0 and independent of the extent of reaction.
The fact that the curve in Fig. 5c deviates significantly
from this behavior is a consequence of the fact that in the
pre-steady-state time period the rate constants affect the
overall rate of the reaction to a different extent than
implied by the rate law of Eqn. 4. Obviously, this
suggests that the deviations from simple mechanism
behavior of reaction profiles obtained at two different
reactant concentrations (C1 and C2) in the pre-steady-
state time period, together with the corresponding tC2/
tC1–extent of reaction plot (Fig. 5c), give rise to
mechanistic information similar to that illustrated in
Fig. 1 for isotopically different reactants.


!�+� '� 8��+� $%� ���������� 
	� �"��������% �	 ���	�����%
���� $���� +��� � 4�� 1#9


Parameter Value Application


kf/M
�1 s�1 139 Figs 1–7


kH
app/M�1s�1 99.8 Figs 1, 2, 4, 5, 6


kD
app/M�1s�1 13.9 Figs 1, 3, 4, 5, 7


kH
p �s�1 28.2 Figs 1, 2, 4, 5, 6


kD
p �s�1 1.31 Figs 1, 3, 4, 5, 7


[HA] = [DA]/M 0.0001 Figs 1–7
[B]/M 0.0020 Figs 1–4
[B]/M 0.005, 0.0005 Figs 5–7
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The input file in this case consists of the extent of
reaction–time profiles for the two different base con-
centrations. The fitting procedure is exactly the same
when the input data are extent of reaction–time profiles
for isotopically substituted reactants. The total deviation
between experimental (input file) and theoretical data can
be expressed as:


�total 
 �C2
total � �C1


total � �
C2�C1
total �11�


The terms on the right-hand side of Eqn. (11) have the
same significance as the comparable terms in Eqn. (10).


The plot in Fig. 6a represents the first iteration of the fit
of the input file for the reaction of HA with B, at [B] equal
0.005 (C1) and 0.0005 M (C2), over a range of kf from
kH


app to ten kH
app. The plot of �total versus kf has a minimum


very near the expected value, 139 M�1 s�1. The plot from
a new set of calculations with increased resolution on the
kf axis is shown in Fig. 6b. At this resolution there is some
scatter in the plot, but the minimum is clearly very close
to the expected value. The reason for the scatter is likely
connected with the fact that �total is made up three
different terms and the relative values of these may vary
slightly with changes in kf.


The input file for the reaction of DA with [B] at the
same concentrations used for the reactions of HA is fit
with data calculated over the same range of kf, from kH


appto
10 kH


app, in Fig. 7a. Even at the kf resolution used, it would
be possible to make an accurate estimate of kf from this
plot. The plot shown in Fig. 7b is for a second set of
calculations at higher resolution on the kf axis. The
minimum of this plot is very near the expected value on
the kf axis, 139 M�1 s�1.


The illustration of the data-fitting procedure in Fig. 7
clearly shows that the analysis of the same reaction at two
different reactant concentrations is equivalent to the
analysis of extent of reaction–time profiles for two
isotopically substituted reactants in terms of the variation
from simple mechanism behavior in the time period
before steady state is achieved.


Three different symbols for the total deviations
between experimental and theoretical extent of reac-
tion–time data are used in Eqns (9)–(11), despite the fact
that they have similar definitions. This is to emphasize
that the terms on the right-hand sides of the equations
differ.


!� ���� �� �*�
�+����� �	� �
������ ����	�
�	 �� ��	� �� ������	.��� ���/�
 ��� ��
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Reversibility of a simple second-order proton transfer


reaction and isotopic exchange can also give rise to
deviations of extent of reaction–time profiles from that
expected for the irreversible second-order mechanism. It
is important that we establish the degree and direction of
deviations due to the latter in order to see whether or not
these deviations could be confused with complex mech-
anism behavior. Isotopic exchange has previously led to
erroneous conclusions during proton transfer studies. The
very large deuterium kinetic isotope effects reported by
Caldin and coworkers13–15 for the reaction of 4-
nitrophenylnitromethane with tetramethylguanidine
((Me2N)2C=NH), a strong organic base with an
exchangeable N—H, inspired further study. Reinvestiga-
tions of the reaction revealed that the results reported for
the D-labeled acid are unreliable owing to proton/
deuteron (H/D) exchange and that the apparent deuterium
kinetic isotope effect was lowered to about 11 when the
base was changed to (Me2N)2C=ND.16,17 The latter
conclusion was later18 confirmed using tritium kinetic
isotope effects.


The extent of reaction–time profiles for HA (0.0001 M)
and B (0.005 M), assuming the simple reversible second-
order mechanism with kH


f = 100 M�1s�1 and kb equal to
28.2, 14.1 and 7.05 s�1, are illustrated in Fig. 8a. The
dashed line is the extent of reaction–time profile for the
irreversible second-order mechanism. All of the lines for
the reversible mechanism lie above that for the
irreversible reaction. The extent of reaction–time profiles
for the reaction of DA with B under the same conditions
with kD


f equal to 10 M�1 s�1 are shown in Fig. 8b. The
value of kb was assumed to be the same for both HA and
DA reactions. The latter implies that there is total isotopic
exchange for the DA reaction. All three of the extent of
reaction–time profiles for the reversible reaction in Fig.
8a and Fig. 8b lie above the dashed line representing the
simple irreversible extent of reaction–time profile.


The ratio of the times to reach specific values of the
extent of reaction for the DA reaction to that for the HA
reaction, tD/tH, are plotted versus the extent of reaction in
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Fig. 8c. These curves are similar to those shown in Fig. 1b
and could be mistaken to be indicative of complex
mechanism behavior. However, since the extent of
reaction–time profiles for the reversible/exchange case
(Fig. 8a and b) deviate in the opposite sense from the
deviation due to complex mechanism behavior (Fig. 1a),
the two different mechanisms cannot be confused using
the non-steady-state kinetics method.


%# %)$&�# &


The kinetics of reactions involving the cleavage of a C—
H bond are frequently second-order, dependent upon the
concentrations of the substrate and another reagent, and
appear to conform to an irreversible single-step mechan-
ism. These reactions often pass through kinetically
significant intermediates that go undetected using con-
ventional kinetic analyses. There is increasing evi-
dence1,2 that many of these reactions do not reach the
steady state before late in the first half-life. When this is
the case the kinetics of the reactions can be resolved into
the microscopic rate constants for the elementary steps by
carrying out analysis in the pre-steady-state time period.
In this paper we have outlined how deviations between
experimental extent of reaction–time profiles and those
expected for the irreversible second-order mechanism
can be used to show that the kinetics do not conform to
the latter mechanism. The experimental extent of
reaction–time profiles can be fit to theoretical data for
the reversible consecutive mechanism to show confor-
mity to the latter. When the reaction is accompanied by a
deuterium kinetic isotope effect, the concurrent analysis
of extent of reaction–time profiles provides increased
resolution in the data-fitting process. Alternatively,


extent of reaction–time profiles obtained at two or more
reactant concentrations can provide increased resolution.
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ABSTRACT: Linear free energy relationship (LFER) methods were used to construct a model for the solubility of a
species in supercritical CO2. The final model was based on 64 molecules and 782 data points, employing a modified
version of the Abraham LFER equation incorporating �1, the dipolarity/polarizability of the CO2 at a given density.
This allowed us to model data ranging from 308 to 435 K and 74.3 to 410 bar, with an accuracy of �0.65 log mole
fraction units. The model shows that solubility in supercritical CO2 is favoured by the presence of � and n electron
pairs and hydrogen-bond basicity. Solute size and hydrogen-bond acidity are less important, whereas polarity/
polarizability is statistically insignificant. Copyright  2001 John Wiley & Sons, Ltd.
Additional material for this paper is available from the epoc website at http://www.wiley.com/epoc


KEYWORDS: supercritical carbon dioxide; LFER; hydrogen bonding
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Supercritical fluids, such as CO2, have many distinct
properties that make them highly important solvents in
many industrial reactions. Examples of such processes
are decaffeination of coffee,1 extraction of hops,2 spices3


and seed oils.4,5 Supercritical solvents are highly tune-
able, so can be used to extract thermally sensitive
material at low temperature.6,7 The recovery of a solute
from a supercritical solvent is easily achieved by simple
changes in the operating conditions. Supercritical CO2 is
of particular interest industrially as it is non-flammable,
inert, inexpensive, non-toxic and unregulated. The highly
tuneable nature of supercritical CO2 allows the solvating
power of the solvent to be controlled, i.e. the solvating
power of the CO2 increases as its pressure is raised.
Owing to these properties, supercritical CO2 has been
used industrially as a solvent for sensitive extracting/
separating reactions where the purity of the extracted
material must be of a very high standard.


The ability to predict accurately the solubility of a
molecule in supercritical CO2 is of great industrial
importance. There have been many studies reported into
the prediction of solubility. Famini and Wilson8 used a
theoretical linear solvation energy relationship (TLSER)


to predict the solubility of 22 aromatic compounds in
supercritical CO2 at 14 MPa at 308 K and 20 MPa at
308 K. The TLSER method of Famini and Wilson9 is a
computational implementation of Kamlet and Taft’s
LSER approach. LSER models solvation properties as
linear combinations of size, polarity, and hydrogen
bonding terms: TLSER uses computed molecular proper-
ties for each of these terms.


Famini and Wilson’s study of solubility in supercritical
CO2 produced the following equation for solvation at 14
MPa at 308 K:


log SCO2 � �6�037�i � 10�440�� � 22�098q�


� 24�350q� � 8�370 �1�
N � 19�R2 � 0�928�SD � 0�477


where N is the number of data points in the model, R2 is
the square of the overall correlation coefficient and SD is
the standard deviation. Although these statistics prove
that the model is capable of predicting supercritical CO2


solubility for a small set of similar molecules at the same
temperature and pressure, it does not fully test the ability
of the quantitative structure activity relationships
(QSAR) predictive powers. Famini and Wilson’s TLSER
descriptors are calculated only for the most negative and
positive formal charge in the molecule and, therefore, are
only applicable to 1:1 complexes. This approach to
calculation of the descriptors will cause the model to fail
when there is multiple complexation.


Politzer et al.10 initially used two computational
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parameters based on electrostatic potentials to find
correlations when comparing the solubility of naphtha-
lene and eight indoles in four supercritical fluids (C2H6,
C2H4, CO2 and CHF3). They11 then further defined three
solute molecular properties: (a) surface area, (b) the sum
of the variance between the positive and negative
electrostatic potentials of the surface and (c) a balance
term parameter, which indicates the extent to which a
solute’s positive and negative regions can interact. These
three terms were used to model the solubility of 22
aromatic molecules in various supercritical fluids with
impressive accuracy. Bush and Eckert12 created a model
of solubility in supercritical CO2 based on the LFER
developed by Kamlet et al.13 The model was based on a
data set of 35 molecules at a constant temperature and
pressure of 308 K and 28.9 MPa. A model was produced
with an average error of 65%.


A similar study has also been performed by Dongjin et
al.14 Here, the LFER approach of Abraham15 was used to
verify the proposed retention mechanism when perform-
ing supercritical fluid chromatography with CO2, when
an organic modifier is used with an octyldecylisilane-
bonded phase in a packed capillary column. In that study
the LFER equations were constructed for different
concentrations of organic modifier, and it was shown
that as the concentration of organic modifier increased
the importance of a molecule size, polarizability and
hydrogen-bond bascicity on solubility decreased.


We will use the LFER approach of Abraham,15 in
which the important solute–solvent interactions are
separated out into five physiochemical properties or
descriptors. In order to predict the properties of a series of
solutes in a given solvent system (SP) the descriptors are
combined to give the following LFER.


log SP � c � eE � sS � aA � bB � vV �2�


The descriptors are defined as follows:15,16 E is the excess
molar refraction, i.e. the molar refraction of the solute
minus the molar refraction of an alkane of equivalent
volume; S is a combined dipolarity/polarizability de-
scriptor showing how polar or polarizable the species is;
A is the total solute hydrogen bond acidity for the
molecule; B is the total solute hydrogen bond basicity for
the molecule; V is the Mcgowan characteristic volume.17


This equation has been developed for transfer
processes involving two or more solutions, liquid or
solid phases. These descriptors refer to particular
physiochemical properties of the molecule, and are
constant for a given molecule. The coefficients in Eqn.
(2) (e, s, a, b and v) can be regarded as constants for a
given system. It is these coefficients that contain the
complimentary effects of the phase on the interactions for
a given system.


The e coefficient indicates the ability of the phase to
interact with solutes via � and n electron pairs. The s
coefficient gives the tendency of the phase to interact


with dipolar/polarizable solutes. The s coefficient also
indicates how well the electrons in the solute will be
polarized. The a and b coefficients are the hydrogen-bond
basicity and the acidity of the phase respectively. The v
coefficient is a combination of positive exoergic disper-
sion forces and a negative endoergic cavity term.


The relative size of these coefficients will allow us to
determine the importance and influence of each descrip-
tor for a given solute system. For example, the LFER
model quoted by Abraham et al.18 for octanol/water
partition. This equation has a large positive v, such that
larger molecules prefer octanol to water, and a large
negative b, showing that water is much more H-bond
acidic than octanol. E and S are less important, whereas A
is insignificant in this treatment, which implies that water
and octanol are of almost equal H-bond basicity.


Although this approach of Abraham has proven
reliable in modelling many solvent systems, such as
octanol, it does not allow for large changes in the density
of the solvent. The highly tuneable nature of supercritical
CO2 and the range of temperatures and pressures in our
dataset are accounted for by the addition of a sixth
descriptor, �1, to the LFER equation, as suggested by
Lagalante and Bruno.19 �1 describes the polar/polariz-
ability of the solvent at a specific density; it also gives a
measure of the solvent’s ability to induce dipolar
phenomena in the solute, and is analogous to the S term
of Abraham, except that it describes the chemical
properties of the solvent and not the solute. Only S
requires an analogous solvent term, as the other
descriptor values for supercritical CO2 have been proven
constant over the gas/liquid density range, via measure-
ment made using UV–visible solvatochromatic
methods.20


The values for the Abraham descriptors were not
observed, they were computationally derived using the
group contribution approach of Platts et al.16 In the
method of Platts et al. the molecules are broken down by
the computer into their substituent fragments; each of
these fragments carries an associated value for Abra-
ham’s descriptor values. Each of these separate fragment
values is then summed to give molecular descriptor
values. It should be stated that this method of generating
the descriptors is only an estimate of these descriptors,
and, as such, could lead to cumulative errors for a large
molecule. However, the main test of the errors involved
in this process comes from its ability to reproduce
experimental observation, as demonstrated by Platts et
al.21 for several large water/solvent data sets.


Solubility values (used here as log SCO2
, where S is the


mole fraction) for molecules in CO2 can be measured
using numerous techniques.22 There are four main
categories into which all of these techniques fall, namely:
(i) flow or dynamic, (ii) static, (iii) chromatographic, (iv)
spectroscopic. The easiest and most common method for
obtaining log SCO2


values is via the flow dynamic method.
As flow dynamic is the easiest and most reliable the vast
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majority of data used in this study was obtained from
literature that used this method.


"#�$� �


A data set of solubility in supercritical CO2 for 67
molecules at varying temperature and pressure was
compiled from various references.23–51 Nearly all of
these values were acquired through the online solubility
database.52 These data were acquired from the references
in the form of mole fraction, which was converted to log
SCO2


. The temperature range for these data was between
308 K and 433 K with a pressure range of between 74.3
and 410 bar.


In order to use the group contribution method of Platts
et al.21 the chemical structures of the molecule were
converted to SMILES strings (simplified molecular input
line entry system).53 Abraham descriptors were then
obtained for all of the molecules in our data set on an SGI
O2 computer. The remaining sixth descriptor, �1, was
calculated according to the following relation.19,20


�r � �


�c
�3a�


�1 � 1�15�r � 0�98 ��r � 0�7� �3b�
�1 � 0�173�r � 0�37 ��r � 0�7� �3c�


where �r is the reduced density, �c is the critical density
of CO2, and � is the density of supercritical CO2. Values
for CO2 density and supercritical density were obtained
from the NIST on-line Chemistry web book.54


Using these descriptors, coefficients were calculated
for the solvation equation via multiple linear regression
analysis (MLRA). The MLRA was carried out using the
JMP statistical package published by SAS software. Once
the descriptors and coefficients were calculated, the
accuracy and validity of the model was checked using the
following statistics: R2 indicates how much of the
variance of the original data set was being modelled
successfully. The SD tests the accuracy of the predicted
values generated by the model. The significance of
individual coefficients was evaluated using the t ratio, i.e.
the ratio of the regression coefficient to its standard error,
which tests the significance of each coefficient. The
cross-validated, or leave-one-out R2 value (R2


cv) was
used as an indicator of internal self-consistency. The
ability to combine data of different temperature and
pressure via the sixth descriptor �1 was tested by the
remodelling of the final data without the �1 descriptor.


�#�!���


A series of 830 log SCO2
values was modelled success-


fully. The following LFER equation was obtained:


log SCO2 � 1�059 � 1�903E � 0�254S � 0�768A


� 0�826B � 0�342V � 4�100�1 �4�
N � 830�R2 � 0�718�RMS � 0�777�R2


cv � 0�715


Analysis of this model showed three main outliers whose
predicted log SCO2


values were more than two log units
from that of the observed log SCO2


values. The presence
of these molecules clearly affects the accuracy and
validity of the model. With the removal of these outliers
from the regression the following equation was given:


log SCO2 � 1�124 � 1�796E � 0�09S


� 0�661A � 1�116B � 0�220V � 4�292�1 �5�
N � 782�R2 � 0�782� SD � 0�659�R2


cv � 0�779


The R2 and R2
cv show an increase of 0.06 upon removal


of the outliers, whereas the SD shows a decrease of 0.12
log units from 0.78 log units to 0.66 log units. Although
these statistics are inferior to those offered by the
supercritical CO2 model of Famini and Wilson8 (R2 =
0.928, SD = 0.477), our equation covers a wider range
of values (�7.347 to �0.762 log units), a spread of over
6.5 log units). Our model also contains a wider range of
molecules, many of which were multifunctional, and
consists of values at different temperature and pressure.


A list of the outliers removed from Eqn. (4) is shown in
Table 1. The calculated descriptor values for these
outliers were checked by comparing the partition
coefficient (log P) values calculated using the generated
descriptors against the observed log P values for a
number of different solvent systems. Observed log P
values were obtained from the MedChem2000 database55


the results are shown in Table 2. The log P values for �-
carotene were not available from the MedChem database
and could, therefore, not be analysed in this manner.


The large difference in observed and calculated values
for piroxicam shows clearly that the error in predicting
log SCO2


values in our model for this molecule was caused
by incorrect calculation of the descriptors. Piroxicam is a
zwitterionic molecule, which may account for the errors
in its calculation as the method used for obtaining
descriptor values does not take this into account. For this
reason piroxicam was removed from the model. By
contrast, calculated descriptors give reasonable predic-


���
� %� � �!��� ���	��� 
�	� "#�$ %�&


Name No. of points


�-Carotene 9
2,4-D 23
Piroxicam 16
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tion of three log P values for 2,4-D. We omit this
molecule from our final model, since it appears there
might be some problem with the experimental values
used. Although we could not analyse �-carotene using the
same method to determine error we still removed it from
the model. One possible explanation for the erroneous
predicted values of �-carotene may be due to the fact that
our model’s descriptor values do not discriminate
between cis and trans double bonds. The highly
conjugated nature of �-carotene could magnify this
effect and generate substantial errors in the calculated
descriptors.


Analysis of the t-ratio for each individual coefficient in
Eqn. (5) indicates that the s coefficient of the S descriptor
is insignificant. All other descriptors are �99% sig-
nificant. For this reason the S descriptor is omitted from
the model, resulting in Eqn. (6) and the plot of observed
versus calculated log SCO2


shown in Fig. 1.


log SCO2 � 1�128 � 1�753E � 0�642A


� 1�054B � 0�22V � 4�323�1 �6�
N � 782�R2 � 0�782� SD � 0�659�R2


cv � 0�780


To test the importance of the �1 descriptor, and to see
whether its use is warranted in this model, the data set
was remodelled with the exclusion of the outliers, but this
time the �1 descriptor was omitted from the model to give


us Eqn. (7):


log SCO2 � �0�088 � 1�7E � 0�38A � 1�21B


� 0�268S � 0�08V �7�
N � 782�R2 � 0�694�SD � 0�782�R2


cv � 0�689


From these statistics it can be seen clearly that the
inclusion of �1 significantly improves the quality of the
results. With the removal of the �1 descriptor we see a
drop in R2 of 0.088, and a drop in Rcv


2 of 0.091 compared
with the statistics given by Eqn. (6). An increase of 0.123
is seen in the SD when compared with that of Eqn. (6).


The statistics of Eqn. (6) suggest that we can now
predict new solubilities with an accuracy of around 0.65
log mole fraction units. This claim can be checked by
splitting the data into training and test sets, constructed
by the random removal of �5% (31 data points),
followed by remodelling of the remaining 751 data
points. The new model was then used to predict the value
of the test set, resulting in an SD of 0.649 log units. This
supports our assertion that Eqn. (6) should be able to
predict values of log SCO2


for new molecules with an
accuracy of approximately 0.65 log units.


Direct comparison of the coefficients in Eqn. (6) is
hampered because values of �1 cover a much lower range
than the other descriptors. Instead, the relative impor-
tance of each descriptor in Eqn. (6) was assessed by
analysis of the t-ratios, as listed in Table 3. The most
significant term is E, with the largest t-ratio value and a
large negative coefficient, implying that supercritical
CO2 is highly opposed to interacting with the substrate
with a high density of �-and n-electron pairs. The t-ratios


���
� �� �'������ ��� (�!( !���� !	) � ��! �� 
	� 	 �!���


Solvent


Piroxicam 2,4-D


Obs.a Calc. Error Obs.a Calc. Error


Octanol 1.795 �0.647 2.442 2.729 2.656 0.073
Hexadecane �1.52 �6.178 4.658
PGDP �0.07 2.752 �2.822
CHCl3 1.2 2.301 �1.101
Air 7.75 6.499 1.251


a Taken from Ref. 48, averaged where several data reported.


&����� %� �'������ ���� �� (�!( !���� !	) *���

�	� "#�$ %+&


���
� '� �	�
,(���� ��� �-���	� 
	� "#�$ %+&


Term Coefficient S.E. t-ratio


Intercept 1.128 0.108 10.428
E �1.753 0.040 �44.148
A �0.642 0.097 �6.628
B �1.054 0.068 �15.576
V �0.220 0.024 �8.975
�1 4.323 0.239 18.071
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show that the next most significant descriptor is �1, which
has a large positive coefficient, showing that the higher
the density of the supercritical CO2 the more the solute
will be dissolved. Negative coefficient values are also
given for A and B. A larger negative t-ratio is given by B
with respect to A, indicating that the stronger a substrate’s
hydrogen bond basicity the less it will be solvated by the
supercritical CO2.


A small negative coefficient is also displayed by the
size term V, revealing that for supercritical CO2 the
exoergic dispersion forces are dominated by the en-
doergic cavity term. From this it can be concluded that
solubility in supercritical CO2 is favoured if the volume/
size of the substrate is small. As has already been stated
the s coefficient of S was omitted from the equation,
indicating that the polarity/polarizability of the substrate
has no effect on its solubility. This is to be expected, as
CO2 has no permanent dipole for polar interaction.


The negative coefficients for E, A, and B can be
rationalized by comparing the LFER equation given in
this study to that of the LFER equation for the prediction
of melting point given by Saunders and Platts.56 The
LFER for melting point shows a large positive coefficient
for these descriptors, where a positive coefficient value
indicates an increase in solid-state stability. Most of the
molecules used to construct Eqn. (6) are solids in the
conditions used, such that the stabilizing solid-state
interactions must be disrupted before solvation in CO2


can occur. Although this is not equivalent to melting, the
similarity of the two equations strongly suggests that
solid-state effects are an important factor in determining
the solubility of solids in supercritical CO2.


The two equations can be compared quantitatively by
treating them as vectors and calculating the angle
between them:57 in this case, we calculate an angle of
137° between the LFERs for solubility in CO2 and
melting point. Thus there is clearly some relationship
between these two processes, although there are also
substantial differences between them. The main differ-
ence in the angle between vectors for these equations is
due to the difference in a coefficient values. In contrast to
Eqn. (3), the LFER equation for melting point shows a
distinctively higher value for A than B. The contrast
between these two equations implies that supercritical
CO2 has some H-bond basicity.


We can compare the properties we have proposed for
the solubility in supercritical CO2 to those proposed by
Famini and Wilson.8 Absolute comparisons cannot be
drawn between our equation and that of Famini and
Wilson as their descriptors are calculated using a
different method, and also our model includes the sixth
descriptor �1 to account for the effects of temperature and
pressure. Famini and Wilson’s electrostatic basicity term,
analogous to our B, also has a large negative coefficient.
Famini and Wilson’s equation shows a negative value for
the dipolar/polarizability term, analogous to our S term.
The value of the coefficients for Famini and Wilson’s


polar descriptor is much less than that of the electrostatic
basicity. Famini and Wilson also report a positive
electrostatic acidity term, suggesting that an increase in
hydrogen-bonding acidity in the substrate would increase
its solubility, again implying that supercritical CO2 has
hydrogen bond basic properties.


Famini and Wilson state that these values are due to the
fact that CO2 is harder ‘non-polarizable’ rather than soft
‘polarizable’ and that harder solutes are more soluble
than soft solutes. This is consistent with both the
Pearson58 and the Vogel and Drago59 models of acidity
and basicity. They also show that the significance of the
harder terms, electrostatic acidity and basicity, is far
higher than those of the soft terms, such as polarizability.
These conclusions are consistent with our findings.


Abraham’s descriptors for hydrogen-bond acidity and
basicity are composites of both hard and soft terms,
unlike those of Famini and Wilson, and we therefore
cannot conclude anything about hardness and softness.
However, the non-significance of the S term shows that
polarity of a species is insignificant to its solubility in
supercritical CO2, consistent with the conclusions of
Famini and Wilson.


�����!�����


We have developed a model for the prediction of
solubility in supercritical CO2 based on 64 molecules
and 782 data points. The model had a temperature range
from 308 to 435 K and a pressure range of 74.3 to 410
bar. A good correlation between observed and calculated
results is seen, with an R2 value of 0.782 and an SD value
of 0.659 log units. The predictive power of the model was
further tested by the development of a test set of data.
This indicates that our model can predict log SCO2


values
to �0.65 log units.


The LFER equation given by our model has a very
large positive coefficient value for the �1 descriptor. The
equation also showed relatively large negative coefficient
values for the hydrogen-bond basicity B and the excess
molar refraction E, with smaller negative terms for
hydrogen-bond acidity and volume. The polarity/polariz-
ability descriptor S was insignificant in the regression.
From these coefficient values it was determined that
solubility in supercritical CO2 is increased if the density
of the CO2 is increased. The solubility of a species in CO2


will therefore be favoured if its �- and n-electron density
and hydrogen-bond basicity is low. To a lesser extent the
solubility in supercritical CO2 is favoured if the molecule
is small and if its hydrogen-bond acidity is low.


��(��)
����*���
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ABSTRACT: The effects of solvent, temperature and pH (in aqueous solution) on the rate of decomposition of 2-
naphthalenediazonium tetrafluoroborate were studied by UV spectrometry. The host–guest complexation and the
kinetics of thermal dediazoniation of this model naphthalenediazonium ion, in the presence of four crown ethers and
three acyclic polyethers, were studied in 1,2-dichloroethane (DCE) at 40°C by UV spectrometry. Fast atom
bombardment mass spectrometry (FAB-MS) was used for the gas phase complexation and characterization.


The values of the activation enthalpy �H# for the thermal dediazoniation of the uncomplexed salt were observed to
be high, and the corresponding values of activation entropy �S# were clearly positive. All hosts, except short 12-
crown-4, formed 1:1 complexes under FAB conditions. The complexation equilibrium constant K and the values of
the stabilizing ability of the complexation (k2/k1) in DCE were calculated using a kinetic method. In accordance with
earlier studies of arene- and 1-naphthalene diazonium ions, the thermodynamic and kinetic stabilities were observed
to be greater for the inclusion complex—the largest for 21-crown-7 and its derivatives, formed with crown ethers
containing at least six oxygen atoms—than for the non-specific adduct formation formed with 15-crown-5. The values
of the thermodynamic and kinetic macrocyclic effect were discussed. The results are consistent with a heterolytic
SN1-like mechanism involving the decomposition of the uncomplexed and complexed naphthalenediazonium ion into
a highly reactive naphthyl cation, followed by fast product-determining reactions with nucleophiles to give the
products. Copyright  2001 John Wiley & Sons, Ltd.


KEYWORDS: naphthalenediazonium; crown ether; acyclic polyether; dediazoniation; host–guest complexation
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Arenediazonium salts were first prepared well over a
century ago, and their reactions were among the first to be
studied closely by organic chemists.1 The considerable
importance that these compounds possess in the chemical
industry and applications today has also encouraged a
great number of studies during recent years.2–5 Never-
theless, papers describing the decomposition of naphtha-
lenediazonium salts are relatively few.6–8 Recently, we
studied the effects of solvent, temperature and pH on the
thermal stability of the 1-naphthalenediazonium ion.8


The unique chemical properties associated with the
ability of crown ethers to form highly stable host–guest
complexes with metal cations, such as alkali and alkaline
earth ions and with other appropriately sized species, has
led to extensive study of the utilization of host–guest
complexes during the last 30 years. The focus has been on


crown ether–metal ion systems, however.9–11 Numerous
books and reviews have also been published on their
syntheses, binding phenomena, complex structures and
applications.9–11 Although acyclic polyethylene glycols
(PEGs) are weaker complexing agents than crown ethers,
they may have practical use in the future: it is shown that,
instead of expensive crown ethers, inexpensive, commer-
cially available PEGs can be used as effective phase
transfer agents for reactions of arenediazonium salts in
solvents of low polarity.12


Bartsch et al.13 reported in 1976 that the complexation
of 18-membered crown ethers with the p-tert-butyl-
benzenediazonium ion in 1,2-dichloroethane markedly
stabilizes the arenediazonium salt against thermal
dediazoniation. Subsequently, many papers have been
published on the host–guest complexation between
crown ethers and arenediazonium ions, but only a few
have considered both the thermodynamic and the kinetic
stability of these complexes.14–18 Recently, we studied
the complexation of the 1-naphthalenediazonium ion
with crown ethers and acyclic polyethers in 1,2-
dichloroethane solution, and characterized the complexes
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using fast atom bombardment spectrometry (FAB-MS).8


As far as we know, the complexation of polyethers with
naphthalenediazonium ions has not been previously
reported. Furthermore, polyether–organic diazonium ion
systems are the only host–guest systems for which the
thermodynamic stabilities have been calculated from
kinetic data.


Ring size and steric factors have important effects on
the strength of host–guest complexes, but the strength is
more difficult to predict for flexible organic molecules
than for rigid metal ions. Continuing our studies on the
interactions of polyethers with stable organic cations, we
have now investigated the host–guest complexation of 2-
naphthalenediazonium ions with crown ethers and
acyclic polyethers using kinetic and spectroscopic
methods. The 2-naphthalenediazonium ion (Scheme 1)
is, for steric reasons, the model naphthalenediazonium
ion, and the 1-naphthalenediazonium ion, studied re-
cently,8 can be considered as one kind of ortho-
substituted benzenediazonium ion with ortho effects on
complexation. Furthermore, effects of solvent, tempera-
ture and pH on the thermal stability of the uncomplexed
model compound have been determined in this work.


+, +&$"+%�-.


"��������/ 2-Naphthalenediazonium tetrafluoroborate
was synthesized from 2-naphthalene amine (Aldrich) by
dediazoniation with sodium nitrite at 2–4°C in tetra-
fluoroboric acid aqueous solution and was recrystallized
twice from methanol–tetrafluoroboric acid (1:4) mix-
ture.6 The elemental analyses were calc. for C10H7BF4:
C, 49.61; H, 2.92; N, 11.58; found: C, 49.74; H, 2.96; N,
11.58%. These data, as well as the melting temperature,
111–113°C, and the UV spectral data for 2-naphtha-
lenediazonium tetrafluoroborate in acidic aqueous solu-


tion (1 � 10�3 M HCl), �max = 207 nm, � = 2.11 �
104 M�1 cm�1, �max = 259 nm, � = 2.48 � 104 M�1 cm�1


and �max = 317 nm, � = 1.15 � 104 M�1 cm�1, are in
accordance with the values in the literature.6 The
diazonium salt was stored in the dark at low temperature
to minimize its decomposition. The unsubstituted crown
ethers, 12-crown-4 (Fluka), 15-crown-5 (Fluka), 18-
crown-6 (Fluka), and 21-crown-7 (Pfaltz & Bauer), and
the dicyclohexane-substituted crown ether, dicyclohex-
ano-24-crown-8 (Fluka), were commercial chemicals and
were used without further purification. 3-Nitrobenzyl
alcohol (NBA; Aldrich-Chemie) was used without
further purification. 1,2-Dichloroethane (Fluka) was
purified, dried, and distilled by a common procedure.19


-������ ��� ������������/ The complexation of
crown ethers with 2-naphthalenediazonium tetrafluoro-
borate was detected and characterized by FAB-MS on a
Kratos MS 80 autoconsole operating with a DART data
system. Argon was used as bombarding gas with a
pressure of about 1 � 10�6 Torr (1 Torr = 133.3 Pa) in
the collision region, and the atom gun was operated at
8 keV. NBA was used as the liquid matrix in this work.
The stainless steel tip of the FAB probe was coated with a
thin layer of a mixture of crown ether, diazonium salt
([polyether]tot � [NaphN2


�]tot � 2 � 10�2 M), and the li-
quid NBA matrix. The FAB spectrum was recorded
immediately after the sample had been inserted.


UV spectra were recorded and kinetic measurements
were carried out with a Shimadzu UV 160 A double-
beam spectrometer. Kinetic experiments were detailed
recently in the case of the 1-naphthalenediazonium ion.8


All decomposition reactions studied were found to obey
first-order kinetics within the intervals investigated (three
half-lives; the correlation constant r about 0.9998). The
melting point of the uncomplexed salt was determined
with a Thermopan microscope (Reichert, Vienna).
Elemental analysis was carried out with Perkin–Elmer
2400 instrument. The preparation of solutions for host–
guest measurements has been described previously.8


&+�).��
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The effect of temperature on the thermal stability of 2-
naphthalenediazonium salt was studied by determining
the rate constant of decomposition k1 in aqueous acid
solution (1 � 10�3 M HCl) and in 1,2-dichloroethane at
four temperatures. Figure 1 shows the corresponding
Arrhenius plots. Table 1 shows the calculated values of
the activation parameters, Ea, �H# and �S#, and, for
comparison, we have included the calculated k1 values at
one fixed temperature, T = 25°C.


The effect of pH on the thermal stability of the 2-
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naphthalenediazonium ion in aqueous solution at 35°C
was studied by determining the first-order rate constant
kobs in aqueous solution, in HCl (pH 1.0 and 2.0) and in
HOC(CH2COOH)2COOH/Na2HPO4 buffer solutions
(pH from 3 to 7). The results for the corresponding pH
dependency in the cases of benzene- and 1-naphthalene-
diazonium ions are presented in Fig. 2.


������� �� ��� !�� ���� ����� 1-2 ����������


In the FAB-MS method, the complex is first formed in the
liquid matrix (NBA in our studies) and then analysed in
the gas phase by MS. Thus, the complex must exist both
in solution and in the gas phase. It has been repeatedly
observed that FAB-MS is a rapid and viable method for
detecting and characterizing the complexation of poly-
ethers with stable organic cations, such as arenediazo-
nium, tropylium, and pyridinium cations, in the gas
phase.18,20–24 We now studied the complexation of crown
ethers, containing four to eight oxygen atoms, and acyclic
polyethers TeEG and pentaglyme (six oxygen atoms)
with the 2-naphthalenediazonium ion under FAB-MS
conditions. The molar mass of [PEG 1000�NapN2]� is
too large for our mass spectrometer. The fragmentations
of the host, guest and complex ions were explained


recently in the case of polyether–1-naphthalenediazo-
nium systems.8 Our results in this work are similar. Only
1:1 complexes were observed. Partial positive ion FAB
mass spectra for the systems studied are presented in
Table 2.


The complex peak at m/z 331 was not detected in the
presence of 12-crown-4, which means that complexation
of this small and rigid host with the 2-naphthalenedia-
zonium ion is, at most, very weak even in the gas phase,
although in the gas phase there are no complicating
effects of solvation and counterion. Yet it is interesting to
observe that 15-crown-5 and the 2-naphthalenediazo-
nium ion also form a 1:1 complex under FAB conditions,
m/z = 375 (0.4% in Table 2), although they cannot form
an inclusion complex, since the diazonium group has a
cylindrical diameter2 of about 0.25 nm and the cavity
diameter11 of 15-crown-5 is only 0.17–0.22 nm.


*���������� �	 ������� ��� ������������� ������
���� �� ��������


As presented earlier for other diazonium ions, the
reactions of the 2-naphthalenediazonium salt in the
presence of polyether in solution can simply be
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Solvent T range (°C) Ea (kJ mol�1) �H# (kJ mol�1) �S# (J K�1 mol�1) k1 (s�1 at 25°C)


Watera 22.0–43.6 118.5 (118.8b) 116 � 5 48 � 14 1.09 � 10�5


1,2-Dichloroethane 22.0–43.6 123.4 121 � 4 64 � 12 9.92 � 10�6


a 1.0 � 103
M HCl.


b Taken from Ref. 6.
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interpreted by Eqn. (1) where ‘complex’ denotes a 1:1
complex, k1 and k2 are the rate constants for the thermal
decomposition of the uncomplexed and complexed
benzenediazonium ion respectively, and K is the com-
plexation equilibrium constant.3,12–18,22,25–26


NaphN2


�BF4
�


�k1


products


� polyether �K complex
�k2


products


complex � inclusion complex or
non-specific adduct formation


	1



The equilibrium can be assumed to be fast compared with
dediazoniation, the complexation process being in effect
diffusion controlled.9,15 When the decomposition of the
complex (k2) cannot be ignored and [polyether] �
[NaphN2


�] is not valid, the values of K and k1 �k2, as
previously presented in detail for the 1-naphthalenedia-
zonium salt,8 can be calculated from the kinetic data by
an iteration method using the linear Eqn. (2):


1
k1 � kobs


� 1
	k1 � k2
K � 1


�polyether �
1


k1 � k2
	2



Here kobs is the dediazoniation rate constant measured in
the presence of the free polyether [polyether]. If the
complex is unreactive, or k1 � k2, the value of K can be
calculated more easily by Eqn. (3):


K � k1 � kobs


kobs�polyether 	3



In this work we studied the host–guest complexation of
the 2-naphthalenediazonium ion with crown ethers 15-
crown-5, 18-crown-6, 21-crown-7, and dicyclohexano-
24-crown-8 and with acyclic polyethers tetraglyme,
pentaglyme and PEG 1000. The iteration method, i.e.
Eqn. (2), was used in the calculation of the equilibrium
constant K for all systems investigated. Kinetic data are
presented in Table 3. The systems studied obeyed Eqn.
(2) with a correlation coefficient r of about 0.993. Table 4
presents the calculated values of the thermodynamic
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5�
������6�
���� 5����#
�6�
���� #� ���# ,


Polyether Ion (m/z) with relative abundance (%) in parentheses


12-C-4 155 (53.6) [2-NafN2]�; 177 (100) [12C4]�; 331 (0.0) [2-NafN2:12C4]�


15-C-5 155 (28.3) [2-NafN2]�; 221 (100) [15C5]�; 375 (0.4) [2-NafN2:15C5]�


18-C-6 155 (100) [2-NafN2]�; 265 (28.4) [18C6]�; 419 (3.2) [2-NafN2:18C6]�


21-C-7 155 (100) [2-NafN2]�; 309 (3.1) [21C7]�; 463 (5.9) [2-NafN2:21C7]�


DC-24-C-8b 155 (100) [2-NafN2]�; 461 (3.0) [DC24C8]�; 615 (1.1) [2-NafN2:DC24C8]�


Tetraglyme 155 (30) [2-NafN2]�; 223 (100) [tetraglyme]�; 377 (2.5) [2-NafN2:tetraglyme]�


Pentaglyme 155 (100) [2-NafN2]�; 267 (19.2) [pentaglyme]�; 421 (2.7) [2-NafN2:pentaglyme]�


a Fragmentations of polyether and 2-naphthalenediazonium ions are omitted.
b DC = dicyclo.
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Crown ether [crown] (M) kobs (s�1) �max (nm)


15-Crown-5 0 1.23 � 10�4 264
1.80 � 10�4 1.20 � 10�4 264
2.33 � 10�4 1.19 � 10�4 264
3.00 � 10�4 1.18 � 10�4 263
4.20 � 10�4 1.16 � 10�4 263
5.00 � 10�4 1.15 � 10�4 263


18-Crown-6a 1.07 � 10�4 3.13 � 10�5 256
1.52 � 10�4 2.40 � 10�5 256
2.15 � 10�4 1.68 � 10�5 256
3.30 � 10�4 1.18 � 10�5 255
4.08 � 10�4 9.16 � 10�6 255


21-Crown-7a 1.20 � 10�4 9.68 � 10�6 259
1.36 � 10�4 5.60 � 10�6 258
1.61 � 10�4 4.74 � 10�6 258
2.01 � 10�4 2.54 � 10�6 257
3.09 � 10�4 2.25 � 10�6 257
4.02 � 10�4 5.52 � 10�7 256


Dicyclohexano-24-
crown-8a


1.38 � 10�4 5.77 � 10�5 259
1.84 � 10�4 4.67 � 10�5 258
3.05 � 10�4 2.79 � 10�5 258
4.31 � 10�4 1.80 � 10�5 258
1.00 � 10�3 1.58 � 10�5 258


Tetraglymea 4.96 � 10�4 9.60 � 10�5 262
9.97 � 10�4 8.28 � 10�5 261
1.99 � 10�3 7.69 � 10�5 260
2.99 � 10�3 7.12 � 10�5 261
4.18 � 10�3 6.88 � 10�5 260


Pentaglymeb 0 1.28 � 10�4 264
1.96 � 10�4 8.52 � 10�5 262
3.00 � 10�4 7.57 � 10�5 261
5.00 � 10�4 6.86 � 10�5 261
9.66 � 10�4 5.65 � 10�5 260
2.02 � 10�3 4.93 � 10�5 258


PEG 1000b 1.51 � 10�4 5.80 � 10�5 262
3.00 � 10�4 3.99 � 10�5 259
5.00 � 10�4 3.25 � 10�5 258
1.00 � 10�3 2.29 � 10�5 258
2.01 � 10�3 1.47 � 10�5 258


a k1 = 1.23 � 10�4 s�1.
b k1 = 1.28 � 10�4 s�1.
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stability K and k2/k1, which are measures of the effect of
complexation on the kinetic stability.


($�*)��$'%


The results for the 2-naphthalenediazonium ion in 1,2-
dichloroethane and acidic aqueous solution show (in Fig.
1 and Table 1), in accordance with those observed earlier
for the benzenediazonium (19 solvents27) and 1-naphtha-
lenediazonium8 ions, that the rate of the heterolytic
dediazoniation of the aromatic diazonium ion is more or
less independent of the polarity of the solvent. The
insensitivities of the k1 values to solvent polarity indicate,
according to the Hughes–Ingold rules28,29 and in
accordance with new ab initio calculations,30 that
heterolytic dediazoniation reactions involve only small
changes in the charge density during the activation step.


As seen in Fig. 1 and Table 1, the effect of temperature
on the rate of dediazoniation of the 2-naphthalenediazo-
nium ion is relatively large, but similar in both 1,2-
dichloroethane and the acidic aqueous solution. Our
values of activation enthalpy �H# are high, as high as
those calculated earlier for the dediazoniation of all
uncomplexed and complexed organic diazonium ions
studied,5,6,8,14,16,26 and for many other unimolecular
reactions.29 The high �H# values can be explained with
a transition state that has undergone bond breaking with
little compensating bond making. The �S# values in
Table 1 are clearly positive, like those calculated earlier
for the dediazoniation of the other uncomplexed or
complexed organic diazonium ions.5,6,8,14,16,26


As for the pH dependency of the thermal stability of all
arenediazonium ions studied in aqueous solution, three
different regions have been observed: (i) the arenediazo-
nium ion is stable in clearly acidic solutions with the
formation of a corresponding phenol via an SN1-like
heterolytic dediazoniation; (ii) above a certain specific


pH, the stability decreases abruptly and reactions become
increasingly complex; (iii) in clearly basic solutions, the
arenediazonium ion is very unstable, as evidenced by a
rapid change to syn-diazotate, followed by slower
isomerization to the more stable anti-diazotate
ion.2,4,31,32 Figure 2 shows that the pH dependencies of
the stabilities of the 2- and 1-naphthalenediazonium ions
and the benzenediazonium ion are similar, but the region
of decreasing stability, i.e. region (ii), in the case of the 1-
naphthalenediazonium ion8 has already begun above
pH � 3, whereas the same regions for the 2-naphthale-
nediazonium and benzenediazonium ions do not begin
until above pH � 5 and pH � 6, respectively. Above a
certain pH, all dediazoniation reactions lost the behaviour
of first-order kinetics. The main reaction in the lower part
of region (ii) can be assumed to be the coupling reaction
between the phenol or naphthol formed and an unreacted
diazonium ion. In region (ii), the value of log(k1/s�1) is
observed to increase linearly with pH.31,32 The value of
d(log(k1/s�1))/d(pH) depends on the diazonium ion; it
is 0.118 (pH region 3–6, n = 4) for the 1-naphthalene-
diazonium ion, 0.4031 (pH region 7–8, n = 4) for the
benzenediazonium ion and 0.35 (pH region 5–7, n = 3)
for the 2-naphthalenediazonium ion.


It was generally assumed earlier that the inclusion-type
complex is the only type of complex formed between the
arenediazonium ion and crown ether.9 In accordance with
earlier work concerning benzene- and 1-naphthalene-
diazonium ions,8,16,18 the present results show, however,
that both in the gas phase and solution the organic
diazonium ions, whose diazonium group has a cylindrical
diameter2 of about 0.25 nm, can form a non-specific 1:1
adduct with 15-crown-5, whose cavity diameter11 is only
0.17–0.22 nm. In the presence of crown ether containing
at least an 18-membered ring, the complex is of the
inclusion type. The rigid and small 12-crown-4 is such a
weak complexing agent for organic diazonium ions that
complexation is not detected in solution or in the gas
phase. PEGs and glymes form pseudocyclic complexes
with organic diazonium ions when their chains are long
enough—at least six oxygen atoms—to wrap fully
around the diazonium group.8,18,22,25 The complexation
with polyethers causes a slight hypsochromic shift in the
UV spectrum of the naphthalenediazonium ion that is
clearly smaller than the corresponding shift caused by
polyether–arenediazonium complexation.


The K values of this study in Table 4 and Fig. 3 parallel
the earlier observations that the thermodynamic stability
of the complex polyether–organic diazonium ion in
solution varies markedly with the ring size of the crown
ether and the chain length of the acyclic polyether. The
very large stability of the complex of every diazonium
ion studied with 21-crown-7 and its derivatives has been
explained as being due to the structure of the modified
insertion-type complex. That is, one of the CH2—O—
CH2 units in 21-crown-7 will either turn upwards and
away from the mean plane of the other oxygen atoms (18-


����� 4/ '���
"�	���( �	" %�	���( ���+����� 
� �� #�
	������	�"��)
	��� �
	 �	 �� �����	(� 
� �
������� �	"
�� ������� ���
(�
��( ���� "�� �
 �� (
��������
	 �	
��#�"�(�
�
���	� �� !�°�


Crown ether
K


(M�1)a
k2/k1
(%)a


��max
(nm)b


15-Crown-5 (4.70 � 1.55) � 102 64c 3
18-Crown-6 (6.82 � 0.45) � 104 4c 9
21-Crown-7 (4.53 � 0.46) � 105 0.2c 8
Dicyclohexano-


24-crown-8
(1.37 � 0.16) � 104 0.7c 7


Tetraglyme (1.74 � 0.16) � 103 50c 4
Pentaglyme (7.54 � 0.67) � 103 36d 6
PEG 1000 (1.81 � 0.54) � 104 13d 6


a Calculated by Eqn. (2).
b The maximum hypsochromic shift due to the complexation.
c k1 = 1.23 � 10�4 s�1.
d k1 = 1.28 � 10�4 s�1.
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crown-6 is planar), or else inwards over the benzene ring,
forming a complex that also includes �-base–�-acid
interactions.8,18,21,33 The K value for the non-specific
adduct formation in the presence of 15-crown-5 is
slightly larger for the 2-naphthalenediazonium ion than
for the benzenediazonium ion, whereas the K values of
inclusion complexes of the benzenediazonium ion with
18-crown-6 and 21-crown-7 are similar to those of the
corresponding crown ether–2-naphthalenediazonium ion
systems. Owing to the larger flexibility of acyclic
polyethers, the thermodynamic macrocyclic effect
K(15-crown-5/2-NaphN2


�)/K(tetraglyme/2-NaphN2
�) is


significantly less than unity (0.27). For larger crown
ethers, with the structure of the inclusion complex, the
thermodynamic macrocyclic effect is much larger than
unity, e.g. K(18-crown-6/2-NaphN2


�)/K(pentaglyme/2-
NaphN2


�) � 9 and its estimated value (see Fig. 3) in the
case of seven oxygen atoms in the host molecule is about
60.


The values of k2/k1 in Table 4 show, in accordance
with previous results for 1-naphthalenediazonium ion,8


that of the polyethers studied, only crown ethers 21-
crown-7 and 18-crown-6, in this order, are strong
stabilizing agents for the 2-naphthalenediazonium ion.
The stabilizing ability of 15-crown-5, which undergoes
only a non-specific adduct formation, is much weaker.
For the same reason as presented above in the case of the
thermodynamic macrocyclic effect, the value of the
kinetic macrocyclic effect for small hosts is less than
unity, e.g. k2/k1(tetraglyme/2-NaphN2


�)/k2/k1(15-crown-
5/2-NaphN2


�) � 0.78, but for the inclusion complex its
value is much larger, e.g. k2/k1(pentaglyme/2-NaphN2


�)/
k2/k1(18-crown-6/2-NaphN2


�) � 9. The effect of benzo
and cyclohexano groups on the kinetic and thermody-
namic stability can be assumed to be small.18 The results8


show that 21-crown-7 and its derivatives are both the
strongest complexing and stabilizing agents for naphtha-
lenediazonium ions.


*'%*.)�$'%�


The thermal decomposition of a naphthalenediazonium
salt in the solutions studied, in the absence or presence of
polyether, occurs through an SN1-like23 reaction mech-
anism. A highly reactive naphthyl cation forms in the
rate-determining heterolysis of the uncomplexed ion or
the complex. Subsequent, fast product-determining reac-
tions with nucleophiles (counterion, solvent, crown ether,
etc.) give the products. The results support Zollinger and
coworkers’ assumption4,15 that the decomposition of
organic diazonium ions occurs via non-specific adduct
formation, not directly from the unreactive inclusion
complex, and that there is a fast equilibrium between
these two types of complex and the uncomplexed ion.
The strength of the complexation is shown to be
dependent on electrostatic and steric factors, and
macrocyclic thermodynamic and kinetic effects on
complexation can be observed. Glaser et al.30 using ab
initio methods, have recently studied the energetic,
structural, and electronic relaxations along the dediazo-
niation path of benzenediazonium ions to form phenyl
cations. Their results support the electron-density-based
model, which describes CN bonding by �-dative N → C
and C → N �-backdative bonding, and suggest that
diazonium ions are best thought of as a carbenium ion
closely associated with an N2 group that is internally
polarized in the fashion N�


��—N�
��. Hence, we have


begun to study with ab initio methods the structures of
the naphthalenediazonium ions and their host–guest
complexes.
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ABSTRACT: We report a reinvestigation of the conformational equilibrium of 1,3,5-cycloheptatriene-7-d (CHT-7-d)
by solution 1H NMR at 500 MHz over a wide range of temperatures, and ab initio calculations up to the MP4 level.
Lineshape analysis provided a barrier to ring inversion of approximately 6 kcal mol�1. Equilibrium constants were
measured in CBrF3 and CClF2H by: integration when the ring-inversion rate is low; lineshape analysis when the
ring-inversion rate is on the order of the chemical shift difference; and temperature-dependent chemical shift
differences between CHT and CHT-7-d when the ring-inversion rate is fast. The three independent measure-
ments confirm an equilibrium biased toward an equatorial deuterium, with �G° = 52 � 8 cal mol�1 (at �173°C),
�H° = 55 � 8 cal mol�1 and �S° = 0.03 � 0.05 cal mol�1 K�1 in CBrF3. Supporting ab initio calculations yield:
�H° = 34 cal mol�1, �S° = 0.014 cal mol�1 K�1 (MP2/6-31G*); �H° = 57 cal mol�1 and �S° = 0.03 cal mol�1 K�1


(RHF/6-31G*); and a barrier to ring inversion in CHT of 4.26 kcal mol�1 (RHF/6-31G*), 9.76 kcal mol�1 (MP2/6-
31G*), and 7.34 kcal mol�1 (MP4/6-31G* single point). The differences in calculated barrier heights due to exclusion
or inclusion of Møller–Plesset energies indicate that the ground state is stabilized relative to the transition state at
the MP2 and MP4 levels. This implies that homoconjugation is important in CHT, a neutral molecule. Our
experimental values differ from those originally deduced by Jensen and Smith (J. Am. Chem. Soc. 1964; 86: 956):
�G° = 72 cal mol�1, �H° = 142 � 30 cal mol�1 and �S° = 0.7 � 0.3 cal mol�1 K�1. Copyright  2001 John Wiley &
Sons, Ltd.
Additional material for this paper is available from the epoc website at http://www.wiley.com/epoc


KEYWORDS: deuterium; conformational isotope effect; cycloheptatriene; homoaromaticity; ab initio; NMR
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‘Tropilidene’ or 1,3,5-cycloheptatriene (CHT) was first
isolated by Ladenburg in 1883,1 and has challenged
organic chemists since. One important feature of CHT is
that it is fluxional, i.e. it is in rapid equilibrium, even
well below room temperature, with its bicyclic isomer,
bicyclo[4.1.0]hepta-2,4-diene, or norcaradiene (NCD).
This fluxionality was not recognized in early work, and
has direct relevance to the present study of CHT ring
inversion because the amount of NCD present affects the
interpretation of results obtained for CHT. The studies by
Rubin2 and Miura3 imply that NCD is less stable than
CHT by about 4 to 6.5 kcal mol�1, though a recent report
suggests that a solution of CHT may contain as much as
2% NCD at room temperature.4 Many of the simple
derivatives of CHT and NCD exist with the equilibrium
biased toward the CHT form.3 Yet, in some reactions


with dienophiles, all the products obtained are due to the
tiny equilibrium amount of NCD.5


NCD and CHT are related because they are homoaro-
matic6 with respect to benzene. As Winstein proposed
(Fig. 1),6 the replacement of a carbon–carbon single bond
(as opposed to a double bond) in benzene by a CH2 group
gives rise to CHT, a � homoaromatic analog of benzene;
the replacement of a �-bond in benzene by a CH2 group
produces NCD, a � homoaromatic analog of benzene. For
homoaromaticity to be effective, CHT should be boat
shaped so that the p orbitals on C-1 and C-6 can overlap
to form a six-electron pseudo-cyclic system. This overlap
decreases the C1—C6 distance, hence homoaromaticity
can distort the CHT structure towards the NCD structure.
It is not unreasonable to suggest that the overlap could
also stabilize the ground state, and thus may increase the
ring-inversion barrier in CHT. We have obtained
evidence of p-orbital overlap between C1 and C6 from
ab initio calculations, and explore its structural con-
sequences by examining the ring-inversion equilibrium in
CHT.


Before describing the motivation behind the ring
inversion investigation, we briefly outline the relevant


JOURNAL OF PHYSICAL ORGANIC CHEMISTRY
J. Phys. Org. Chem. 2001; 14: 625–635
DOI:10.1002/poc.410


Copyright  2001 John Wiley & Sons, Ltd. J. Phys. Org. Chem. 2001; 14: 625–635


*Correspondence to: D. I. Freedberg, Laboratory of Biophysics,
CBER/FDA, 1401 Rockville Pike HFM-419, Rockville, MD 20852,
USA.
E-mail: freedberg@cber.fda.gov


����







history of CHT structural studies. Corey et al.7 used 1H
NMR to distinguish NCD from CHT in ‘troplidene’.
They concluded that the equilibrium, in what was then
called ‘tropilidene’, is heavily skewed toward CHT.
Interestingly, their data are consistent with up to 10%
NCD present in solution. This NMR study did not address
the planarity or non-planarity of CHT, and direct
structure determination is difficult because CHT is a
liquid. Consequently, subsequent structural work relied
on indirect evidence to determine whether CHT is planar
or boat shaped. Electron diffraction8 and microwave
studies9 of CHT, as well as X-ray studies of thujic acid,10


a derivative of CHT, implied that CHT is non-planar. In
1963 la Lau and de Ruyter11 reported that the IR
spectrum of 1,3,5-cycloheptatriene-7-d (CHT-7-d)
showed two stretching bands, which strongly suggests
that there are two types of bond at the methylene position
in CHT-7-d, and that the carbon skeleton of CHT is boat
shaped. Short of an X-ray study on CHT at very low
temperatures, the best method to establish the three-
dimensional structure of CHT is ab initio calculations.


In 1964 Jensen and Smith12 and Anet13 demonstrated
that CHT is boat shaped and is associated with a
degenerate ring-inversion equilibrium (see Fig. 2). The
free energy barrier to ring inversion in CHT of
5.7 kcal mol�1 (in CBrF3),12 and 6.3 kcal mol�1 (in
CF2Cl2)13 was measured by low-temperature 1H NMR.
Under conditions of slow ring-inversion, the aliphatic
region of the spectrum showed two peaks, one for the
axial and one for the equatorial proton of CHT. Jensen
and Smith12 assigned these peaks in the slow exchange
using CHT-7-d, and reported that CHT-7-d showed an
equatorial preference for deuterium from direct integra-
tion of the axial and equatorial peaks. The relative areas
under the axial and equatorial peaks of the CHD group in
CHT varied with temperature, and thus were used to
measure the temperature dependence of �G° between
�168 and �158°C. Above the coalescence temperature,
the CHD group shows a single broad peak, whose
chemical shift is the population weighted average of the


shifts of the axial and equatorial protons. Thus, Keq (and
�G°) can be calculated above the coalescence tempera-
tures. Jensen and Smith’s measurements were the first
observation of an equilibrium chemical shift isotope
effect.14 In this case the deuterium also has an intrinsic
isotope effect on the proton chemical shift in the CHD
group.14–16 But the more interesting equilibrium isotope
effect perturbs the chemical shift indirectly by biasing an
equilibrium that, in the absence of deuterium (as in CHT
itself), is degenerate. Later, Saunders and, subsequently,
others showed that equilibrium isotope effects are
delicate tools with wide applicability in the study of
rapidly equilibrating carbocations and the conformations
of both cyclic and acyclic molecules.17–27 Jensen and
Smith12 also reported that �H° = 134 � 30 cal mol�1,
and �S° = 0.7 � 0.3 cal mol�1 K�1 for the ring-inversion
equilibrium in CHT-7-d. This unexpectedly large �S°
predicts that, although the equilibrium in CHT-7-d is
biased toward an equatorial deuterium at low tempera-
tures, the conformational preference switches to an axial
deuterium above 191 K.28,29 The reported �G° values are
reliable, but they contain systematic errors that lead to
large correlated errors when used to extract �H° and �S°.
In this paper we report a reinvestigation of the isotope
effect in, and structure of, CHT using modern NMR
instrumentation and ab initio calculations. We also
consider the implications of homoaromaticity in CHT
on the ring-inversion equilibrium and the CHT–NCD
equilibrium.


./0.*� .()&'  .)1+�2
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CHT-7-d was prepared in a manner similar to Conrow’s
method.30 10 ml each of pentane and D2O (99% Cam-
bridge Isotope Laboratory) were combined in a 25 ml
round-bottom flask equipped with a stirbar and cooled to
0°C. To this stirred, biphasic solution were added 0.497 g
(11.88 mmol) NaBD4 (99.95% isotopic purity, Cam-
bridge Isotope Laboratory), followed by slow addition of
1.106 g (6.22 mmol) tropylium fluoroborate, C7H7BF4


(Aldrich), using a porcelain spatula. The mixture was
allowed to stir overnight. Excess NaBD4 was quenched
with a 37% aqueous formaldehyde solution. The aqueous


������ �� ,� �������)��� ���-��) .�� /�0 �)* ��, /�01
�**����) �	 � ��# +��2� �) ������ � � ��)* �) ��)3�)�
���*2��� .��� -����� �**����) �	 ��# +��2� ������ � �
��)* �) ��)3�)� ���*2��� ��,
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�� �42������2( �� *�+�)����� -�) �5�6 �-����� -�)
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layer was extracted with pentane, and the combined
organic layers were dried (MgSO4) and filtered. The
CHT-7-d solution in pentane was concentrated on a
rotary evaporator and the remaining CHT was purified by
preparative gas chromatography on a silicon (SE-30)
column at 80°C.


( * ����� ���������	



The thin end of a Pasteur pipet, containing a small
amount of the sample, was placed in an NMR tube
immersed in a dry-ice/dichloromethane bath (�78°C).
Because a pressure regulator was not available, Freon
solvent (CBrF3 or CClF2H) was removed from a liquefied
gas-cylinder into a balloon through a piece of Tygon
tubing. The Tygon tubing (connected to the balloon) was
attached to the pipet and the gas slowly condensed into
the NMR tube, dissolving the compound present at the
bottom of the pipet. The tube was capped and kept in a
dry-ice/dichloromethane bath until inserted into a pre-
cooled NMR probe.


( * �������


1H NMR studies of CHT and CHT-7-d were carried out
in two different solvents, CBrF3 (Matheson) and CClF2H
(Du-Pont). 1H NMR measurements were recorded on a
Bruker AM500 spectrometer operating at 500.135 MHz
using a probe equipped with orthogonal 1H–19F coils. A
fluorine frequency was used to lock on the Freon solvent
signal. The sample tube was inserted into the probe only
after the probe had been pre-cooled to �62°C for
samples dissolved in CBrF3, or �51°C for samples
dissolved in CClF2H.


Variable-temperature measurements were performed
using a Bruker BVT-1000 temperature controller and a
home-built copper heat-exchange coil immersed in liquid
nitrogen (contained in a 25 l Dewar vessel) through
which nitrogen gas flowed to cool the probe. Cold
nitrogen gas from the coil flowed to the probe via Tygon
tubing insulated with cotton wool and foam-rubber. The
probe thermocouple was calibrated by plotting tempera-
ture readings, from the BVT-1000 unit, against sample
temperatures measured from methyl–OH chemical shift
differences.31 These points were fitted to a line and the
correction to the thermometer readings was extrapolated
to low temperatures.


The Freon 1H signal in CClF2H was suppressed using
presaturation. Slow-exchange NMR spectra were ac-
quired with a pulse program; this generated two spectra,
90° out of phase with respect to one another. The two
spectra were processed with a Lorentz-to-Gauss trans-
formation and a matched filter, phased, and then added
together to eliminate the dispersive tails that occur in
real-Fourier-transform spectra.32 Zero-order (vertical


offset) and first-order (linear) baseline corrections were
applied in order to avoid baseline slope, which would
cause errors in the integration data measured at low
temperatures. Higher-order baseline corrections were
deliberately not applied.


In low-temperature integration measurements employ-
ing CBrF3, homonuclear gated decoupling of the �
vinylic protons in CHT-7-d was used in order to obtain
the sharpest possible lines for the axial and equatorial
protons. The decoupler was gated off during the
relaxation delay prior to the transmitter pulse to avoid
any perturbation of the peak areas by unwanted nuclear
Overhauser effects.33


.!������	
 	� �����	��
���� ����������


Thermodynamic parameters for CHT-7-d were measured
between �175 and �65°C in CBrF3 and between �110
and �51°C in CClF2H. Thermodynamic data from the
NMR spectra can be obtained in the slow-, intermediate-
and fast-exchange regions.


2	3��!���
�� ����	
 4��	3 ��5�°-6� Equilibrium
constants were measured directly in the slow-exchange
region in a sample containing only pure CHT-7-d by
integrating the area under the separate axial and
equatorial proton signals in the 1H NMR spectrum.
Integration yielded equilibrium constants that were then
converted to free-energy differences.


�
������������!���
�� ����	
 4��5� �	 ���7°-6�
The sample used to measure these spectra contained
pure CHT-7-d. Experimental spectra were measured at
�140°C, and worked up using an exponential multiplier
with 20 Hz line broadening, to increase the signal-to-
noise ratio. They were analyzed using a program that
simulates the two-site exchange in CHT-7-d as the sum of
three, two-site dynamic NMR exchange spectra, which
correspond to a two-site exchange for two triplets. The
total line shape depends on the axial–equatorial chemical
shift difference, the equilibrium constant, and the rate
constant for ring inversion in either direction.34 The total
line shape was simulated to give line widths and peak
areas, which were converted into equilibrium constants.


������!���
�� ����	
 4��	#����7°-6�A sample with
a 5:1 ratio of CHT-7-d:CHT was used to extract
equilibrium constants in fast exchange. This was
accomplished by measuring the difference in the
averaged chemical shift between the 1H resonance of
the CH2 group in CHT and the 1H resonance of the CHD
group in CHT-7-d in the fast-exchange region.


The averaged chemical shift for CHT in fast-exchange
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can be written as:


�H � 1
2


�a � �e� � �1�


where �a and �e are the 1H NMR chemical shifts for the
axial and equatorial hydrogen atoms respectively in the
absence of exchange.


In general, there will be a two-bond intrinsic isotope
effect (IIE) on the 1H chemical shift in substituting a
CHD for a CH2 group; �a� and �e� include the intrinsic
isotope effect of the deuterium atom on the proton’s
chemical shift using the following equations:


�a
� � �a � 2�a


�e
� � �e � 2�e �2�


where 2�a and 2�e are the two-bond IIE’s on the axial and
equatorial protons, respectively.


Equation (3) describes the averaged chemical shift, �D,
of the 1H resonance of the CHD group in CHT-7-d in
terms of the axial and equatorial fractional populations,
pa and pe, respectively.


�D � pe�a
� � pa�e


� �3�


The equilibrium constant Keq for this exchange in
CHT-7-d can be written as


Keq � pa�pe �4�


If CHT is the only species present, pa and pe are fractional
populations, their sum must by definition be equal to one.
Using the relation pa � pe = 1 and Eqn. (4), we can write
two new expressions, which separately relate the axial
and equatorial populations to the equilibrium constant.


pe � 1� 1 � Keq
� �


and pa � Keq� 1 � Keq
� � �5�


Using Eqns ((1)–(3)) and (5), the difference �� between
the averaged proton chemical shifts of the CHT and
CHT-7-d methylene group is given by:


�� � �D � �H


� 1�2 Keq � 1�Keq � 1
� �


�e � �a� �
� 1� Keq � 1


� �� �
Keq


2�a � 2�e
� � �6�


Equation (6) can be rearranged to give:


Keq � �1 � 2��� � 2�e�	����e � �a�	
��1 � 2 �� � 2�a����e � �a�	� �7�


The difference between the averaged CHT and CHT-7-d
methylene 1H chemical shifts, ��, is expected to be
approximately 30 Hz at 500 MHz (60 ppb); 2�a and 2�e


are expected to be 9 Hz at 500 MHz (18 ppb). The values


of ��, 2�a and 2�e are small compared with �e � �a,
which is approximately 700 Hz (1400 ppb), thus the
terms (�� � 2�e)/(�e � �a) and (�� � 2�a)/(�e � �a) 
1.
The binomial theorem can then be used to expand the
denominator in Eqn. (7). Keeping only the lowest term
gives:


Keq � 1 � 4 ��� �e � �a� �� 	
� 2 2�a � 2�e


� �
� �e � �a� �� � �8�


Since the overall intrinsic isotope effect in the fast-
exchange region is the average of 2�e and 2�a we may
substitute 2�int = 1/2 (2�e � 2�a) into Eqn. (8) to yield:


Keq � 1 � 4 �� � 2�int
� �


� �e � �a� �� � �9�


Equation (9) relates the equilibrium constant in the
fast-exchange region to the difference between the
observed CHT and CHT-7-d methylene proton chemical
shifts, ��, and to the axial-H equatorial-H chemical shift
difference, �e � �a, in the absence of exchange at the
same temperature. The �e � �a term cannot, in practice,
be measured directly in the fast-exchange region, but it
can be extrapolated from the chemical-shift difference
measured in the slow-exchange region.


Before purifying CHT-7-d by gas chromatography, a
test of CHT was run. Consequently, the sample of CHT-
7-d in CBrF3 used in the low-temperature integration
study contained a small amount of CHT contamination,
which was easily visible in the fast-exchange region. At
�70°C, the lines of the two isotopomers are sharp and
well separated because of both an intrinsic isotope effect
and an isotope effect on the averaged chemical shift. The
fraction f of CHT to CHT-7-d was found to be 1/9 by
integration of the two signals. At temperatures between
�148 and �175°C, where integrals were measured, the
methylene 1H resonances for the two isotopomers
overlap, but the integrals can be corrected for the (non-
deuterated) CHT present. The measured peak area ratio R
is an apparent equilibrium constant that is related to the
true equilibrium constant Keq as shown in Eqn. (10):


Keq � R 1 � f
2


� �
� f


2


� �
� 1 � f


2
�1 � R�


� �
�10�


-	�������	
� ����	�		��


To complement experimental NMR measurements the
geometry of CHT was optimized and vibrational
frequencies were calculated with ab initio quantum
mechanical calculations. The geometry of CHT was
optimized at the RHF/3-21G, RHF/6-31G*, RHF/6-
311G* and MP2/6-31G* with Gaussian 92.35 For each
level of theory employed, vibrational frequencies were
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calculated after the complete geometry was optimized.
Subsequent to the frequency calculations for the
undeuterated molecule, the conformational isotope
effects in the two Cs forms of CHT-7-d were calculated
with the readiso function, which uses the mass-weighted,
diagonalized, second derivative (Hessian) matrix to
calculate vibrational frequencies in isotopically substi-
tuted molecules. Equations governing extraction of
thermodynamic parameters can be derived from the
Bigeleisen formalism;29,36 however, excitation of the
modes is probably a minor factor. As a result, H° was
extracted from calculated values of E and ZPE as follows:
H° = E° � ZPE (�H° = H°eq � H°ax), and �S° was cal-
culated from S°, which is directly available in the output
of Gaussian. All calculations were performed at the
UCLA Office of Academic Computing (OAC) on an IBM
ES/9000 model 900 computer.


*.2,')2 &(� ��2-,22�+(


Figure 3 shows a typical spectrum of CHT-7-d in CBrF3


at �173.5°C. For temperatures between �174 and
�151°C, the peaks arising from the axial and equatorial
hydrogens are separated by at least 712 Hz, and the area
under each peak can be integrated. Data obtained in the
slow-exchange region by integration of the (more
shielded) and axial (less shielded) equatorial C—H
resonances in CHT-7-d in CBrF3 are shown in Table 1.
Each of these data points is the average of 16 individual
measurements, and errors are reported to 95% confidence
limits.37 The integrals, and hence the values of Keq


measured at �155.3, �165.0, and �170.7°C in CBrF3 do
not show significant temperature dependence. Standard
deviations in the integration data at higher temperatures
are 2% (�155.3, �165.0°C), and increase to 6% for
lower temperatures (�170.7 and �173.5°C), slightly
higher than the fractional errors reported by Jensen and
Smith. The present measurements indicate that the values
obtained by Jensen and Smith12 are reproducible, and
support the conclusion that in CHT-7-d the equilibrium is
biased toward an equatorial deuterium. Although the
integrated ratio at �173.5°C deviates somewhat from the
ratios measured at higher temperatures in slow exchange,
the large uncertainty in the measurement of this data
point puts it within experimental error of the other values
measured in the slow exchange. The larger errors indicate
that, at extremely low temperatures, accurately measur-
ing integrals is challenging, even in the presence of flat
spectral baselines. The equilibrium constants yield �G°,
which is relatively constant from �173.5 to �155.3°C
(Table 1). It is noteworthy that obtaining �H° and �S°
from these measurements alone may result in large
systematic errors, because the data were measured using
only integration over a small temperature range. To avoid
this complication, �H° and �S° were extracted using two
independent techniques over 110°C. Together, low-
temperature integration and Saunders’ isotopic perturba-
tion method minimize systematic errors.


������ �� � ������� �� . � ������2( �	 ��,!7!* ��
��781%°�1 ,� ������2( ��-� �-� �������� ����� �)�
/2�9��*0 	�� �� �:���� �)* �)� /*�-)9��*0 	�� �� �42�������
�*��+�) ���( �) ��,!7!*� �)* � ;�� ������)�1 <)��+�����)
�	 ���� �-� ����� ����*� � ���+�� ���� 	�� �� �:��� �����)
�)* �(����� ��� �� �42������2( �) ��,!7!* �� �����* ��-��*�
�) �42������� *�2����2(


)��� �� ,��(�*�)�(�� ����(����� �)* ��(���� ���� �	 ��,!7!* (���2��* �� ��- ��(�����2��� �� . �


Temperature (°C) �e � �a (Hz) Observed ratioa Corrected ratio Keq �G° (cal mol�1)


�155.3c 712.0c 0.833 � 0.018 0.809 � 0.018 0.81 � 0.02 51.5 � 60
�165.0c 724.6c 0.826 � 0.018 0.801 � 0.018 0.80 � 0.02 49.6 � 60
�170.7c 732.6c 0.750 � 0.045 0.779 � 0.045 0.78 � 0.05 51.3 � 13
�173.5c 736.1c 0.769 � 0.055 0.737 � 0.055 0.74 � 0.06 60.2 � 16
�140.2b 765.0b nd nd nd nd
�149.2b 771.3b nd nd nd nd
�157.3b 778.4b nd nd nd nd
�168.8b 786.8b nd nd nd nd
�175.4b 791.2b nd nd nd nd


nd = no data.
a Equatorial H: axial H.
b Measured in CClF2H.
c Measured in CBrF3.
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Figure 4 shows the measured and calculated NMR
spectra at �140°C in CClF2H. The signals are too broad
to integrate accurately as there is a small, but significant
overlap of the axial and equatorial 1H resonances due to
exchange. The experimental spectra were fit by varying
the adjustable parameters in the total line-shape program.
Fitting of the intermediate-exchange 1H NMR spectrum
obtained at �140°C gave a chemical shift difference,
�e � �a, of 765 Hz, and forward and backward rate
constants of k1 = 189 s�1 and k � 1 = 246 s�1 respectively
(for the equilibrium written as in Fig. 2). The correspond-
ing free energies of activation, �G�


1 and �G�
�1, are


6.2 kcal mol�1 and 6.1 kcal mol�1 respectively. The
equilibrium constant Keq is 0.77, with the equilibrium
biased towards an equatorial deuterium. This corresponds
to a free energy difference of 69 cal mol�1 at �140°C.
The �G° value obtained from this spectrum has a large
error because the equilibrium constant obtained in fitting
this spectrum depends on the spectral baseline being flat
under broad, overlapped peaks. An error in baseline
calculation could yield inaccurate peak intensities, and
thus introduce errors in values of �G°. Such an analysis is
prone to error whose magnitude is difficult to calculate.
By comparison with integration and high-temperature
data in Tables 1 and 2, the errors in �G° must be large
(approximately �15–20 cal mol). However, the rate


constant k is used to calculate �G‡, via ln(k), and even
substantial errors in k are immaterial.


Figure 5 shows a typical 1H NMR spectrum of a
mixture of CHT and CHT-7-d in CBrF3 at �87.7°C. In
the fast-exchange region two signals are observed: an
upfield resonance for the CHD (axial and equatorial)
protons, and a downfield resonance for the CH2 protons.
There is a measurable, temperature-dependent chemical
shift difference between these two signals, and this
difference provides the means to calculate an equilibrium
constant at each temperature where fast-exchange spectra
are measured (Table 2). Equation (9) requires the axial–
equatorial chemical shift difference, which is not directly
measurable in the fast-exchange region.


Axial–equatorial chemical shift differences in fast-
exchange (Table 2) can be obtained through extrapolation
of the temperature dependence of the chemical shift


������ 5� ,���� ��)����� ��(2�����) /2���� �����0 �	 ��,!7!
* �� ����°� �) � (�:�2�� �	 ����#� �)* �����# �) ��
�)���(�*���� �:��)+� ��+��)� �)* �:����(�)��� ������2(
/��-�� �����01 ,� ���� ����� -��� ��)�-�*� ��(��)�*
��)���)� �� ��� ��(�����2���� �� ������2��* �� ��,� �����)� �)
����� �(�2)�� �) �� *�2���!�)*�* )��*�� 2��* 	�� �����)�!
���)�	��1 �����)+ �� �:����(�)��� ������2( ����*� ��� ��
*�		���)�� �	 7=% �3� �)* 	��-��* �)* ����-��* ����
��)���)�� �	 �� 5 �$" �


�� �)* ��� 5 #�= �
�� �������������


�)* >�4 5 �177


)��� $� �42������2( ��)���)�� �) �� 	���!�:��)+� ��(�� ��
(���2��* �� . �


Temperature
(°C)


��
(Hz)


�e � �a
(Hz)a Keq


0�51.2b 30.59b 0716.2 � 30b 00.89 � 0.07b


0�71.2b 33.69b 0725.6 � 26b 00.88 � 0.07b


0�90.7b 37.57b 0735.3 � 18b 00.86 � 0.06b


�100.7b 38.34b 0740.7 � 15b 00.86 � 0.06b


0�65.2c 28.47c 609.28 � 13c 0.887 � 0.07c


0�77.9c 30.18c 622.33 � 12c 0.880 � 0.06c


0�87.7c 31.82c 632.71 � 9c0 0.873 � 0.06c


0�97.2c 33.57c 640.16 � 8c0 0.866 � 0.06c


�107.2c 35.32c 653.30 � 7c0 0.860 � 0.05c


a Extrapolated using Eqn. (11).
b Measured in CClF2H.
c Measured in CBrF3.


������ �� ����!�:��)+� �� . � ������2( �	 � (�:�2�� �	
��, �)* ��,!7!* �) �
��8� �� �$717°�1 ,� *�		���)�� �)
��(���� ��	�� ������ ����2�� �� �42������2( �	 ��,!7!* ��
�����*� -����� �) ��, �� �� *�+�)�����
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difference measured in the slow exchange. At this point, a
model that properly reproduced the observed temperature
dependence of the CHD 1H chemical shifts was needed.
This task was complicated by the fact that in CHT-7-d the
chemical shift differences in the slow-exchange region
show a significant temperature dependence, and, there-
fore, any small errors will be amplified through
extrapolation. In fitting the chemical shifts to tempera-
ture, all available information about this dependence was
considered. A function that models the temperature
dependence of the chemical shifts should have no
discontinuities or unexpected features, and should have
similar values in nearby temperature intervals. Clearly, it
is best to model the temperature dependence of these
chemical shifts with the simplest possible expression.
The simplest would be a fit to a straight line, where the
shifts diverge at infinite temperature. The fit can also be
done with respect to inverse temperature; the results then
diverge at 0 K.


A more complex model, which exhibits better limiting
values of the chemical shifts than the ones discussed
above, was also investigated. The temperature depen-
dence of the chemical shifts was modeled by allowing
�e � �a to approach limiting values at both low and high
temperatures. The function


�e � �a � a � bT
�1 � T�c�


� �
�11�


where a and b are in hertz, and c is a parameter in kelvin
that influences the curvature of the line, models the
behavior described above (note that when c is very large,
a straight line is obtained). When the temperature T is
small, �e � �a approaches a, which is a constant for
a given value of c. At high temperatures, �e � �a


approaches a � b. In carrying out the fits, c was entered
manually, whereas the values for a and b were optimized
in Igor38 to fit the data points. We found that the data in
CBrF3 fit equally well when c = 250 K (�2 = 1.41) or
500 K (�2 = 1.86), and when c = 500 K (�2 = 1.92) in
CClF2H.


Equation (11) provides reasonable fits to the axial
equatorial chemical shift difference in CHT-7-d (supple-
mentary figure S1). In order to estimate the error in fitting
these points to Eqn. (11), curves fit to the data with
c = 100 and c = 1000 were calculated. �e � �a values at
these extreme values of c were then used as lower and
upper limits for the extrapolated shifts.


One parameter that is unobtainable and needed in the
fast-exchange region is the IIE. In principle, this value
can be obtained in the slow-exchange region and then
extrapolated to higher temperatures. However, this can
only be done if the axial and equatorial C—H resonances
are sharper than the chemical shift difference between the
CH2 and CHD proton peaks in slow-exchange. At low
temperatures, the axial and equatorial C—H peaks have a


linewidth of approximately 15 Hz, probably due to
nuclear dipole–dipole broadening. Because the linewidth
of the axial and equatorial C—H peaks is larger than the
IIE, it is difficult to measure the IIE for CHT-7-d in the
slow-exchange region. The smallest known value (for
sp3-hybridized carbon atoms) for such an IIE is �15 ppb
for methane,39 and the largest is �22 ppb for the CH2 at
C5 in 2,2-dimethyl-5-d-1,3-dithiane.28 The two-bond IIE
in CHT-7-d could not be measured experimentally, and
we use a shift, �int, of �18 ppb as a reasonable estimate
of the intrinsic isotope effect in CHT-7-d.15,16,28 It is
worth noting that the value of �int is small and not
substantially temperature dependent.39 Errors in �int


were assumed to be �4 ppb.
The following analysis is based on the assumption that


only CHT is present in solution. Previous studies indicate
that anywhere from 0.002%3 to 0.1%2 NCD may be
present at room temperature; but a recent report suggests
that as much as 2% NCD may be present at room
temperature.4 This corresponds to 0.4% NCD at �60°C.
The relative amount of NCD in solution should decrease
with decreasing temperature, and should not affect the
measured chemical shifts of CHT. Thus the presence of
0.4% NCD or less in the NMR tube should yield accurate
values of Keq.


Equilibrium constants in CBrF3 and CClF2H resulting
from substitution of the extrapolated �e � �a substituted
into Eqn. (9), together with the measured �� values, are
shown in Table 2. Fast-exchange data in both solvents
yield �G° values similar to those obtained in the slow-
exchange region by direct integration in CBrF3 (see
Table 1). Reliable thermodynamic parameters in the fast-
exchange region were obtained from Eqn. (9) using
�e � �a values extrapolated from NMR spectra taken in
the slow-exchange in CBrF3 and CClF2H. As a result, the
high-temperature equilibrium constants in this investiga-
tion differ from those reported by Jensen and Smith.12


Figure 6 shows a plot of �G° versus temperature (in
CBrF3) obtained in the present study and data reported by
Jensen and Smith.12 There is good agreement between
�G° values obtained in CClF2H and those in CBrF3 in the
fast-exchange region (Table 2). Significantly, Fig. 6
shows a small �S° for measurements obtained in the
present study, and a larger �S° obtained by Jensen and
Smith.12 The magnitude of �S° is important because, in
Jensen and Smith’s study,12 it predicts that the deuterium
conformational preference changes from equatorial to
axial above 191 K. In the present study, fast-exchange
equilibrium constants were calculated using extrapolated
chemical shift differences, accounting for temperature
dependence in the axial-H equatorial-H chemical shift
difference. Combining and fitting the slow- and fast-
exchange free-energies yields �H° and �S° in CBrF3 of
55 � 8 cal mol�1 and 0.03 � 0.05 cal mol�1 K�1 respec-
tively. �G° values obtained in the fast-exchange region
are similar to those measured by integration at lower
temperatures, and imply that �G° is only weakly
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temperature dependent. These results disagree with those
of Jensen and Smith12 and show that �S° for an
isotopically perturbed equilibrium should be very close
to zero for a system such as this.28,29


&� �
���	 �������	
�


To obtain an independent measure of the isotope effect in
CHT-7-d, ab initio calculations were carried out. At all
levels of theory considered, ab initio calculations showed


the Cs boat conformation to be an energy minimum on the
potential energy surface with only real (not imaginary)
vibrational frequencies. The C2v planar-ring form was
calculated to be a transition state for ring inversion (one
imaginary frequency). The lowest calculated vibrational
frequencies (Cs form) are listed in Table 3; the calculated
stretching vibrational frequencies can be found in Table
4. Overall, the difference in axial and equatorial C—D
stretching frequencies is approximately 50 cm�1, which
corresponds to a �H�


str value of approximately 25
cal mol�1. The experimentally determined �H° is 55
cal mol�1, leaving 30 cal mol�1 for bending contribu-
tions to the overall �H°. These calculated (scaled)
stretching frequency differences reproduce the experi-
mentally observed values to within 7%.11 Owing to
neglect of electron configuration interaction and vibra-
tional anharmonicity, vibrational frequencies calculated
at the RHF level are systematically higher than the
observed experimental vibrational frequencies.4,35,40


Table 5 summarizes the thermodynamic parameters
calculated at the RHF/3-21G, RHF/6-31G* and MP2/6-


������ 8� � ��(������) �	 ���(�*�)�(�� *��� �����)�* �)
*�		���)� �����)��? ���� �	 �����!�42���� 9� �	 �@° ����2�
�����2�� ��(�����2�� 	�� ��,!7!* �) �
��8 /����* ��)�0� �@°
����2� �����2�� ��(�����2��� �) �����)� 	�� ��,!7!* -��
�)��+�����) *��� 	��( �
��8 �)* A�)��) �)* '(��B� *���
/�����) ��)�01�# �����)+ �� ��)��� 	���!�)��+� �������) ����*�
��° 5 %%� $ ��� (���� �)* �'° 5 �1�8� �1�% ��� (����
>�� 	�� �
��81 ������* 	�� ��(������) ��� A�)��) �)* '(��B�
*�����# �������* �� ��° 5 ��#� 8� ����(���� �)* �'° 5 �17
��� (���� >��


)��� �� ����2����* +��(����� ����(����� 	�� �� ���� 	��( �	 ��, �� �����2� ������ �	 �����


Level of theory


Distance (Å) Lowest two vibrational
frequencies (cm�1)aC1—C6 C7—Hax C7—Heq


RHF/3-21G 2.458 1.086 1.081 211, 291
RHF/6-31G* 2.480 1.088 1.083 186, 287
RHF/6-311G* 2.480 1.088 1.083 185, 286
MP2/6-31G* 2.390 1.099 1.093 236, 276


a The RHF frequencies are scaled by 0.90; the MP2 frequencies are scaled by 0.95.40


)��� 5� ����2����* �����* �������)+ 	��42�)���� 	�� �� �:��� �)* �42������� �C� ��)*� �) ��,!7!*


RHF/3-21Ga RHF/6-31G*a MP2/6-31G*a Experimental11


Axial C—D (cm�1) 2115 (2351) 2111 (2346) 2133 (2270) 2125
Equatorial C—D (cm�1) 2158 (2398) 2157 (2397) 2187 (2327) 2183
�� (cm�1) 43 (48) 46 (51) 54 (57) 0058


a Values given in parentheses are unscaled vibrational frequencies.


)��� �� '2((��� �	 �� �)���� ����2�����)� �	 ������� �		����
�) ��,!7!* /��� ��+1 #0


Level of
theory


Temperature
(K)


�H°
(cal mol�1)


�S°
(cal mol�1 k�1)


RHF/3-21G 770 � 38 �0.026
2000 0 � 42 �0.015
298.15 � 44 �0.021


RHF/6-31G* 770 � 49 �0.020
200 00 � 55 �0.024
298.15 � 57 �0.029


MP2/6-31G* 77 0 � 29 �0.027
200 00 � 35 �0.015
298.15 � 34 �0.014
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31G* levels. �H° at the RHF levels is fairly consistent,
yielding values between 38 and 57 cal mol�1, depending
on temperature. The MP2/6-31G* calculations yield
systematically lower values of �H° than the RHF levels,
but this may be accidental. Importantly, the overall �S° is
nearly zero at the RHF and MP2 levels. To calculate the
overall �S°, only the rotational and vibrational entropy
contributions are needed. Differences in the rotational
entropy in CHT-7-d are entirely due to differences in the
moments of inertia in the two conformers. Interestingly,
the calculated overall value of �S° shows a distinct
temperature dependence: the rotational entropy �S�


rotand
the vibrational entropy �S�


vib,are opposite in sign
(supplementary table S2). At low temperatures, only
the lowest vibrational level is populated, yielding a very
small value for the vibrational entropy; the rotational
entropy, however, remains constant even over a tem-
perature range of 200°C. An increase in temperature
increases the number of populated vibrational levels, thus
increasing the vibrational entropy, and offsetting the
rotational entropy. Nevertheless, the total calculated �S°
is very close to zero, and has only a slight temperature
dependence.


It is possible that the anharmonicity of the potential
energy surface (PES) in CHT may affect calculation of
�H° and �S°,41 but these calculations are computation-
ally expensive and may be the subject of a separate study.
However, an important conclusion of Kopelevich’s work
is that �H° and �S° could be accurately calculated even
at low levels of theory, assuming a harmonic PES when
differences or differences of differences are taken.29


Additionally, the main contribution to the isotope effect
arises due to the difference in the high-frequency modes,
and anharmonicity is expected to have a small effect on
this difference.


Calculated moments of inertia in the present study
agree closely with experimentally determined values9


(Table 6). The calculated values for Ia and Ib at the RHF/
6-31G* level of theory more closely match the experi-
mental than the Ia and Ib calculated at the MP2/6-31G*
level of theory. However, the experimental value for Ic,
which is extremely sensitive to the degree of ring non-
planarity in CHT, falls between the MP2/6-31G* value
and the RHF/6-31G* value. It appears that Ic is
overestimated at the MP2/6-31G* level of theory and
somewhat underestimated at the RHF/6-31G* level of
theory. Structures of CHT inferred from electron


diffraction8 and those inferred from microwave data9


are distinguishable based on their significantly different
moments of inertia. The data obtained for this investiga-
tion28 are in agreement with the CHT structure inferred
from microwave data. Notably, results obtained from
calculations by Gajewski and co-workers4 and Radom
and co-workers42 are consistent with experimental data
inferred from microwave spectra.9 Together with our
data,28 these two separate reports4,42 of the calculated
moments of inertia provide independent support for a
C1—C6 distance that is somewhat shorter than the one
calculated at the RHF level.


Table 7 shows the calculated potential energy barrier
for ring inversion in CHT. These data indicate that at the
RHF level, the calculated ring-inversion barrier for CHT
(4 kcal mol�1) reproduces the experimental barrier of
approximately 6 kcal mol�1 with only fair accuracy.
When second-order perturbation theory is used to
calculate the ring-inversion barrier, it suddenly jumps
to 10 kcal mol�1. This large change in barrier height is
likely due to stabilization from orbital overlap between
C1 and C6, which is overestimated at the MP2/6-31G*
level of theory. However, this increased stabilization in
the boat form of CHT alone cannot explain why the
potential energy barrier suddenly became 10 kcal mol�1.
In order to understand this effect better, a series of single-
point calculations at the MP4/6-31G* level of theory was
carried out. The single-point energies of the C2v form,
and the boat Cs form at MP4/6-31G* were calculated
using coordinates optimized at RHF/6-31G* and MP2/6-


)��� 8� ��(������) �	 ����2����* �)* �:����(�)��� (�(�)�� �	 �)����� �) ��,


Moments of inertia


(amu Å2)


RHF/6-31G* geometry Average of MP2 and RHF geometry MP2/6-31G* geometry Experimental9


Ia 136.2212 136.2072 136.1932 136.7736
Ib 137.6722 137.0182 136.3641 137.6683
Ic 251.2073 248.3037 245.4000 248.7480


)��� �� ��)+!�)������) ������� 	�� ��, ����2����* �� �����2�
������ �	 �����


Level of theory
Calculated potential energy barrier


(kcal mol�1)


RHF/6-31G* 4.26
MP2/6-31G* 9.76
MP4/6-31G*a 7.10
MP4/6-31G*b 7.34
MP4/6-31G*c 7.17


a Potential energy barrier calculated using geometry optimized
at RHF/6-31G*.
b Potential energy barrier calculated using average geometry
from RHF/6-31G* and MP2/6-31G*.
c Potential energy barrier calculated using geometry optimized
at MP2/6-31G.
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31G*. Optimized RHF/6-31G* and MP2/6-31G* coordi-
nates for the Cs form of CHT were averaged to generate
an additional geometry used in the MP4/6-31G* single-
point calculation. Single point MP4/6-31G* calculations
on the planar C2v (transition-state) geometry of CHT used
the same coordinates that were obtained in the MP2/6-
31G* calculations. The coordinates for planar CHT
calculated at the RHF/6-31G* level were nearly identical
to those obtained at the MP2/6-31G* level. Table 7 shows
results from the MP4/6-31G* single-point calculations.
At MP4/6-31G* the calculated potential energy barrier
using optimized RHF/6-31G* and MP2/6-31G* struc-
tures is 7.3 kcal mol�1, in good agreement with the
experimental barrier. The larger calculated barrier height
at the MP2/6-31G* level may be due to an overestimation
of the energy of the planar-ring form of CHT together
with an underestimation of the boat form of CHT. The
results obtained for this investigation28 are in agreement
with recent reports, which find that the barrier to ring-
inversion in CHT is between 4.3 and 9.8 kcal mol�1 from
ab initio calculations,42 and 5.2 kcal mol�1 from density
functional theory calculations.4 These reports did not
investigate the variation in ring-inversion barrier, with
respect to level of theory. We therefore explore this effect
below.


Table 3 shows some important features of calculated
bond distances and interatomic distances. The equatorial
C—H bond for the methylene group in CHT is calculated
to be shorter than the axial bond by approximately
0.005 Å, regardless of the choice of basis set. This
observation is consistent with the experimental observa-
tion that the equatorial bond has a larger force constant
than the axial bond. Table 3 also shows an interesting
trend in the interatomic C1—C6 distance on going from
the RHF to the MP2 level of theory. Smaller basis sets
without perturbation yield a fairly constant C1—C6
distance of approximately 2.48 Å. Introduction of
second-order Møller–Plesset perturbation theory yields
a C1—C6 distance of 2.39 Å, a decrease of 4%. Although
some variation in bond length is expected from calcula-
tions at different levels of theory, the change in the C1—
C6 distance is substantial and is understandable in terms
of homoconjugation.6 Homoconjugation makes CHT
homoaromatic, which biases the structure of CHT toward
NCD, depending on the degree of orbital overlap between
C1 and C6. The degree of orbital overlap depends on the
balance between an increase in strain energy of the newly
formed ring and the decrease in its electronic energy.
With MP2, electron excitation to virtual molecular
orbitals is computed. The low-lying unoccupied (virtual)
molecular orbital in CHT has bonding character between
C1 and C6. When electron density in this molecular
orbital is allowed to mix with electron density in the
highest occupied molecular orbitals, the result is a CHT
structure with some NCD character.43 Hence, if homo-
conjugation is an important feature in CHT, a decrease in
the interatomic C1—C6 distance is expected, and this


effect is observed at MP2/6-31G*. Together with the
change in barrier to ring inversion upon using MP2, a
shorter C1—C6 distance and smaller C1—C7—C6 bond
angle of approximately 105°4 can be explained in terms
of neutral homoconjugation, even though the effects of
homoaromaticity in electronically neutral molecules are
thought to be weak.44 Our results show that homoaro-
maticity in CHT may be detectable, and have implica-
tions for the CHT–NCD equilibrium and the ring-
inversion equilibrium of CHT. The ground state of
CHT is stabilized by the p orbital overlap of C1 and C6,
and the barrier to ring inversion is increased as a result.
At the same time, the overlap distorts CHT so that the six-
membered ring is somewhat flattened, and has some
geometrical characteristics of NCD.


The ab initio results from various levels of theory
provide similar structures for CHT, indicating that the
calculated structure of CHT is reproducible. Although ab
initio calculations provide a geometry for CHT, there is
no low-temperature X-ray crystal structure of CHT that
can be used to compare with the calculated molecular
geometry of CHT. There is, however, an X-ray crystal
structure of thujic acid, which shows a C1—C6 distance
of 2.41 Å,10 in line with the C1—C6 determined in our ab
initio studies. It would also be desirable to use ab initio
calculations to fit the entire vibrational spectrum of CHT,
as has been done for cyclopentene.45


-+(-',2�+(2


We have measured the conformational preference for the
deuterium in CHT-7-d over a wide temperature range
using three independent methods: Saunders’ isotopic
perturbation method17–20,46–50 in conjunction with inte-
gration in the slow-exchange region and lineshape
analysis in the intermediate-exchange region. The CHT
equilibrium is skewed, with a conformational preference
for deuterium in the equatorial position by 52 � 8
cal mol�1 at �173°C, with �H° = 55 � 8 cal mol�1 and
�S° = 0.03 � 0.05 cal mol�1 K�1 in CBrF3. Although the
�G° values reported by Jensen and Smith12 in 1964 are
essentially correct, the present results clearly establish
that the thermodynamic data, which provided
�H° = 142 � 30 cal mol�1 and �S° = 0.7 � 0.3 cal mol�1


K�1, for CHT-7-d are in error. The difficulty of obtaining
reliable values for �H° and �S° arises because these
parameters were calculated from the temperature depen-
dence of �G° over a limited temperature range (54° in
Jensen and Smith’s case). The NMR work described in
this paper has been done over a wider temperature range
(110°C) using more modern instruments and methodol-
ogies, which avoid the introduction of systematic errors
in obtaining equilibrium constants and free energy
differences. The results obtained from the NMR measure-
ments also agree with those from ab initio quantum
mechanical calculations, which show �H° = 55
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cal mol�1 (RHF/6-31G*) and �S° = 0.02 cal mol�1 K�1


at room temperature. The experimental values for �S° are
very accurate, extremely small, and the calculated values
show a distinct temperature dependence. The �H° of
approximately 34 cal mol�1 calculated at the MP2 level
does not agree with our experimental results; however,
the theoretical and experimental values may be in closer
agreement at higher levels of theory. Our experimental
findings are further confirmed by quantum mechanical ab
initio calculations, which show that the major contribu-
tion to the overall �S° originates from the zero-point
vibrational energy level difference between the confor-
mers having an axial and an equatorial deuterium. Our
calculations also agree with the IR data measured by la
Lau and de Ruyter11 that predict a 25 cal mol�1


difference in the stretching contribution to �H°. This
report shows that a combination of low-temperature
integration and measurements of high-temperature equi-
librium isotope effects on the chemical shift provide a
general framework for accurate measurements of isotope
effects.
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ABSTRACT: Volumes of activation, �V≠, and reaction, �V, partial molar volumes, �V , and enthalpies of solution,
�solH, were determined for tetracyanoethylene, cyclopentadiene, 1,3-butadiene, trans, trans-1,4-diphenyl-1,3-
butadiene and their Diels–Alder adducts at 25°C in some solvents of �- and n-donor type. The values of the activation
and reaction volumes were exceptionally small in the former type of solvents. Large solvent effects on �solHTCNE (up
to 26 kJ mol�1), �V TCNE, �V and �V≠ (up to 11 cm3mol�1) were observed in aromatic solvents and these values are
linearly correlated with each other. Poor correlations were found for n-donor solvents, but a linear dependence
between �V and �r�nH (enthalpy of reaction) was obtained for all solvents. Copyright  2001 John Wiley & Sons,
Ltd.
Additional material for this paper is available from the epoc website at http://www.wiley.com/epoc


KEYWORDS: volume of activation; volume of reaction; solvent effect; tetracyanoethylene


�&#'()�


Kp, equilibrium constant at pressure P; kp, rate constant at
pressure P; �G, free energy of process; �G≠, free energy
of activation; �V, volume of reaction; �V≠, volume of
activation; �, apparent molar volume; �V , partial molar
volume; �V*, partial molar volume of transition state;
�r�nH, enthalpy of reaction; �solH, enthalpy of solution;
�solvH, enthalpy of solvation; �sublH, enthalpy of
sublimation; IP, ionization potential; T, temperature
(K); R, gas constant; cN, concentration of substance N
at equilibrium; c0,N, initial concentration of N; DN,
optical density of N at equilibrium; D0,N, initial optical
density of N; r, correlation coefficient; s, standard
deviation; n, number of measurements; M, molar mass;
d0, density of solvent; d, density of solution.


�*�+(�,-��(*


Information on the volume change during a reaction can


be obtained from the pressure dependence of the
equilibrium constant at a fixed temperature:


�� ln K��P�T � ����G��P�T


RT
� ��V�RT �1�


Since thermodynamic equilibrium between the initial and
transition states is assumed in the transition state theory,
the same conclusion is applicable to a kinetic pressure
effect provided that the solvent thermal motions are fast
enough:


�� ln k��P�T � ����G����P�T


RT
� ��V ���RT �2�


Pressure affects the free energy of reaction through the
P�V term and the various changes in the solute–solvent
and solvent–solvent interactions. As an example, high
pressure affects solvent properties (i.e. dielectric con-
stant, viscosity, etc.) and for this reason additional
changes of the free activation or reaction energies may
occur. These effects may reflect on the validity of the
volumes of activation and reaction.1


Another factor in the pressure effect is the intermol-
ecular distance. Intermolecular distances decrease under
pressure, leading to an increase in the potential energy.
The molecules try to adjust to this new situation by taking
a more crowded conformation, which occupies a smaller
volume. Shifts of the conformational equilibrium of 1,2-
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dichloroethane from an anti to a gauche conformation
(�V gauche � �V anti = �3.8 cm3 mol�1 in hexane2) may be
understood as a result of a combination of these two
effects. In the case of fast reactions and in a medium with
high viscosity the reaction rate can be controlled by
diffusion and the pressure dependence of the rate
constant can be complicated by this effect.3–5


Only when the free energy changes under pressure are
caused by the contribution of the P�V term the values of
reaction and activation volumes can be correctly


determined from Eqns (1) and (2). Therefore, it is useful
to compare the values of the volume parameters from
pressure effects with pressure-independent measure-
ments.


In contrast to the activation volume, the value of the
reaction volume can be independently determined via the
difference between the partial molar volumes of the
products and of the reagents. Partial molar volumes (�V )
of solutes at infinite dilution can be estimated by
extrapolation of the apparent molar volumes (�) obtained


.�%��� �� ����������� �� ��� 	���� �� ��� +������ ����� 	����� �� �����'������������ 12
�
�3 4��� 1�3 ��� ���������� +�������� ��


��� ��	���� 1$3 ��� ���� �� ������� �� 5�6,� 1'3 ��� ���� ����&� �� ��� ��������� �� ��� '��+��7 $��4��� 5�6, ��" ��� ��	���
��" 1"3 ��� ���� '������ �� ��� *���8#�"�� ���'���� �� 5�6, ��" ������'��� ���& ��� "��� �� 5�$�� ���� #������' ��	���9��
���.�������' ��	���
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by measuring the solvent and solution densities:


�A � 1000�d0 � d��cAd0 � MA�d0 �3�
�A � 1000�d0 � d��mAd d0 � MA�d �4�
�A � �d0 � d�MS�1 � xA��xAd d0 � MA�d �5�


where MA and MS denote the molar mass of solute and
solvent, respectively, d and d0 are the densities of
solution and solvent, respectively, and cA, mA and xA are
the concentration scales in molarity, molality and mole
fraction, respectively. For a solute the value of �V A


includes the structural volume, i.e. the volume of van der


Waals spheres, the voids around them and the volume
change of the solvent in the process of shell formation
around the solute.6 The last contribution depends on the
difference between solute–solvent and solvent–solvent
interaction energies. In the case of strong ion–solvent
interactions the contraction of the solvent by electro-
striction can exceed the value of the structural volume of
the solute and the value of the partial molar volume can
be negative.7 From this standpoint the partial molar
volume is not the volume parameter of a solute only, but
can be assigned to the volume change of the system as a
whole, which involves the solute concentration. Never-
theless, the difference between these experimental values
of partial molar volumes of the products and of the


�	
��� �


�$�� �� ���������� +�������� �� ��	��� 1�(3� +������ ����� 	����� �� �����'������������ 12
�
�3� ������+� �� ������� 1���:3 ��"


��	����� 1���	:3� ���� ����&� 1�;3 �� '��+��7 ��������� �� 5�6, 4��� �����$������ ��" ��� ���� '������ 1�3 �� ��� *���8
#�"�� ���'���� �� 5�6, 4��� ������'��� �� �<°�


No. Solvent IPa (eV) �V 1 (cm3 mol�1) �solH (kJ mol�1)
��solvHb


(kJ mol�1) ��Ga (kJ mol�1) kc (1 mol�1 s�1)


1 Chlorobenzene 9.10 109.2 23.1 58.1 �0.65 1.82
2 Benzene 9.25 108.4 14.9 66.3 1.72 0.38
3 Toluene 8.82 104.6 9.7 71.5 3.24 0.13
4 o-Xylene 8.58 102.1 1.4 79.8 4.81 0.061
5 p-Xylene 8.48 101.5 0 81.2 5.04 —
6 Mesitylene 8.14 98.1 �2.7 83.9 7.07 0.010
7 Acetonitrile 12.12 108.7 15.2 66.0 — 2.18
8 Ethyl acetate 9.54 112.1 9.2 72.0 — 0.24
9 Cyclohexanone 9.14 110.4 7.6 73.6 — 0.20


10 1,4-Dioxane 9.13 105.7 4.3 76.9 — 0.34
11 1,2-Dichloroethane 11.12 107.8 21.3 59.9 — 3.82
12 Dichloromethane 11.35 107.5d 23.4 57.8 — 4.28
13 Chloroform 11.42 108.9 24.5 56.7 — 5.47


a For alkylbenzenes from Ref. 9, and for other solvents from Ref. 10.
b Calculated with the value of �sub1H 81.2 kJ mol�1 from Ref. 11.
c From Ref. 12.
d From Ref. 13.
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reagents properly equals the reaction volume of the given
reaction system. Similarly, the change of a heat of
reaction in different solvents is determined by the
difference in the heats of solution of products and of
reagents. The heat of solution and the partial molar
volume both reflect the changes in the intermolecular
interactions.


The interpretation of the thermodynamic pressure
effects in terms of molar volume changes has been
proved for some reactions, e.g. the ionization of water.6


The reaction volume derived from the pressure depen-
dence of the ionization constant was in good agreement
with that obtained from acid–base reactions. For a non-
polar Diels–Alder reaction the values of the volume of
reaction calculated from the difference in the activation
volumes of forward and backward processes and from
pressure effects on equilibrium were in good agreement
with those obtained from partial molar volumes.1 There-
fore, the pressure effect can be considered as a bridge


between the energetics and the volumetrics of chemical
reactions. In a series of carefully selected solvents, it is
reasonably expected that the solvent dependence of
reaction volume is strongly correlated with the difference
in the solvation energies of the reagents and of the
products.


For ionic processes, the large solvent effect on the
activation volumes is conditioned by the solvent electro-
striction.3,6,7 In this work the large solvent effects on
activation and reaction volumes (�V≠ and �V) of non-
polar Diels–Alder reactions will be analyzed.


+ �,)�� �*� ���-,���(*


Tetracyanoethylene (1) is known to be a good dienophile
in the Diels–Alder reaction, and, owing to its strong �-
acceptor tendency (lit.8 EA = 2.88 eV), its partial molar
volume is expected to depend on the �-donor properties


�$�� �� (������ ����� 	����� 12
�
� '�)�����3 �� "���� � ��" / ��" �""�'� 0� 1 ��" 2 ��" 	����� �� ���'���� ���� 1�2�


'�)�����3 4��� �����'������������ �� 	����� ��	��� �� �<°�


No. Solvent


�V ��V


2 4 6 7 8 I II III IV


1 Benzene 83.2 199.3 159.6 161.9 280.8 32.0 34.7 26.9 —
2 Toluene 82.4 199.8 158.3 159.7 279.9 28.6 33.1 24.5 14.9
3 o-Xylene 82.4 199.8 160.2 160.8 280.7 24.3 29.5 21.2 11.3
4 Mesitylene 83.1 199.8 159.4 162.3 281.0 21.8 24.0 16.9 —
5 Chlorobenzene 82.4 — 159.6 — — 32.0 — — —
6 Acetonitrile 82.6 200.0 150.6 157.6 275.5 40.7 39.3 33.2 24.2
7 Ethyl acetate 83.8 195.2 150.3 155.4 272.8 45.5 44.9 34.5 22.6
8 Cyclohexanone 81.4 201.7 157.5 158.6 278.1 34.3 40.0 34.0 —
9 1,4-Dioxane 81.8 200.4 151.6 156.1 279.8 35.9 37.8 26.3 —


10 Dichloromethane 83.5 — 153.8 — — 37.2 — — —
11 1,2-Dichloroethane 83.6 202.7 154.7 154.4 278.8 36.7 41.6 31.7 20.6
12 Chloroform — 199.8 — 154.2 273.8 — 42.9 34.9 —


�$�� �� ,�����+� �� ������� 1���:� �0 ���
��3 �� �����'������������ 1�3� "���� � ��" / ��" �""�'� 0� 1 ��" 2 ��" ������	�


'���&� �� ��� ���� �� ���'���� 1����:� �0 ���
��3 �� 	����� ��	��� �� �<°�


No. Solvent


�solH �r�nH


2a 4 6 7 8 I II III


1 Benzene 0 24.1 22.9 22.9 20.3 13.6 8.3 14.0
2 Toluene 0.2 23.9 22.7 22.5 18.3 18.4 12.0 17.4
3 o-Xylene 0.8 24.4 23 20.7 17.3 26.4 18.2 24.2
4 Mesitylene 1.2 25.4 23 22.0 18.8 30.1 23.8 28.8
5 Acetonitrile 2.4 32.0 13.3 20.2 14.4 1.3 2.9 �0.1
6 Ethyl acetate 0.5 22.5 7.5 16.1 6.9 3.4 6.7 7.9
7 Cyclohexanone 0.5 20.5 10.3 15.2 2.7 7.8 7.4 7.3
8 1,4-Dioxane 0.1 21.4 4.1 14.8 9.1 5.3 10.7 16.1
9 1,2-Dichloroethane 0.6 24.4 16.3 21.6 13.0 0b 0b 0b


10 Chloroform — 22.8 — 21.1 11.4 — �2.6 �3.2
11 Dichloromethane �0.2 — 16.0 — — �1.6 — —
12 Chlorobenzene 0 — 22.9 — — 5.4 — —


a Data on the heat of solution of benzene from Ref. 14 (see text).
b 1,2-Dichloroethane was used as reference. The values of the heats of reactions I, II, III and IV in 1,2-dichloroethane are �113, �154, �97 and
�66 kJ mol�1, respectively, from Ref. 15.
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of the solvent. Table 1 lists some effects of specific
interactions of acceptor 1 with the solvent. The results for
�-donor solvents (Nos 1–6, Table 1) demonstrate strong
correlations between �V 1 and other magnitudes, as shown
in Fig. 1. From these correlations one can conclude that
�,�-complex formation plays a major role in the
stabilization of 1 and this stabilization results in an
approximately proportional decrease in the partial molar
volume. On the other hand, however, poor correlations
were found for n-donor solvents despite the large
differences in �solH. The increase in the solute–solvent
interaction energy does not result in a regular decrease in
�V 1, probably because the n-� interaction does not restrict
the thermal motions of the solvent molecules as much as
the �–� interaction, does.


From the results in Table 1 we can propose that the
volume of reaction, �V, and the heat of reaction, �r�nH,
for the Diels–Alder reaction of TCNE will change
systematically in �-donor solvents. In order to examine


this possibility, the partial molar volumes and the
enthalpies of solution of cyclopentadiene (2), 1,3-
butadiene (3) and trans, trans-1,4-diphenyl-1,3-buta-
diene (4) and those of their adducts with TCNE (Scheme
1) were determined. For reactions I–III the results are
given in Tables 2 and 3.


The tetracyanoethanoic part in an adduct no longer has
�-acceptor properties and this is reflected in the
constancy of the values of �V (6–8) (Table 2) and �solH
(6–8) in aromatic solvents (Table 3). The heats of
solution of the adducts are more endothermic in the
aromatic solvents than in the others. This may be one of
the reasons for their very low solubility in aromatic
solvents. As expected, the reaction volumes tend to be
less negative in the aromatic solvents than in the others,
as a result of the smaller partial molar volume of TCNE,
caused by �–� interactions. From the enthalpy cycle


.�%��� �� ����������� �� ��	��� ����'� �� ��� 	����� ��
���'���� 1�3 ��� 1�3 ��� ��" 1�3 �� 4��� ��� 	����� ��
���'���� � ���� ��� "��� �� 5�$�� �� 5�� ���$�� �� ���
��	��� '����+��" �� ���� �� 5�$�� �


�$�� /� ,7+��������� "�+��"��'� �� ��� �+��'�� "������ 1*� �� *33 ��" ��� �=����$���� '������ 1�3 �� +����� 1�8����
�& '���3 ��" 	����� 1'�) �����3 �� ���'���� �� �� 	����� ��	��� �� �<°�


Solvent Experimental relations


Toluene Dp/D1 = 0.992 � 0.004 � (2.632 � 0.0132) � 10�4P; n = 21; r = 0.9937; s = 0.0070; � = 22730 cm�1; absorption of
complex (1–solvent) lnKp/K1 = (�0.00111 � 0.0114) � (5.920 � 0.062) � 10�4P; n = 10, r = 0.9951, s = 0.023;
�V = �14.9 � 1.0


o-Xylene Dp/D1 = (0.999 � 0.003) � (4.720 � 0.050) � 10�4 P; n = 21; r = 0.9989; s = 0.0071; � = 19050 cm�1; absorption
of complex (1–solvent) lnKp/K1 = (0.0113 � 0.0082) � (4.484 � 0.0427) � 10�4P; n = 14; r = 0.9918; s = 0.021;
�V = �11.3 � 1.0


Ethyl acetate Dp/D1 = (1.001 � 0.001) �(2.813 � 0.526) � 10�5P �(3.703 � 0.508) � 10�8P2; n = 19; r = 0.9916; s = 0.002;
� = 25770 cm�1; absorption of diene 5. lnKp/K1 = (�0.00953 � 0.0108) � (8.952 � 0.060) � 10�4P; n = 10;
r = 0.9980; s = 0.003; �V = �22.6 � 1.5


Acetonitrile Dp/D1 = (1.000 � 0.001) �(1.789 � 0.058) � 10�4P � (4.350 � 0.458) � 10�8P2; n = 12; r = 0.9982; s = 0.002;
� = 25770 cm�1; absorption of diene 5. lnKp/K1 = (�0.00154 � 0.0174) � (9.566 � 0.084) � 10�4P; n = 11;
r = 0.9958; s = 0.003; �V = �24.2 � 1.5


.�%��� �� ����������� �� ��	��� ����'� �� ��� 	����� ��
���'���� 1�3 �� 1�3 �� ��" 1�3 ��� 4��� ��� ��	��� ����'� ��
��� ���� �� ���� ���'���� ���� ��� "��� �� 5�$�� � ��" )�
5�� ���$�� �� ��� ��	��� '����+��" �� ���� �� 5�$�� ��
5�� ��"����� 	���� �� ���'���� � ��" �� ��� �����" �+ $� ��
��" �� '�) ������ ��+�'��	���
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[Eqn. (6)] the relative reaction enthalpy, �r�nH, with
respect to 1,2-dichloroethane (S0) was calculated:


�r�nH � �r�nH�Si� ��r�nH�S0�
� �solH6�Si� ��solH6�S0�


��solH�1�2��Si� ��solH�1�2��S0� �6�


For reactions I–III all the data are summarized in Table
3.


For reaction IV, which is reversible at room tempera-
ture, the values of the reaction volume can be obtained
only from the pressure effect on the equilibrium constants
(Table 4). It is obvious that the change in partial molar
volume of tetracyanoethylene in aromatic solvents makes
an essential contribution to the change in reaction
volume. When the volumes of reactions II, III and IV
are compared with the volume of reaction I (Fig. 2),
nearly the same solvent effect on the reaction volumes is
observed. It is interesting to note (Table 2, Fig. 2) that for
the same process of breaking and forming bonds of non-
polar Diels–Alder reactions I–IV, the values of the
reaction volume differ sharply, depending on the adduct
structure. In solution the voids in the crowded structure of
adducts 8 and especially 9 are more or less inaccessible to
solvent molecules. For this reason, the values of the
partial molar volumes of these adducts are larger than
those of the adducts with a structure completely
accessible for solvation. The volume of reaction IV
differs from that of reactions I and II by 20 cm3 mol�1


and from that of reaction III by 10 cm3 mol�1. The
crowding in the transition state of the non-polar Diels–
Alder reaction is less than that in the adduct and, because
of this, the value of the �V≠/�V ratio can be �1.


The heat of solution and the partial molar volume both
depend on the solute–solvent interactions. When the
volumes of reactions I–III are compared with the
changes in the heat of these reactions (Fig. 3), there is a
clear tendency for a more negative volume of reaction
with a larger exothermic heat of reaction in the solvents
under consideration.


The volumes of activation were determined here only
for the relatively sluggish reaction III (Table 5). It is
interesting that the effect of aromatic solvents on the
values of activation volume is related to that on the
reaction rate: �V≠ = �46.1 � 2.75lnk2, r = 0.996. The
values of the partial molar volume of the transition state
(�V*) (Table 6) were calculated from the experimental
values of the activation volume of the forward reaction
III (�V≠


f) (from Table 5) and the partial molar volumes
of reagents 1–4 (from Table 2). The values of the
activation volume of the backward reaction III (�V≠


b)
were calculated from the difference between �V* and �V 8.
From the data in Table 6 it can be seen that the activation
volumes of the backward reaction in non-aromatic
solvents (Nos 1–3) are close to zero, and appreciably
negative (�5 to �6 cm3mol�1) in aromatic solvents (Nos
4–7). To a first approximation, the ratio �V≠/�V reflects
the progress of the transition state along the reaction
coordinate. In this work the ratio of the volumes of
activation and reaction (Table 6) is very close to unity in
non-aromatic solvents and appreciably longer in aromatic
solvents. This means that in aromatic solvents the
transition state is more accessible for solvation, com-
pared with the branched structure of the adduct 8.


The changes of partial molar volume of tetracya-
noethylene in aromatic solvents correlate strongly with
the volume of activation of the forward reaction III [Eqn.
(7)] and with the volumes of reactions I [Eqn. (8)], II
[Eqn. (9)] and III [Eqn. (10)]:


�V ��
III � ��0�89 � 0�01�V 1 � 64�4� r � 0�997�


n � 7
�7�


�$�� 3� ,���'� �� +����� 1�8���� �& '���3 �� ��� ���� '������ 1�� � ����� ��3 ��" 	����� �� �'��	����� 1'�) �����3 ��
���'���� ��� �� 	����� ��	��� �� �<°�


Solvent Experimental relations


Benzene ln k = (�4.940 � 0.015) � (1.298 � 0.014) � 10�3P; n = 8; r = 0.9970; s = 0.0237; �V≠ = �32.7 � 0.4
Toluene ln k = (�5.972 � 0.021) � (1.175 � 0.014) � 10�3P; n = 7; r = 0.9970; s = 0.0345; �V≠ = �29.6 � 0.4
o-Xylene ln k = (�6.818 � 0.018) � (1.067 � 0.010) � 10�3P; n = 10; r = 0.9962; s = 0.0314; �V≠ = �26.9 � 0.3
Mesitylene ln k = (�8.476 � 0.037) � (9.180 � 0.235) � 10�4P; n = 6; r = 0.9903; s = 0.0453; �V≠ = �23.2 � 0.6
1,2-Dichloroethane ln k = (�2.344 � 0.018) � (1.260 � 0.011) � 10�3P; n = 10; r = 0.9972; s = 0.0303; �V≠ = �31.7 � 0.3
Acetonitrile ln k = (�2.522 � 0.020) � (1.312 � 0.013) � 10�3P; n = 8; r = 0.9971; s = 0.0297; �V≠ = �33.1 � 0.3
Cyclohexanone ln k = (�4.260 � 0.026) � (1.346 � 0.018) � 10�3P; n = 9; r = 0.9938; s = 0.0510; �V≠ = �34.1 � 0.5


�$�� 0� 2����� �� �'��	����� �� ��� ���4��" 1�2≠
�3 ��"


$�'�4��" 1�2≠
$3 *���8#�"�� ���'���� ���� +������ �����


	����� �� ��� ��������� ���� �� ��� ���'���� 12>3 ��" ���
����� 1�2≠


�?�2���3 �� 	����� ��	��� �� �<°� 1'�) �����3


No. Solvent �V* �V≠
f �V≠


b


�V≠
f/


�VIII


1 Acetonitrile 275.6 �33.1 1.4 1.00
2 Cyclohexanone 278.0 �34.1 �0.1 1.00
3 1,2-Dichloroethane 278.8 �31.7 0.0 1.00
4 Benzene 275.0 �32.7 �5.8 1.21
5 Toluene 274.8 �29.6 �5.1 1.21
6 o-Xylene 275.0 �26.9 �5.7 1.27
7 Mesitylene 274.7 �23.2 �6.3 1.37
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�VI � ��1�03 � 0�05�V 1 � 79�7� r � 0�985� n � 4 �8�
�VII � ��1�06 � 0�07�V 1 � 79�6� r � 0�971� n � 4 �9�
�VIII � ��0�99 � 0�04�V 1 � 80�1� r � 0�990� n � 4


�10�


From the values of the slopes, it can be definitely
concluded that the �-acceptor properties of tetracya-
noethylene are entirely lost in adducts 6–8 and that they
are still partly retained in the transition state of reaction
III (within 10%).


From these results, a strong solvent effect would be
expected on the activation and reaction volumes not only
of ionic and polar reactions, as is well known from the
literature,3,7 but also of non-polar processes, where one of
the states of the process under consideration interacts
with solvent specifically.


-(*-),��(*


The strong dependence of the heat of solution, the partial
molar volume of TCNE, the volume of activation and the
volume and the heat of reaction in aromatic solvents
unequivocally demonstrated that �–� interactions play a
vital role in the Diels–Alder reaction of TCNE. This is the
first example of large systematic solvent effects on �V,
�V≠ and �r�nH of non-polar Diels–Alder reactions. In
contrast to �-donor aromatic solvents, n–� and n–n
interactions between n-donor solvents and the reagents
are possible. Moreover, relatively strong n–n interactions
with the transition state and the reaction product can
occur. This is the reason for the very sharp difference in
the solubilities of adducts 6–9 in �- and n-donor solvents.
The partial molar volumes should be larger for the
branched structure in comparison with the less branched,
more solvated structure. This difference may be the
reason for the change in the volumes of activation and
reaction: �VI 	 �VII � �VIII � �VIV. From the same
standpoint, the structure of the transition state of non-
polar Diels-Alder reactions is less branched than that of
the adduct and because of this the value of the �V≠/�V
ratio can be �1.


 45 +�# *��)


Tetracyanoethylene (Merck) was sublimed in vacuo
(50 Pa) at 110°C as white crystals, m.p. 200–201°C.
Cyclopentadiene, after cracking of the dimer, was dried
with CaCl2 and distilled before the measurements. trans,
trans-1,4-Diphenyl-1,3-butadiene was recrystallized
from ethanol, m.p. 150–151°C. 9-Chloroanthracene
was purified on an alumina column, eluted with n-


hexane–benzene (5:1), m.p. 100–101°C. The adducts 6–8
were obtained as described16 with a yield of about 90%
and dried in vacuo, m.p. adduct 6 211–213°C (lit.16 206–
209°C), adduct 7 202–203°C (lit.16 197–199°C) and
adduct 8 211–212°C (lit.16 211–212°C). The adduct 9
was prepared as described previously.1 All the solvents
were purified by known methods,17 stored over molecular
sieves 4A and distilled before the measurements. The
water content was 
0.002% (w/w) in aromatic solvents
and 
0.02% (w/w) in all the other solvents.


The heats of solution were measured at 25°C using a
differential calorimeter with a volume of solvent in each
vessel of 180 cm3, as reported previously.18 The accuracy
was within 2%. The heat of solution of cyclopentadiene
was very low in the usual range of concentrations [(1–
5)�10�3 mol l�1]. When the concentration increased to
0.1 mol l�1, the heat effect of the diene (2) dimerization
was overlapping. For this reason, the heat of solution
of benzene14 was used as an alternative to that of
cyclopentadiene. The same changes in the heat of
solution applied to 1,3-butadiene.


Apparent molar volumes were determined at 25 �
1 � 10�3 °C by means of a Paar digital vibrating-tube
densimeter (DMA 602) with accuracy 
0.5%. The
apparent molar volumes of compounds 1, 2, 4 and 6–8
for each of the solutions were invariable in the
concentration range 0.01–0.05 mol l�1. No changes in
the densities of solutions were observed within a few
hours. The molar volume of 1,3-butadiene was assumed
to be 82.2 cm3mol�1 in all the solvents under considera-
tion.


Pressure effects on the equilibrium constants were
determined only for reaction IV of tetracyanoethylene
with 9-chloroanthracene in some solvents (Table 4). The
adducts 6–8 are very stable to decomposition under these
conditions. The values of the equilibrium constants were
determined from the equations


K � c9��c0�5 � c9�c0�1 � �D0�5 � D5��D5c0�1 �11�
K � c9��c0�1 � c9�c0�5 � �D0�1 � D1��D1c0�5 �12�


This depends on the monitoring of the absorption of diene
5 [in non-aromatic solvents when c0,1 �� c0,5, Eqn. (11)]
or of dienophile 1 [in aromatic solvents when
c0,5 �� c0,1, Eqn. (12)]. In Eqns (11) and (12), D0,5 and
D5 are the optical densities of diene 5 corresponding to
the concentrations c0,5 before the reaction and c5 at
equilibrium. D0,1, D1, c0,1 and c1 are the corresponding
characteristics for dienophile 1. It is clear that all the
values of D should be recalculated to the same pressure.
The optical densities as a function of pressure were
determined for all solutions of reactants 1 and 5 (Table 4).
The Tait equation can never be used because of a minor
bathochromic shift of the absorption bands under
pressure. Optical densities can increase or decrease with
the pressure, depending on whether monitoring is
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performed on the descending or ascending side of the
absorption bands. It was checked that the ratio of the
optical densities of solutions with different concentra-
tions at each value of pressure equals the ratio of these
concentrations. The change in optical density of tetra-
cyanoethylene (reaction IV) in o-xylene and in toluene
solutions under pressure is not related to the increase in
the fraction of the molecular complex (MC) 1–solvent.
From the values of the equilibrium constants of the
molecular complex of 1 with toluene (3.7 l mol�1) or
with o-xylene (7.0 l mol�1, Ref. 9) the ratio cMC/c0,1 is
�0.97.


All the sets of measurements (lnK –P, Table 4) for each
of solvents were fitted by a single linear dependence. The
reagent concentration taken in excess was considered
here as independent of pressure.


For reaction III, the measurements of the rate
constants under pressure were performed in non-aromatic
solvents following the change in the optical density of
diene 4 and in aromatic solvents following the change in
absorption of the molecular complex between tetracya-
noethylene and solvent (Table 5). The procedure for
measurements was the same as reported previously.1 All
experimental details for the results (Tables 4 and 5) are
available as Supplementary Material at the epoc website
at http://www.wiley.com/epoc.
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ABSTRACT: The calculations of density functional theory at the B3LYP/3-21G* level have been employed to
optimize the 1,3,5-triamino-2,4,6-trinitrobenzene (TATB)� � �CH2F2 complex. The complex binding energy is
corrected for the basis set superposition error. In addition, the interactions of TATB with (—CUV—CXY—)n (U, V, X,
Y = H. U = F; V, X, Y = H. U, V = F; X, Y = H. U, V, X = F; Y = H. U, V, X, Y = F. U, V, X = F; Y = Cl) have been
studied with the MO-PM3 method, and the complex binding energy with approximation of electron correlation
correction by the dispersion energy has been given. The results computed indicate that the greatest corrected binding
energy of TATB and CH2F2 is �4.62 kJ mol�1 at the B3LYP/6-311G*//B3LYP/3-21G* level. The interactions of
(—CF2—CH2—)n with TATB and of (—CF2—CFH—)n with TATB are stronger than those of (—CUV—CXY—)n (U, V,


X, Y = H. U = F; V, X, Y = H. U, V, X, Y = F. U, V, X = F; Y = Cl) with TATB (n = 5). Copyright  2001 John Wiley
& Sons, Ltd.


KEYWORDS: 1,3,5-triamino-2,4,6-trinitrobenzene; fluorine-containing polymer; intermolecular interaction; DFT-
B3LYP method; MO-PM3 method
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Since the first formulation of polymer-bonded explosive
(PBX-9205) in 1947, the PBXs have been widely used in
manyfields,suchasmissiles,aviation,mineralexploration,
etc.1–4 One of the key techniques of PBX development is
how to acquire polymers that have a strong interaction with
the pure explosive. In general, the interactions among the
PBX components are determined experimentally by the
measurements of mechanical properties, interface proper-
ties, etc.,4,5 and are explained using acid–base theory,
diffusion theory, and interfacial theory.6,7 However, these
theories are dependent on experiments or are qualitative.


In the last several decades, important progress in the
investigation of intermolecular interactions using quan-
tum-chemical methods has been made.8–14 The intermol-
ecular interaction plays a significant role in the
development of PBX formulations,4,5,15 and, in view of
this, molecular dynamical and quantum-chemical
methods have recently been employed to investigate the
interactions.16–18


So far 1,3,5-triamino-2,4,6-trinitrobenzene (TATB) has


been the sole pure insensitive high explosive.19 The
research of TATB-based PBXs is important to satisfy the
demands of safety. Usually, fluorine-containing polymers
areusedtobondTATB1,2because theyhave theadvantages
of large density,goodstability, andsoforth.Although there
are some studies on the intermolecular interaction of
fluorine-containing systems,20,21 no quantum-chemical
investigation on the interaction between TATB and
fluorine-containing polymers has been reported. In this
paper we employ the B3LYP22 and MO-PM323 methods to
study the TATB� � �CH2F2 complex and the TATB� � �


(—CUV—CXY—)n (U, V, X, Y = H. U = F; V, X, Y = H.
U, V = F; X, Y = H. U, V, X = F; Y = H. U, V, X, Y = F.
U, V, X = F; Y = Cl) complexes respectively. Optimized
geometries, electronic structures, and binding energies
have been obtained. Additionally, we have tried to shed
some light on the design of PBX formulations.


�+!�,���(+)�& !-��+'%


.�������	� � ����/������ ��� ��	�����	 ����	�
���� 	�	�������


The full geometry optimizations of TATB and of CH2F2


are performed at the B3LYP/3-21G* level. Since the full
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geometry optimizations of the TATB� � �CH2F2 complex
are expensive, in this paper we treat TATB and CH2F2


with rigid model.24 The intermolecular coordinates of the
possible stable structures of the TATB� � �CH2F2 complex
acquired with Chem3D software,25 which are shown in
Fig. 1, are optimized at the B3LYP/3-21G* level. For the
TATB� � � (—CUV—CXY—)n systems we adopt the semi-
empirical MO-PM3 method. All the MO-PM3 calcula-
tions for the TATB� � � (—CUV—CXY—)n complexes are
performed on the possible stable structures created by
the Chem3D software (for brevity, the complex
structures created are not given). The end groups of
linear (—CUV—CXY—)n are considered as H atoms, and
the chain grows in head-to-tail orientation. Natural bond
orbital analyses26 on the optimized structures of the
TATB� � �CH2F2 complex are carried out at the B3LYP/3-
21G* level.


��	������ �� ��������	��� ������	���� ������


The intermolecular interaction energy �E of the complex
is evaluated as the sum of the self-consistent field (SCF)
interaction energy �ESCF and the correlation interaction
energy �ECOR.24 For the B3LYP calculations, �E is
determined as the difference between the total energy of
the complex and the sum of the total energies of the
isolated molecules, and is corrected for basis set super-
position error (BSSE)27 with the Boys–Bernardi meth-
od.8 For the MO-PM3 calculation, �ESCF is calculated by


�EPM3, and �ECOR is approximated by the dispersion
energy �ED.28 Then the intermolecular interaction
energy of the complex is evaluated approximately as


�E � �EPM3 ��ED �1�


�ED � �
�A


i


�B


j


CijRij
�6 �2�


Summation over i and j is carried out over all the atoms of
subsystems A and B; rij is the distance between atoms i
and j, Cij is a coefficient equal to the geometrical mean of
Cii and Cjj. The values of Cii (kJ mol Å�6) for C, H, N, O,
F and Cl are 2254.2, 103.8, 1510.5, 882.1, 511.4 and
7033.5 respectively.24


All calculations were carried out with the Gaussian 94
program29 implemented on a PII personal computer using
the default Gaussian convergence criteria.


*-%,&�% �)' '(%�,%%(+)%
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Table 1 gives the fully optimized geometrical parameters
of TATB and of CH2F2 at the B3LYP/3-21G* level.
From Table 1 we can see that TATB is practically a
planar molecule. At the B3LYP/3-21G* level we obtain
three optimized structures (I–III, see Fig. 2) for the


������ #0 �� ���#��#��� 
� �'�*� �+�,� ������� $� �� ���-� �
��.���
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TATB� � �CH2F2 complex (structures M1, M4 and M5
converge on I, and M2 and M3 converge on II and III
respectively).


Table 2 lists the calculated total energy E and the
intermolecular interaction energy by the B3LYP method
with 3-21G*, 4-31G*, 6-31G* and 6-311G* basis sets,
where �EC is the �E corrected for the BSSE. By
comparing �EC with �E (see Table 2) we find that the
smaller the basis set, the larger is the BSSE; hence the
BSSE correction is important to the accurate calculation
of the complex binding energy with the B3LYP method.
For structures I, II and III the values of ��EC are in the
order I � III �II at the B3LYP/3-21G* level, are very
close at the B3LYP/4-31G*//B3LYP/3-21G* level, and
are in the order I � III � II at both the B3LYP/6-31G*//
B3LYP/3-21G* and the B3LYP/6-311G*//B3LYP/3-
21G* levels. At the B3LYP/6-311G*//B3LYP/3-21G*
level the greatest corrected binding energy of TATB and
CH2F2 is �4.62 kJ mol�1.


The values of charge transfer from TATB to CH2F2 are
�0.015e, �0.038e and 0.028e for structures I, II and III
respectively from the natural bond orbital (NBO)
analysis. The calculated occupancies of NBOs at the
B3LYP/3-21G* level are displayed in Table 3. Compared
with the isolated TATB and the isolated CH2F2, for
structure I the occupancy of the N(9)—H(16) antibond
increases by 0.014 (see Table 3), the occupancy of lone
pair (2) of the F(3) atom decreases by 0.014, and the
occupancies of other NBOs have smaller changes.
Considering the optimized structure I, it can be concluded
that the charge transfer between subsystems in I arises
chiefly between the N(9)—H(16) antibond and the lone
pair of the F(3) atom. Similar analyses show that there
exists in II a charge transfer between the N(11)—H(18)
antibond and the lone pair of the F(2) atom and between
the N(11)—H(17) antibond and the F(3) lone pair, and in
III chiefly between the O(19) lone pair and the C(1)—
H(5) antibond.


(�����	����� �� ���� ���
 12�,32��425�


(�����	����� �� ���� ���
 12���2���25� 1� 6 #" �" 7"
8" 950 (—CF2—CH2—)n is a polymer. It is difficult to
calculate the interaction between TATB and a polymer
with quantum-chemical methods at present. Thus we


��:� #0 �� �#��� 
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� �'�* �	� 
� �+�,� �� �� *-01 2-3��45 ����� 6$
	� ��	�� �2	�7
������� �	��� �2�������8


TATB molecule CH2F2 molecule


r2–1 = 0.1441 �13–7–1–2 = �0.06 �18–11–5–6 = 0.00 �23–12–6–1 = 0.02 r2–1 = 0.1392
r7–1 = 0.1323 �14–7–1–2 = 179.97 �19–8–2–1 = 0.13 �24–12–6–1 = �179.99 r4–1 = 0.1094
r8–2 = 0.1416 �15–9–3–4 = 179.96 �20–8–2–1 = �179.88 �4–1–2–3 = �119.39
r13–7 = 0.1033 �16–9–3–4 = �0.02 �21–10–4–3 = 0.02 �5–1–2–3 = 119.39
r19–8 = 0.1314 �17–11–5–6 = 180.00 �22–10–4–3 = �179.98


������ �0 �� 
�����/�� ���#��#��� 
� �� �'�* �	� �+�,�
�
����9
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have to choose a model to simulate the linear polymer.
Selecting this kind of model is possible and reliable
because the chemical intuition and the calculated result


tell us that the binding energy remains nearly unchanged
while n increases to a certain number. We adopt a binding
energy gap of 3 kJ mol�1 between the adjacent n as our


��:� �0 �
��� �	������� �	����
���#��� �	�������
	 �	������ �	� ���
�� �
��	�� 6� ������ : �)�;<;� => �
���8


Level
E


(kJ mol�1)
�E


(kJ mol�1)
�EC


(kJ mol�1)
Dipole moment


(D)


B3LYP/3-21G* TATB �2641826.80 0.00
CH2F2 �624007.42 1.94
I �3265871.79 �37.57 �4.53 1.90
II �3265872.09 �37.87 �1.98 3.34
III �3265864.92 �30.70 �4.59 3.04


B3LYP/4-31G*//B3LYP/3-21G* I �3280816.94 �18.95 �2.82 1.82
II �3280815.97 �17.98 �2.83 3.13
III �3280811.16 �13.18 �2.72 2.76


B3LYP/6-31G*//B3LYP/3-21G* I �3283934.94 �16.43 �3.23 1.83
II �3283932.94 �14.43 �2.63 3.12
III �3283929.50 �10.98 �2.85 2.74


B3LYP/6-311G*//B3LYP/3-21G* I �3284804.73 �14.72 �4.62 1.95
II �3284797.53 �7.52 �3.46 3.24
III �3284801.77 �11.76 �4.28 2.95


��:� 70 ?��#��	���� 
� �������� �*?� �� �� *-01 2-3��45 �����


TATB NBO


Occupancy


CH2F2NBO


Occupancy


Isolated I II III Isolated I II III


C(2)—N(8) bond 1.727 1.727 1.731 1.738 C(1)—F(2) bond 1.996 1.996 1.995 1.996
C(3)—N(9) bond 1.963 1.961 1.964 1.963 C(1)—F(3) bond 1.996 1.995 1.995 1.996
C(4)—N(10) bond 1.727 1.735 1.728 – C(1)—H(4) bond 1.996 1.995 1.996 1.996
C(5)—N(11) bond 1.963 1.963 1.961 1.963 C(1)—H(5) bond 1.996 1.995 1.996 1.996
N(8)—O(19) bond 1.994 1.994 1.994 1.993 F(2) lone pair(1) 1.994 1.994 1.988 1.994
N(8)—O(20) bond 1.994 1.994 1.994 1.994 F(2) lone pair(2) 1.966 1.968 1.968 1.968
N(9)—H(15) bond 1.987 1.986 1.987 1.987 F(2) lone pair(3) 1.918 1.917 1.912 1.919
N(9)—H(16) bond 1.987 1.986 1.987 1.987 F(3) lone pair(1) 1.994 1.990 1.988 1.994
N(10)—O(21) bond 1.994 1.994 1.994 1.994 F(3) lone pair(2) 1.966 1.952 1.968 1.968
N(10)—O(22) bond 1.994 1.994 1.994 1.994 F(3) lone pair(3) 1.918 1.923 1.912 1.920
N(11)—H(17) bond 1.987 1.987 1.986 1.987 C(1)—F(2) antibond 0.072 0.068 0.070 0.076
N(11)—H(18) bond 1.987 1.987 1.986 1.987 C(1)—F(3) antibond 0.072 0.075 0.070 0.073
O(19) lone pair(1) 1.973 1.973 1.973 1.964 C(1)—H(4) antibond 0.039 0.042 0.037 0.040
O(19) lone pair(2) 1.854 1.854 1.854 1.853 C(1)—H(5) antibond 0.039 0.038 0.037 0.050
O(20) lone pair(1) 1.973 1.973 1.973 1.969
O(20) lone pair(2) 1.854 1.855 1.854 1.855
O(21) lone pair(1) 1.973 1.966 1.973 1.973
O(21) lone pair(2) 1.854 1.859 1.854 1.854
O(22) lone pair(1) 1.973 1.973 1.973 1.973
O(22) lone pair(2) 1.854 1.854 1.855 1.854
C(2)—N(8) antibond 0.779 0.779 0.776 0.761
C(3)—C(4) antibond 0.027 0.027 0.027 0.026
C(3)—N(9) antibond 0.459 0.445 0.462 0.455
C(4)—N(10) antibond 0.779 0.768 0.779 –
C(5)—N(11) antibond 0.459 0.459 0.445 0.455
N(8)—O(19) antibond 0.058 0.058 0.058 0.059
N(8)—O(20) antibond 0.058 0.058 0.058 0.057
N(9)—H(15) antibond 0.089 0.088 0.089 0.086
N(9)—H(16) antibond 0.089 0.103 0.090 0.089
N(10)—O(21) antibond 0.058 0.061 0.059 0.058
N(10)—O(22) antibond 0.058 0.058 0.057 0.058
N(11)—H(17) antibond 0.089 0.089 0.101 0.089
N(11)—H(18) antibond 0.089 0.089 0.101 0.089
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criterion for choosing the model. Table 4 lists the binding
energy for n = 1 to 5. A look at Table 4 demonstrates that


the binding energy of TATB with (—CF2—CH2—)n


increases gradually while n increases from 1 to 5; in
particular, the ��E of 1,1,3,3,5,5,7,7,9,9-decafluorine-
decane (n = 5) and TATB is 2.19 kJ mol�1 greater than
that of 1,1,3,3,5,5,7,7-octafluorineoctane (n = 4) and
TATB. So we shall select n = 5 for the following
calculations. In addition, for every complex in Table 4
�ED is close to �EPM3 (e.g. the value of �ED/�EPM3 for
the TATB� � �decafluorinedecane complex is 1.07), in-
dicating that the estimation of dispersion energy is
necessary for the PM3 calculation.


The optimized structure of the
TATB� � �decafluorinedecane complex is shown in Fig.
3. Table 5 reports the selected fully optimized geome-
trical parameters. By comparing the bond lengths of a
single TATB molecule optimized by the B3LYP method
with those by the PM3 method (see Tables 1 and 4), we
find that the difference in N—O bond length between the
B3LYP method (0.1314 nm) and the PM3 method
(0.1226 nm) is 0.0088 nm and those of the other bond
lengths are smaller. Compared with the isolated TATB
and the isolated decafluorinedecane, for the TATB
subsystem in IV, both the r23–12 and the r24–12 increase
by 0.4 pm, the r12–6 decreases by 1.7 pm; but all bond


��:� 80 �
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	 �	������� �	� ���
�� �
��	�� �
� �'�* �	� 6@�,�@�+�@8	 6	 : �� �� -�
�� ;8 ����#����� �� ��  &- ����� 6� ������ : �)�;<;� => �
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Structures
EPM3


(kJ mol�1)
�EPM3


(kJ mol�1)
�ED


(kJ mol�1)
�E


(kJ mol�1)
Dipole moment


(D)


TATB �45.23 0.07
1,1-Difluorineethane (n = 1) �468.51 0.83
1,1,3,3-Tetrafluorinebutane (n = 2) �911.76 1.61
1,1,3,3,5,5-Hexafluorinehexane (n = 3) �1352.88 2.28
1,1,3,3,5,5,7,7-Octafluorineoctane (n = 4) �1790.69 3.18
1,1,3,3,5,5,7,7,9,9-Decafluorinedecane (n = 5) �2232.18 3.81
TATB � 1,1-difluorineethane �523.20 �9.46 �10.75 �20.21 0.88
TATB � 1,1,3,3-tetrafluorinebutane �971.32 �14.33 �15.32 �29.65 1.55
TATB � 1,1,3,3,5,5-hexafluorinehexane �1416.42 �18.31 �18.70 �37.01 2.23
TATB � 1,1,3,3,5,5,7,7-octafluorineoctane �1860.56 �24.64 �26.15 �50.79 3.02
TATB � 1,1,3,3,5,5,7,7,9,9-decafluorinedecane �2302.97 �25.56 �27.42 �52.98 3.76


������ 70 �� 
�����/�� ���#��#�� 
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Parameter


Decafluorinedecane


Parameter


TATB


Isolated IV Isolated IV


r4–3 0.1555 0.1553 r6–5 0.1437 0.1439
r5–4 0.1555 0.1554 r7–1 0.1360 0.1355
r6–5 0.1555 0.1554 r11–5 0.1361 0.1354
r7–6 0.1555 0.1552 r12–6 0.1457 0.1440
r17–3 0.1361 0.1362 r13–7 0.1003 0.1002
r18–4 0.1107 0.1109 r14–7 0.1003 0.1003
r20–5 0.1362 0.1362 r17–11 0.1003 0.1002
r21–5 0.1358 0.1360 r18–11 0.1003 0.1003
r22–6 0.1107 0.1109 r23–12 0.1226 0.1230
r23–6 0.1106 0.1106 r24–12 0.1226 0.1230
r29–9 0.1363 0.1366


Copyright  2001 John Wiley & Sons, Ltd. J. Phys. Org. Chem. 2001; 14: 644–649


648 H.-M. XIAO, J.-S. LI AND H.-S. DONG







lengths of the decafluorinedecane subsystem do not
change sharply.


(�����	����� �� ���� ���
 12�,32��425� 1� 6 950
Table 6 displays the total energies EPM3, intermolecular
interaction energies and dipole moments for TATB and
(—CUV—CXY—)n (n = 5) calculated by the PM3 method.
From Tables 4 and 6, one can see that the binding energy
of TATB with a linear fluorine-containing polymer does
not increase with increasing numbers of F atoms in the
polymer chain. The ��E values of (—CF2—CH2—)n with
TATB and of (—CF2—CFH—)n with TATB are larger
than the others, whereas that of (CF2—CFCl)n with
TATB is the smallest; this demonstrates that the
interactions between (—CF2—CH2—)n and TATB and
between (—CF2—CFH—)n and TATB are stronger.
Therefore, in the development of TATB-based PBXs,
one should pay attention to (—CF2—CH2—)n and
(—CF2—CFH—)n.


�+)�&,%(+)%


The following conclusions are obtained from our
theoretical investigations. (1) The interaction of an
explosive molecule with a polymer chain in PBX can
theoretically be simulated with quantum-chemical
methods. (2) Three optimized structures of the
TATB� � �CH2F2 complex are obtained at the B3LYP/3-
21G* level, whose greatest corrected binding energy is
�4.62 kJ mol�1 at the B3LYP/6-311G*//B3LYP/3-21G*
level. (3) The polymers (—CF2—CH2—)n and (—CF2—
CFH—)n should be examined in the preparation of TATB-
based PBX.
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Structures
EPM3


(kJ mol�1)
�EPM3


(kJ mol�1)
�ED


(kJ mol�1)
�E


(kJ mol�1)
Dipole moment


(D)


U = H, V = H, X = H, Y = H (A) �258.41 0.00
U = F, V = H, X = H, Y = H (B) �1141.69 2.98
U = F, V = F, X = F, Y = H (C) �3052.31 2.63
U = F, V = F, X = F, Y = F (D) �4085.25 1.00
U = F, V = F, X = F, Y = Cl (E) �3060.81 1.61
TATB � A �311.71 �8.07 �28.20 �36.27 0.10
TATB � B �1206.21 �19.29 �19.13 �38.42 3.20
TATB � C �3123.89 �26.34 �22.12 �48.46 2.15
TATB � D �4144.84 �14.36 �19.15 �33.51 1.17
TATB � E �3118.89 �12.85 �15.54 �28.39 1.47
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ABSTRACT: The oxidation of benzaldehyde and 35 monosubstituted benzaldehydes by pyridinium hydrobromide
perbromide (PHPB) in aqueous acetic acid leads to the formation of the corresponding benzoic acids. The reaction is
first order with respect to each of the benzaldehydes and PHPB. Addition of pyridinium bromide has no effect on the
rate of oxidation. The oxidation of [2H]benzaldehyde (PhCDO) indicated the presence of a substantial kinetic isotope
effect. The effect of solvent composition indicated that the reaction rate increases with increase in the polarity of the
solvent. The rates of oxidation of meta- and para-substituted benzaldehydes were correlated in terms of Charton’s
triparametric LDR equation whereas those of ortho-substituted benzaldehydes were correlated with a tetraparametric
LDRS equation. The oxidations of para- and ortho-substituted benzaldehydes are more susceptible to the
delocalization effect while the oxidation of meta-substituted compounds displays a greater dependence on the field
effect. The positive value of � suggests the presence of an electron-deficient reaction centre in the rate-determining
step. The reaction is subjected to steric hindrance by the ortho substituents. Copyright  2001 John Wiley & Sons,
Ltd.


KEYWORDS: Kinetics; mechanism; oxidation; correlation analysis; polyhalide; aromatic aldehydes
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Pyridinium hydrobromide perbromide (PHPB) is one of
the quaternary polyhalides, which have been used as
effective halogenating and oxidizing agents in synthetic
organic chemistry.1–3 The polyhalides are more suitable
than molecular halogens because of their solid nature,
ease of handling, stability, selectivity and excellent
product yield. We have been interested in the kinetic
and mechanistic aspects of oxidation by polyhalide
compounds and many reports have emanated from our
laboratory,4–8 including that on the oxidation of aliphatic
aldehydes by PHPB.9 In continuation of our earlier
studies, we report here the kinetics of oxidation of
benzaldehyde and 35 monosubstituted benzaldehydes by
PHPB in aqueous acetic acid as solvent. The major
objective of this investigation was to study the structure–
reactivity correlation for the substrate undergoing oxida-
tion.


#'�&("�


Oxidation of the aromatic aldehydes by PHPB results in
the formation of the corresponding benzoic acids.


Analyses of products and stoichiometric determinations
indicate the following overall reaction:


ArCHO � PyH�Br3
� � H2O


� ArCOOH � PyH�Br� � 2HBr �1�


#��� ��)�


The reactions were found to be first order with respect to
PHPB. The individual kinetic runs were strictly first order
in PHPB. Further, the pseudo-first-order rate constants,
kobs, do not depend on the initial concentration of PHPB.
The reaction rate increases linearly with increase in the
concentration of aldehydes (Table 1).


 	���� ���
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The oxidation of benzaldehyde, in an atmosphere of
nitrogen, failed to induce polymerization of acrylonitrile.
Further, the addition of acrylonitrile had no effect on the
reaction rate (Table 1).


'���� �� ���������	�


The rates of the oxidation of benzaldehyde and 35
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monosubstituted benzaldehydes were determined at
different temperatures and the activation parameters
were calculated (Table 2).


��	��� ������� �����


To ascertain the importance of the cleavage of the
aldehydic C—H bond in the rate-determining step, the
oxidation of [2H]benzaldehyde (PhCDO) was studied.
The results (Table 2) showed the presence of a substantial
kinetic isotope effect (kH/kD = 5.75 at 298 K).


'���� �� �����	� ���������	


The rate of oxidation was determined in solvents
containing different amounts of acetic acid and water.


"���� *� ����  	������� 
	� ��� 	!���	� 	
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103 [PHPB]
(mol dm�3)


[PhCHO]
(mol dm�3) 104 kobs(s


�1)


1.0 0.05 3.65
1.0 0.10 7.19
1.0 0.20 15.0
1.0 0.30 22.5
1.0 0.50 35.8
1.0 1.00 72.1
2.0 0.20 14.5
4.0 0.20 15.3
6.0 0.20 15.5
8.0 0.20 14.8
1.0 0.30a 22.0


a Contained 0.005 mol dm�3 acrylonitrile.
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Substituent


104 k2 (dm3 mol�1 s�1) �H* �S* �G*
288 K 298 K 308 K 318 K (kJ mol�1) (J mol�1 K�1) (kJ mol�1)


H 3.81 10.2 27.0 72.1 72.0 � 1.0 �61 � 3 90.0 � 0.8
p-Me 10.5 25.0 64.1 160 66.8 � 1.4 �71 � 5 87.7 � 1.1
p-OMe 52.1 110 260 650 61.5 � 2.3 �76 � 7 84.0 � 1.8
p-F 6.51 15.3 41.0 105 68.4 � 1.8 �69 � 6 88.9 � 1.4
p-Cl 4.12 10.5 27.8 76.2 71.4 � 1.6 �62 � 5 89.9 � 1.3
p-Br 4.14 10.5 28.0 76.0 71.3 � 1.6 �63 � 5 89.9 � 1.2
p-CF3 0.58 1.75 5.27 15.4 80.7 � 0.9 �46 � 3 94.4 � 0.7
p-CO2Me 0.91 2.65 7.85 22.0 78.5 � 0.9 �50 � 3 93.3 � 0.7
p-NO2 0.26 0.81 2.67 7.70 83.9 � 0.9 �42 � 3 96.2 � 0.7
p-NHAc 20.5 47.5 110 311 65.8 � 2.6 �69 � 5 86.2 � 2.1
p-CN 0.43 1.30 4.09 11.4 81.0 � 0.8 �48 � 3 95.1 � 0.6
p-SMe 30.6 65.6 160 420 63.9 � 2.6 �72 � 6 85.3 � 2.0
p-NMe2 595 1000 2240 5300 53.4 � 3.6 �84 � 8 78.4 � 2.9
m-Me 6.38 16.4 42.0 115 70.6 � 1.5 �62 � 5 88.8 � 1.2
m-OMe 5.10 13.1 33.3 88.0 69.6 � 1.2 �67 � 4 89.4 � 1.0
m-Cl 1.03 3.00 8.55 23.7 77.0 � 0.7 �54 � 2 93.1 � 0.6
m-Br 1.04 3.10 8.67 24.2 77.2 � 0.6 �54 � 2 93.0 � 0.5
m-F 1.06 3.14 8.70 24.5 76.9 � 0.8 �54 � 3 93.0 � 0.6
m-NO2 0.17 0.57 1.89 5.58 86.3 � 0.4 �37 � 2 97.2 � 0.4
m-CO2Me 0.81 2.40 7.05 20.0 78.9 � 0.8 �50 � 3 93.6 � 0.6
m-CF3 0.53 1.64 4.95 13.8 80.3 � 0.4 �48 � 1 94.6 � 0.3
m-CN 0.29 0.90 2.93 8.47 83.5 � 0.9 �42 � 3 96.0 � 0.7
m-SMe 4.30 11.8 30.7 80.3 71.6 � 0.7 �61 � 2 89.7 � 0.5
m-NHAc 3.57 9.38 24.4 65.3 71.1 � 1.2 �65 � 4 90.2 � 0.9
o-Me 1.92 5.46 15.1 41.5 75.4 � 0.8 �55 � 3 91.6 � 0.7
o-OMe 7.60 19.7 49.2 125 68.4 � 0.8 �68 � 3 88.4 � 0.7
o-NO2 0.081 0.31 1.04 3.06 89.7 � 0.8 �31 � 3 98.8 � 0.6
o-COOMe 0.20 0.70 2.04 6.55 85.9 � 1.1 �37 � 4 96.8 � 0.9
o-NHAc 1.40 4.17 11.4 32.5 76.9 � 0.9 �52 � 3 92.3 � 0.7
o-Cl 0.50 1.55 4.73 13.8 81.7 � 0.7 �44 � 2 94.7 � 0.6
o-Br 0.36 1.27 3.50 10.9 83.1 � 1.3 �42 � 4 95.4 � 4.0
o-I 0.30 1.00 3.10 9.00 83.8 � 0.2 �41 � 1 95.8 � 0.2
o-CN 0.12 0.43 1.28 4.25 87.2 � 1.2 �37 � 4 98.0 � 1.0
o-SMe 2.37 6.70 18.4 48.5 74.1 � 0.5 �58 � 2 91.1 � 0.4
o-F 1.60 4.62 12.6 34.5 75.2 � 0.7 �57 � 2 92.0 � 0.5
o-CF3 0.038 0.16 0.48 1.68 92.4 � 1.8 �28 � 6 101 � 1.4
PhCDO 0.65 1.77 4.77 13.5 74.2 � 1.4 �68 � 5 94.3 � 1.1
kH/kD 5.91 5.75 5.66 5.60
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It was observed that the rate increased with increase in
the amount of water in the solvent mixture (Table 3).


'���� �� �
����	��� �������


The rates of oxidation were not affected by an addition of
pyridinium bromide (Table 4).


% ��&�� $!


A plot of logk2 at 288 K is linearly related to logk2 at
318 K (r2 = 0.9994, slope = 0.830 � 0.003). The value of
the isokinetic temperature is 646 � 15 K. A linear
isokinetic relationship is a necessary condition for the
validity of linear free energy relationships.10 It also
implies that all the aldehydes for which the rates of
oxidation are so correlated are oxidized by the same
mechanism.10


In solutions, PHPB may undergo the following
reactions.


PyH�Br3
� � Br2 � PyH�Br� �2�


PyH�Br3
� � Br3


� � PyH� �3�


The probable oxidizing species in a solution of PHPB
are, therefore, PHPB itself, tribromide ion and molecular
bromine. However, a strict first-order dependence on
PHPB and the absence of any effect of pyridinium
bromide rule out both bromine and tribromide ion as the
reactive oxidizing species. Hence PHPB itself is the
reactive oxidizing species in this reaction. Similar results
were obtained in the oxidation of aliphatic aldehydes.9


�����	� ���������	 �����


The increase in the rate of oxidation with increase in the
polarity of the medium suggests that the transition state is


more polar than the reactants. The solvent effect was
analysed using the Grunwald–Winstein equation:11


log k2 � log k0 � mY �4�


The plot of log k2 versus Y is linear (r2 = 0.9980) with
m = 0.81 � 0.02. The value of m suggests that there is a
considerable charge separation in the transition state of
the reaction.


����������	 �	��
��� �� ��������



The reaction rates of the meta- and para-substituted
compounds were correlated in terms of the Hammett
equation12 but the correlation was not satisfactory [Eqn.
(5)]. We used the standard deviation (sd), the coefficient
of determination (r2/R2) and Exner’s13 parameter, �, as
the measures of goodness of fit:


log k2 � �2�22 � 0�13�� 2�61 �5�
r2 � 0�9245� sd � 0�22� n � 24� � � 0�20


The data showed wide scatter. The rate constants of many
para-substituted compounds, capable of electron dona-
tion by resonance, are higher than those expected from
their Hammett � values. This indicates that in the
transition state of the reaction, there is an electron-
deficient centre, which is stabilized by cross-conjugation
with the electron-donating substituent at the para
position. Hence the rate constants of para-substituted
compounds were correlated with Brown’s �� values,14


but the correlation was not good:


log k2 � �1�23 � 0�07�� � 2�94 �6�
r2 � 0�9624� sd � 0�18� n � 13� � � 0�14


In view of the failure of the correlation analyses in terms
of Hammett and Brown’s equations, the rates were
correlated in terms of the Yukawa–Tsuno15 equation.
Although the results are better, the correlation is still not
very good:


log k2 � �1�38 � 0�24	�0 � 0�80��� � �0�
 � 2�87 �7�
r2 � 0�9646� sd � 0�19� n � 12� � � 0�15


The data for the p-NHAc compound were not included in
this correlation as the �0 value is not available.15


Since the correlations with single substituent par-
ameter equations and the Yukawa–Tsuno equation are
not very good, the rates were correlated in terms of
Charton’s16 LDR equation:


log k2 � L�l � D�d � R�e � h �8�


"���� ,� +

� � 	
 �	$����  	��	��	� 	� ��� 	!���	� 	

"��#�$������ "� %&%' ,�� -%&%'. / ����( �	$ �����
-"��#�$������. / (�� �	$ ���� ��� ����������� / �() *


AcOH (%) 20 30 50 60 70 80
104 kobs (s�1) 410 205 72.1 27.7 19.8 10.0


"���� -� +

� � 	
 ������� "�	��� 	� ��� ���� 	

	!���	� 	
 "��#�$������ "� %&%' ,�� -%&%'. /
����( �	$ ����� -"��#�$������. / (�� �	$ ���� ��� ���0
�������� / �() *


[PyHBr] (mol dm�3) 0.0 0.01 0.02 0.04 0.08 0.12
104 kobs (s�1) 72.1 73.5 71.5 72.0 71.2 74.0
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where h is the intercept term, �l is a localized (field and/or
inductive) effect parameter, �d is the intrinsic delocalized
(resonance) electrical effect parameter when the active
site electronic demand is minimal and �e represents the
sensitivity of the substituent to changes in electronic
demand by the active site. The last two substituent
parameters are related by the equation


�D � ��e � �d �9�


where � represents the electronic demand of the reaction
site and is given by � = R/D, and �D represents the
delocalized electrical parameter of the diparametric LD
equation.


For ortho-substituted compounds, it is necessary to
account for the possibility of steric effects and Charton,
therefore, modified the LDR equation to generate the
LDRS equation:16


log k2 � L�l � D�d � R�e � S� � h �10�


where � is the well-known Charton’s steric parameter
based on Van der Waals radii.17


The rates of oxidation of ortho-, meta- and para-
substituted benzaldehydes show excellent correlations in
terms of the LDR/LDRS equations (Table 5). All three
series of substituted benzaldehydes meet the requirement
of a minimum number of substituents for analysis by the
LDR and LDRS equations.16 The comparison of the L
and D values for the substituted benzaldehydes showed
that the oxidation of para- and ortho-substituted
benzaldehydes is more susceptible to the delocalization
effect than to the localized effect. However, the oxidation
of meta-substituted compounds exhibited a greater
dependence on the field effect. In all cases, the magnitude
of the reaction constants decreases with increase in
temperature, pointing to a decrease in selectivity with an
increase in temperature.


All three regression coefficients, L, D and R, are
negative, indicating an electron-deficient carbon centre in
the activated complex for the rate-determining step. The


positive value of � adds a negative increment to �d,
increasing the electron-donating power of the substituent
and its capacity to stabilize a cationic species. The
negative value of S indicates that the reaction is subject to
steric hindrance by an ortho substituent.


To test the significance of localized, delocalized and
steric effects in the ortho-substituted benzaldehydes,
multiple linear regression analyses were carried out with
(i) �l, �d and �e, (ii) �l, �e and �, (iii) �d, �e and � and (iv)
�l, �d and �. However, the correlations were not
significant, showing that all the four substituent constants
are significant:


log k2 � �1�70 � 0�43�l � 1�72 � 0�34�d


� 0�24 � 1�95�e � 3�39 �11�
R2 � 0�8359� sd � 0�30� n � 13� � � 0�33�


temperature 298 K


log k2 � �1�73 � 0�76�l � 1�58 � 3�65�e


� 1�04 � 0�68� � 2�64 �12�
R2 � 0�4970� sd � 0�52� n � 13� � � 0�61�


temperature 298 K


log k2 � �1�92 � 0�38�d � 2�98 � 2�32�e


� 1�41 � 0�43� � 3�44 �13�
R2 � 0�7980� sd � 0�33� n � 13� � � 0�37�


temperature 298 K


log k2 � �1�49 � 0�17�l � 1�76 � 0�14�d


� 1�01 � 1�15� � 2�95 �14�
R2 � 0�9737� sd � 0�12� n � 13� � � 0�13�


temperature 298 K


Similarly, in the oxidation of para- and meta-
substituted benzaldehydes, multiple regression analyses


"���� .� 1���������� �������� � 	
 ��� ��� �	�  	������� 
	� ��� 	!���	� 	
 ��"������� "��#�$������� "� %&%'


Substitution
Temperature


(K) L D R S � R2 sd � PD PS


Para 288 �1.46 � 0.02 �2.45 � 0.01 �3.42 � 0.06 — 1.40 0.9998 0.013 0.11 62.7 —
298 �1.38 � 0.02 �2.24 � 0.02 �3.13 � 0.07 — 1.40 0.9997 0.016 0.014 61.9 —
308 �1.27 � 0.03 �2.10 � 0.02 �3.08 � 0.08 — 1.47 0.9995 0.019 0.018 62.3 —
318 �1.23 � 0.03 �2.04 � 0.02 �3.06 � 0.08 — 1.50 0.9996 0.019 0.016 62.4 —


Meta 288 �1.89 � 0.01 �1.09 � 0.01 �1.49 � 0.05 — 1.37 0.9998 0.010 0.012 36.6 —
298 �1.76 � 0.02 �1.02 � 0.02 �1.39 � 0.09 — 1.36 0.9994 0.014 0.020 36.7 —
308 �1.63 � 0.02 �0.92 � 0.02 �1.34 � 0.09 — 1.46 0.9990 0.013 0.022 36.1 —
318 �1.58 � 0.02 �0.88 � 0.02 �1.25 � 0.09 — 1.42 0.9992 0.015 0.023 35.8 —


Ortho 288 �1.60 � 0.01 �1.97 � 0.01 �2.74 � 0.06 �1.31 � 0.01 1.39 0.9999 0.010 0.009 55.2 26.8
298 �1.46 � 0.01 �1.79 � 0.01 �2.51 � 0.06 �1.17 � 0.01 1.40 0.9998 0.010 0.015 55.1 26.5
308 �1.37 � 0.02 �1.71 � 0.02 �2.51 � 0.11 �1.14 � 0.02 1.47 0.9995 0.020 0.012 55.5 27.0
318 �1.32 � 0.01 �1.60 � 0.01 �2.23 � 0.07 �1.05 � 0.01 1.39 0.9998 0.010 0.015 54.8 26.4
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indicated that both localization and delocalization effects
are significant. There is no significant collinearity
between the various substituent constants for the three
series.


The percentage contribution16 of the delocalized
effect, PD, is given by the equation


PD � ��D� � 100�
��L� � �D�� �15�


Similarly, the percentage contribution of the steric
parameter16 to the total effect of the substituent, PS,
was determined by using the equation


PS � ��S� � 100�
��L� � �D� � �S�� �16�


ThevaluesofPDandPSaregiven inTable5.Thevalueof
PD for the oxidation of para-substituted benzaldehydes is
ca 62% whereas the corresponding values for the meta- and
ortho-substituted aldehydes are ca 36 and 55%, respec-
tively. This shows that the balance of localization and
delocalization effects isdifferent fordifferently substituted
benzaldehydes.The lesspronouncedresonanceeffect from
theorthoposition than fromthe parapositionmay bedue to
the twisting away of the aldehydic group from the plane of
the benzene ring. The magnitude of the PS value shows that
the steric effect is significant in this reaction.


����	���


The cleavage of the aldehydic C—H bond in the rate-
determining step is confirmed by the presence of a
substantial kinetic isotope effect. A one-electron oxida-
tion, giving rise to free radicals, is unlikely in view of the
failure to induce polymerization of acrylonitrile and the
zero effect of the radical scavenger on the reaction rate.
The negative values of the localization and delocalization
electrical effects, i.e. of L, D and R, point to an electron-
deficient reaction centre in the transition state of the rate-
determining step. This is further supported by the positive
value of �, which indicates that the substituent is better
able to stabilize a cationic or electron-deficient reactive
site. Therefore, a hydride-ion transfer in the rate-
determining step is suggested (Scheme 1). The large
negative values of L, D and R indicate that the electron
demand of the reaction on the substituents is very high.
This, coupled with large deuterium isotope effect, points
to a considerable carbocationic character in the transition
state. Hence the rate-determining step can be visualized
as a hydride-ion transfer involving a late product-like
transition state. The structure of the transition state
should therefore be close to a linear acylium cation,
Ar � C


�
O. The energy profile of this reaction should


resemble that of solvolytic formation of a vinyl cation.


The correlation of vinyl cation formation, in terms of the
Yukawa–Tsuno equation,15 is reported to yield ��4
and r  1.1. In the present reaction the value of � is
�1.38 and that of r is 0.80 [cf. Eqn. (7)]. The significantly
low � value and resonance demand may be attributed to a
stronger electron donation from the carbonyl oxygen than
from =CH2. It is of interest to compare here the results
obtained in earlier studies using Charton’s LDR/LDRS
equations. Charton16 reported that in the solvolysis of 4-
substituted cumyl chlorides, the magnitudes of L, D and
R are much larger (�5.02, �7.37 and �9.73, respec-
tively, at 298 K) than those obtained in the present study.
This may well be due to the dispersal of the positive
charge, on the carbon, by the adjacent carbonyl oxygen,
in addition to that by the phenyl group. However, the
value of �, the electronic demand of the reaction site, is
comparable in the two reactions (1.3 and 1.4). We have
applied these equations to many oxidation reactions.18–22


The values of the reaction constants are given in Table
6. These reactions involve the formation of a cationic
species in the rate-determining step either by a hydride-
ion transfer from the reductant to the oxidant or by an
addition of halogen to the sulfide. The magnitudes of R
and � in the oxidation of aromatic aldehydes by
benzyltrimethylammonium chlorobromate (BTMACB)
are lower than those observed in the present reaction.
This shows that in the oxidation by BTMACB,18 the
transition state is more reactant-like rather than product-
like. In the rest of the reactions, the polar reaction
constants have comparable values. The positive steric
constant in the oxidation of alcohols22 implies a steric
acceleration, whereas in other reactions a steric hindrance
by the ortho substituents is indicated. The above
comparison supports the proposed mechanism.


The abstraction of a hydride ion from an aldehydic C—
H bond has been proposed for several oxidizing species.
Formation of an acylium cation has been suggested in the
oxidation of benzaldehyde23 and acetaldehyde.24 Simi-
larly oxidation of aromatic aldehydes by BTMACB18 is
also proposed to involve a hydride-ion transfer in the
rate-determining step.


A mechanism involving the transfer of a hydride ion is
supported by the observed effect of solvent composition.
The observed negative value of the entropy of activation
also supports the proposed mechanism. As PHPB and the
aldehyde come together in the transition state to form a
single activated complex, their freedom to move
separately is curtailed. This is reflected in a loss of
entropy.


����� *
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Although the contribution of the steric term is
significant, its interpretation is not straightforward. The
structure of the transition state where the aryl ring is
perpendicular to the elongated C—H bond should lead to
a lesser degree of steric interaction between the ortho
substituent and the reaction centre. Perhaps the observed
steric hindrance by the ortho substituent is due to the
hindrance to the approach of the oxidizing species by the
ortho substituent.


It is of interest to compare here the results of the
oxidation of aliphatic aldehydes9 by PHPB with those of
the aromatic aldehydes. Aliphatic aldehydes exhibited
Michaelis–Menten kinetics with respect to the reductant
whereas the aromatic aldehydes exhibited a first-order
dependence on the reductant. This difference may well be
due to the fact that the aliphatic aldehydes are extensively
hydrated in aqueous or mixed aqueous solvents25 to yield
a gem-diol. Aromatic aldehydes are not known to
undergo hydration to any significant extent.25 The gem-
diols are likely to behave more like alcohols and the
oxidation of alcohols by PHPB is known to exhibit
Michaelis–Menten kinetics.26 The magnitude9 of the
kinetic isotope effect is much less in the oxidation of
acetaldehyde (kH/kD = 3.23 at 298 K) than that obtained
in the present reaction. This is consistent with a non-
linear transition state implied in the rate-determining
disproportionation of an intermediate complex. The
higher magnitude of the kinetic isotope effect in the
oxidation of benzaldehyde indicates a bimolecular
reaction via a linear transition state. Both the reactions
showed a linear relationship in terms of the Grunwald–
Winstein equation. However, the value of m is relatively
small (0.47) in the oxidation of acetaldehyde compared
with that in benzaldehyde (0.81). This indicates that the


degree of charge separation is much greater in the
oxidation of the aromatic aldehydes than it is in the
oxidation of aliphatic aldehydes. This is also consistent
with the proposal that the oxidation of aromatic
aldehydes involves a direct hydride-ion transfer whereas
that of aliphatic aldehydes proceeds via an intermediate
complex.9


'/0'# �'!"�(


2�����$�� The aldehydes were commercial products. The
liquid aldehydes were purified through their hydrogen-
sulfite addition compounds and distilling them, under
nitrogen, just before use.27 The solid aldehydes were
recrystallized from ethanol. PHPB was prepared by the
reported method.1 Its purity was checked by an
iodometric method. [2H]Benzaldehyde (PhCDO) was
prepared by a reported method.28 Acetic acid was
refluxed with chromic oxide and acetic anhydride for
6 h and fractionated.


%�	�� � ���$���� The product analysis was carried out
under kinetic conditions. In a typical experiment, freshly
distilled benzaldehyde (5.30 g, 0.05 mol) and PHPB
(3.20 g, 0.01 mol) were diluted to 100 ml in 1:1 (v/v)
acetic acid–water. The reaction mixture was allowed to
stand for ca 10 h to ensure completion of the reaction. It
was rendered alkaline with NaOH, filtered and the filtrate
evaporated to dryness under reduced pressure. The
residue was dissolved in the minimum quantity of
concentrated HCl and cooled in crushed ice to yield
crude acid (1.13 g), which was recrystallized from hot


"���� 1� ��� �	�  	������� 	
 ��� 	!���	� ��� �	�� � ����� 	
 �����	�3� 4��54��6 �7���	�� �� �8) *


Substitution Oxidant/reductanta L D R � S Ref.


Para BTMACB/ArCHO �1.59 �1.75 �1.31 0.75 — 18
PHPB/ArSMe �1.43 �2.11 �2.89 1.37 — 19
BTMAB/ArSMe �1.40 �2.09 �2.85 1.36 — 20
HABR/ArSMe �1.41 �2.09 �3.01 1.44 — 21
BTMACI/ArCH2OH �1.59 �2.15 �3.10 1.44 — 22
PHPB/ArCHO �1.38 �2.24 �3.13 1.40 — This work


Meta BTMACB/ArCHO �1.64 �1.08 �0.72 0.67 — 18
PHPB/ArSMe �1.72 �0.99 �0.95 0.96 — 19
BTMAB/ArSMe �1.68 �1.01 �1.03 1.02 — 20
HABR/ArSMe �1.72 �1.05 �1.29 1.23 — 21
BTMACI/ArCH2OH �1.89 �1.04 �1.46 1.40 — 22
PHPB/ArCHO �1.76 �1.04 �1.39 1.36 — This work


Ortho BTMACB/ArCHO �1.61 �1.53 �1.10 0.79 �1.03 18
PHPB/ArSMe �1.46 �1.66 �2.25 1.36 �1.13 19
BTMAB/ArSMe �1.42 �1.72 �2.10 1.22 �1.15 20
HABR/ArSMe �1.47 �1.71 �2.67 1.56 �1.14 21
BTMACI/ArCH2OH �1.87 �1.69 �2.53 1.50 1.23 22
PHPB/ArCHO �1.46 �1.79 �2.51 1.40 �1.17 This work


a BTMACB = benzyltrimethylammonium chlorobromate; BTMAB = benzyltrimethylammonium tribromide; HABR = hexamethy-
lenetetramine-bromine; BTMACI = benzyltrimethylammonium dichloroiodate.
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water to produce pure benzoic acid (1.08 g, 87%, m.p.
120°C).


6�	 �	������ To determine the stoichiometry,
PHPB (1.60 g, 0.005 mol) and benzaldehyde (0.106 g,
0.001 mol) were diluted to 100 ml in 1:1 (v/v) acetic
acid–water. The reaction mixture was allowed to stand
for ca 10 h to ensure the completion of the reaction. The
residual PHPB was determined spectrophotometrically at
358 nm. Several determinations, with differently sub-
stituted benzaldehydes, showed that the stoichiometry is
1:1.


*��� ������������� The reactions were carried out
under pseudo-first-order conditions by maintaining a
large excess of the aldehyde (�15 or more) over PHPB.
The solvent was 1:1 (v/v) acetic acid–water, unless
mentioned otherwise. The reactions were carried out at a
constant temperature (�0.1 K) and were followed up to
80% reaction by monitoring the decrease in [PHPB] at
358 nm. The pseudo-first-order rate constants, kobs, were
computed from the linear (r2 � 0.995) least-squares plots
of log[PHPB] versus time. Duplicate kinetic runs showed
that the rate constants were reproducible to within �4%.


��	�)���2���	��


Thanks are due to the Council of Scientific and Industrial
Research (India) for financial support.


#'3'#'!�'�


1. Fieser L, Fieser M. Reagents for Organic Synthesis, vol. 1. New
York: Wiley, 1967; 967.


2. Djerassi C, Schloz CR. J. Am. Chem. Soc. 1948; 70: 417; Fieser
LF. J. Chem. Educ. 1954; 31: 291.


3. Perelman M, Farkas E, Fornefeld EJ, Kraay RJ, Rapala EJ. J. Am.
Chem. Soc. 1960; 82: 2402.


4. Goel S, Kothari S, Banerji KK. J. Chem. Res. (S) 1996; 230: (M)
1318; J. Chem. Res. (S) 510: (M) 2901.


5. Suri D, Kothari S, Banerji KK. J. Chem. Res. (S) 1996; 228: (M)
1301; J. Chem. Res. (S) 1995; 274: (M) 1734.


6. Anjana, Kothari S, Banerji KK. J. Chem. Res. (S) 1999; 476: (M)
2118.


7. Rao PSC, Goel S, Kothari S, Banerji KK. Indian J. Chem. 1998;
37B: 1129.


8. Goswami G, Kothari S, Banerji KK. J. Chem. Res. (S) 1999; 176:
(M) 813.


9. Devi J, Kothari S, Banerji KK. J. Chem. Res. (S) 1993; 400: (M)
2680.


10. Exner O. Collect. Czech. Chem. Commun. 1964; 29: 1094.
11. Fainberg AH, Winstein S. J. Am. Chem. Soc. 1956; 78: 2770.
12. Johnson CD. The Hammett equation. Cambridge: Cambridge


University Press, 1973; 78.
13. Exner O. Collect. Czech. Chem. Commun. 1966; 31: 3222.
14. Brown HC, Okamoto Y. J. Am. Chem. Soc. 1958; 80: 4979.
15. Tsuno Y, Fujio M. Adv. Phys. Org. Chem. 1999; 32: 267.
16. Charton M. Prog. Phys. Org. Chem. 1986; 18: 287.
17. Charton M. J. Org. Chem. 1975; 40: 407.
18. Raju VS, Sharma PK, Banerji KK. J. Org. Chem. 2000; 65: 3322.
19. Vyas VK, Jalani N, Kothari S, Banerji KK. J. Chem. Res. (S) 1996;


370: (M) 2201.
20. Goel S, Varshney S, Kothari S, Banerji KK. J. Chem. Res. (S)


1996; 510: (M) 2901.
21. Choudhary K, Suri D, Kothari S, Banerji KK. J. Phys. Org. Chem.


2000; 13: 283.
22. Rao PSC, Suri D, Kothari S, Banerji KK. J. Chem. Res. (S) 1998;


510: (M) 2251.
23. Pearlmutter-Hayman P, Weissmann Y. J. Am. Chem. Soc. 1962;


84: 2323.
24. Kaplan L. J. Am. Chem. Soc. 1958; 80: 2639.
25. Bell RP. Prog. Phys. Org. Chem. 1964; 1: 10.
26. Mathur D, Sharma PK. Banerji KK. J. Chem. Soc., Perkin Trans. 2


1993; 205.
27. Wiberg KB, Stewart R. J. Am. Chem. Soc. 1955; 77: 1786.
28. Wiberg KB. J. Am. Chem. Soc. 1954; 76: 5371.


Copyright  2001 John Wiley & Sons, Ltd. J. Phys. Org. Chem. 2001; 14: 650–656


656 M. ANEJA, S. KOTHARI AND K. K. BANERJI








����������	
�	������ ��� 
���	
��� � ������������
���������� 	 ��������
	� �����


�	���
�	 ��
�� ��������	 ����	 	� ������� �����*


��������� �	 ��
	��������	� 	� ���	����	�� ���
	������ ������� ����� ���� �	 �	� ���� �������� ������ ������� ��� �� ���� �� �	� ��� !"
�#$%�� �	� ���


Received 3 January 2001; revised 3 March 2001; accepted 1 May 2001


ABSTRACT: The bisimide–lactamimide ring contraction reaction of six-membered bisimides has been modeled at
the B3PW91/6-31 � G(d,p)//HF/3-21G level of theory using the isodensity polarized continuum model to take into
account the solvent effect. Basically, the results of molecular modeling support the validity of the proposed
mechanism. However, the calculations suggest that the final reaction step involves the direct oxidation of dianions by
molecular oxygen, instead of oxidation of the hydroaromatic intermediate as proposed previously. The reactivity
difference between N-alkyl and N-phenyl bisimides in the ring contraction reaction has been explained. Copyright
 2001 John Wiley & Sons, Ltd.


KEYWORDS: ring contraction; bisimides; lactamimides; molecular modeling; DFT calculations
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Six-membered ring dicarboximides are commonly
viewed as chemically very inert. Strong hydrolyzing
reagents such as hot, concentrated sulfuric acid or KOH
in t-BuDH alcohol are required for their saponification.1


A completely different reaction pathway is observed,
however, if alkali metal hydroxides in methanol react
with six-membered bisimides, such as naphthalene-
1,8:4,5-bisimides (Scheme 1). In this case, lactamimides
are produced2 with the loss of a C1 fragment from one
carboximide. Whereas the reaction of bisimides with
KOH in t-BuOH leads to their hydrolysis, in methanol the
ring contraction is the predominant reaction pathway.
Addition of dimethylsulfoxide (DMSO) further increases
the yield and shortens the reaction times.


The ring contraction reaction proceeds quite easily for
R=aryl, but it is more difficult for R=alkyl. Only one of
the imide rings is transformed, leaving the second one
unchanged even under more vigorous conditions; how-
ever, a second imide unit is essential for the reaction to
occur. In agreement with this, monoimides do not
undergo ring contraction. On the basis of these findings,
the following mechanism has been proposed (Scheme
1).2 The reaction is initiated by the addition of OH� to
one of the imide carbonyl groups to form tetrahedral


intermediate T. This intermediate is converted to I,
followed by the formation of LIH. Decarboxylated
product LIH is a hydroaromatic species that is oxidized
by air to generate lactamimide LI. This ring contraction
reaction can be successfully extended to other bisi-
mides3–5 and, therefore, appears to be a general reaction.
Lactamimides show remarkable photostability and strong
fluorescence, rendering them as a novel class of
fluorescent dyes,2 and the detailed study of the reaction
mechanism is essential for the tailoring of novel
lactamimides. The aim of this paper is to study the
mechanism of the ring contraction reaction using
quantum chemistry tools.


# $�"�%�� �%� !&�%���


The A9 revision of Gaussian 986 was used to carry out
all calculations. All geometry optimizations were run at
the HF/3-21G level. To test the validity of this model for
the geometry optimization, first, molecule I was
minimized at the B3LYP/6-31 � G(d) level7,8 and the
results were compared to these obtained at HF/3-21G
level. All bond lengths and angles were reproduced
within 0.02 Å and 2° respectively. Each stationary point
was characterized by frequency calculations to ensure
that a minimum (no imaginary modes) or a transition
state (one imaginary mode) had been located. Zero-point
energies were scaled by a factor of 0.94099 and used to
correct the total energies. Single-point energy calcula-
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tions were run using Becke’s three-parameter hybrid
functional7 with the Perdew/Wang91 correlation func-
tional10 using the 6-31 � G ( d,p) basis set at HF/3-21G
optimized geometries. Solvation energies were calcu-
lated at the B3PW91/6-31 � G(d,p) level of theory using
the isodensity polarized continuum model (IPCM).11 To
model the mixture of MeOH and DMSO commonly used
for the ring contraction reaction, a dielectric constant of
40 was used.


A time-dependent (TD) B3LYP functional in combi-
nation with 6-31 � G(d,p) basis set has been used to
simulate the visible absorption spectra of the reactive
intermediates. It has been shown that this method
reproduces very well the absorption maxima of sub-
stituted lactamimides.12


�&�"��� %�! !��#"��� �


In order to elucidate the difference between aliphatic and
aromatic substituents in the ring contraction reaction, two
different bisimide molecules were used as models
(Scheme 1); BI—Me and BI—Ph. The hydrolysis, as
well as the ring contraction reaction, starts with the
formation of tetrahedral intermediate I (Fig. 1) or I—Ph
(Fig. 2). The attack of the imide nitrogen at the
naphthalene carbon to form intermediates III or III—
Ph leads to the ring contraction, whereas cleavage of the
N—C bond in molecules I and I—Ph results in
hydrolysis. Total and solvation energies of calculated
molecules are listed in Tables 1 and 2, and the reaction
energies are presented in Table 3. Scheme 2 presents


�
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the relative energies of the most important reaction
species.


The first step of hydrolysis (I–II transformation) is
favored thermodynamically and kinetically in the gas
phase over that of I–III (Table 3), but the next step,
starting with the formation of tetrahedral intermediate
II—A, is an endothermic process with high activation
energy. The last step of hydrolysis (II—A–II—B
transformation) is exothermic with an activation energy
of 24.1 kcal mol�1. Therefore, the rate-determining step
for hydrolysis is the formation of tetrahedral intermedi-
ates II—A and II—A—Ph, in agreement with experi-
mental data for amide hydrolysis.13 The gas-phase
calculations reveal that bisimide with R=Ph is easier to
hydrolyze compared with R=Me. The I—Ph–II—Ph–
II—A—Ph–II—B reaction sequence has lower activa-
tion energies in comparison with similar sets of reactions
for aliphatic lactamimide. A better nucleofugacity for
PhNH2 compared with MeNH2 is responsible for this.
Solvation affects aliphatic and aliphatic–aromatic bisi-
mides in different ways. In the case of aliphatic bisimide


solvation favors the hydrolysis thermodynamically and
kinetically, whereas for molecule I—Ph the first step of
the hydrolysis, namely the formation of the II—Ph
intermediate, becomes less exothermic and the activation
energy of this process increases, reflecting the weaker
solvation of the II—Ph and TRII—Ph intermediates
compared with their aliphatic analogues. The formation
of intermediate III is an endothermic process in the gas
phase, whereas the similar reaction producing intermedi-
ate III—Ph is exothermic. Moreover, the I—Ph–III—
Ph transformation activation energy is smaller than that
for the reaction I–III by a factor of two. Solvation only
slightly destabilizes III—Ph, whereas for III the
destabilization is more pronounced (Table 3). Therefore,
the ring contraction reaction is more favorable for
bisimides bearing phenyl substituents, in agreement with
experimental observations.


According to the proposed mechanism,2 intermediates
III and III—Ph are to transform into hydroaromatic
intermediates VII and VII—Ph. However, given the
reaction medium is very basic, the carboxylic proton will
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immediately be abstracted to produce intermediates IV
and IV—Ph respectively. These reactions proceed very
easily, since no transition states were detected either for
the transformations 4 or for 17 (Table 3). A relaxed
potential energy scan performed for the reaction
III � OH�= IV � H2O at the B3PW91/6-31G(d)//HF/3-
21G level of theory (Fig. 3) showed that the gas-phase
reaction proceeded with no activation energy. When
solvation in a DMSO–MeOH mixture is taken into
account, a small barrier of just 3.4 kcal mol�1 appears at
COO—H distance of 1.393 Å.


An alternative proton abstraction scheme is shown in
Fig. 1, where protons are transferred from the carboxyl
oxygen to the closest imide carbonyl oxygen (reaction
III–IX). According to the theoretical model applied, this
reaction has an activation energy of 35.8 kcal mol�1 in
the gas phase and the solvation barely affects this value
(Table 3). Moreover, this reaction is only slightly
exothermic in a DMSO–MeOH mixture. Therefore, the


III–IV and III—Ph–IV—Ph pathways are favored in
this case.


IV and IV—Ph intermediates generate dianions V and
V—Ph with loss of CO2. The decarboxylation is much
more favorable thermodynamically and kinetically for
aromatic intermediate IV—Ph. This difference can be
explained by two factors. The first one is that the more
hydrophilic molecule IV and transition state TRV are
better solvated compared with those of IV—Ph and
TRV—Ph. The second one is that phenyl ring stabilizes
the excessive negative charge of the dianion, judging
from the significant decrease in the dihedral angle
between the lactamimide and phenyl ring planes in V—
Ph (28.6°) compared with the uncharged lactamimide
VIII—Ph (52.3°) (Fig. 4). This hypothesis is also
confirmed by the partial charges analysis in the V—Ph
and VIII—Ph molecules. Mulliken-, ESP- and NBO-
derived charges on the phenyl group in V—Ph are more
negative (by 0.17–0.28e) compared with those of VIII—
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Ph. Moreover, the N—Car bond is shorter by 0.05 Å in
V—Ph, suggesting some contribution from the quinone
structure, which is in agreement with delocalization of
the �-electron density by the phenyl ring in the dianions.


There are two possible reaction pathways to convert V
and V—Ph dianions into lactamimides VIII and VIII—
Ph (Figs 1 and 2). The first one is proton abstraction from
a solvent molecule to generate intermediates VII and


�	��� '( 0	�� ������ ����� ��� ���
����� 	�	���	� �- ����.���	�' � ��(������	� ���	��	����	� 1'����		2


Molecule ZPEa E � ZPEb S-1c S-2d


I 0.253 032 �1101.469 998 �0.084 302 �0.072 190
II 0.253 330 �1101.479 597 �0.089 242 �0.076 334
TRII-A 0.262 638 1177.162 715 �0.269 637 �0.233 303
II-A 0.265 324 �1177.180 677 �0.275 693 �0.238 084
TRII-B 0.260 970 �1177.142 281 �0.268 362 �0.233 463
II-B 0.197 970 �1081.441 412 �0.309 796 �0.265 972
III 0.252 635 �1101.468 554 �0.079 202 �0.067 8874
IV 0.239 332 �1100.842 595 �0.269 478 �0.233 622
V 0.224 256 �912.331 447 �0.262 626 �0.229 160
VII 0.237 790 �912.973 552 �0.079 521 �0.069 003
VIII 0.229 517 �912.324 781 �0.019 761 �0.016 733
IX 0.251 913 �1101.435 752 �0.118 245 �0.097 369
X 0.236 496 �912.949 335 �0.093 863 �0.079 839
TRIII 0.250 115 �1101.436 585 �0.083 983 �0.072 031
TRII 0.251 021 �1101.448 783 �0.081 433 �0.068 844
TRIX 0.247 248 �1101.411 533 �0.078 246 �0.067 887
TRV 0.235 916 �1100.831 978 �0.255 136 �0.221 670
TRX 0.248 711 �1101.439 319 �0.094 182 �0.079 361
TRVII� 0.230 023 �912.803 739 �0.082 708 �0.071 075
TRVII 0.244 744 �988.688 474 �0.254 179 �0.222 307
TRVIII 0.239 715 �1063.203 478 �0.084 302 �0.072 031
VI 0.225 179 �912.405 736 �0.079 361 �0.068 844


a Scaled zero point energy (ZPE) at the HF/3-21G level of theory. Scaling factor is 0.9409.9
b ZPE-corrected B3PW91/6-31 � G(d,p)//HF/3-21G total energies.
c Solvation energies calculated at B3PW91/6-31(d,p)//HF/3-21G level of theory using Tomasi’s IPCM with a dielectric constant of
40.0 for the MeOH–DMSO mixture.
d Solvation energies calculated at the B3PW91/6-31(d,p)//HF/3-21G level of theory using Tomasi’s IPCM with a dielectric constant
of 7.0 for t-BuOH.


�	��� )( 0	�� ������ ����� ��� ���
����� 	�	���	� �- �.�	�' ����.�'	� � ��(������	� ���	��	����	� 1'����		2


Molecule ZPEa E � ZPEb S-1c S-2d


I—Ph 0.306 698 �1293.078 606 �0.091 951 �0.076 812
II—Ph 0.308 260 �1293.101 321 �0.083 823 �0.071 393
TRII—A—Ph 0.317 357 �1368.799 659 �0.258 004 �0.223 264
II—A—Ph 0.319 894 �1368.8258 �0.242 387 �0.210 196
TRII—B—Ph 0.315 548 1368.822 312 �0.238 881 �0.207 487
III—Ph 0.306 430 �1293.079 528 �0.087 807 �0.074 262
IV—Ph 0.293 736 �1292.466 048 �0.253 861 �0.219 598
V—Ph 0.278 656 �1103.959 185 �0.260 235 �0.225 176
VII—Ph 0.291 993 �1104.588 332 �0.090 357 �0.076 652
VIII—Ph 0.283 361 �1103.938 778 �0.028 047 4 �0.021 992
TRIII—Ph 0.304 659 �1293.060 902 �0.083 345 3 �0.070 915
TRII—Ph 0.305 674 �1293.075 403 �0.084 620 2 �0.066 772
TRV—Ph 0.290 416 �1292.459 547 �0.251 152 �0.216 889
TRVII—Ph 0.298 369 �1180.316 469 �0.256 251 �0.225 654
TRVIII—Ph 0.293 785 �1254.820 676 �0.093 863 �0.078 246
VI—Ph 0.279 393 �1104.023 184 �0.084 779 6 �0.072 350


a Scaled zero point energy (ZPE) at the HF/3-21G level of theory. Scaling factor is 0.9409.9
b ZPE-corrected B3PW91/6-31 � G(d,p)//HF/3-21G total energies.
c Solvation energies calculated at the B3PW91/6-31(d,p)//HF/3-21G level of theory using Tomasi’s IPCM with a dielectric constant
of 40.0 for the MeOH–DMSO mixture.
d Solvation energies calculated at the B3PW91/6-31(d,p)//HF/3-21G level of theory using Tomasi’s IPCM with a dielectric constant
of 7.0 for t-BuOH.
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VII—Ph followed by their oxidation by atmospheric
oxygen (reactions 6, 7 and 19, 20, Table 3). The second
one is direct oxidation of dianions V and V—Ph by
molecular oxygen (reactions 11, 12 and 21, 22, Table 3).
As seen from the Table 3, dianions are stronger bases
than OH� in the gas phase (a similar situation holds for
MeO�). However, neither V nor V—Ph are able to
abstract protons from water in solution owing to the
strong stabilization of these dianions by solvent mol-
ecules. An alternative way to form hydroaromatic
intermediate involves the reaction path III–IX–X–VII.
However, the reactions III–IX and especially X–VII
show much higher activation energies compared with the
III–IV–V route; therefore, it is difficult to expect them to
occur. It seems that the most probable reaction pathway is
the direct oxidation of dianions V and V—Ph by
molecular oxygen.


With the proviso that the oxidation reaction involves
two one-electron transfers from a dianion to two oxygen
molecules, one can see that the formation of anion-
radicals VI and VI—Ph is thermodynamically favored in
the gas phase and in solution, whereas the oxidation of
anion-radicals to lactamimides VIII and VIII—Ph is
only possible in a DMSO–MeOH mixture, not in t-
BuOH, because of the difference in solvation energies.
This finding agrees very well with the fact that MeOH or
the DMSO–MeOH mixed solvent favors the ring
contraction, whereas t-BuOH does not.


To support this hypothesis an attempt has been made to


detect dianion V by UV–visible spectroscopy during the
ring contraction reaction. Table 4 presents the calculated
wavelengths and oscillator strengths of the lowest
allowed transitions for molecules V, VI, VII and OLI


�	��� *( +	����� 1�32 ��� ���
����� 13�2 	�	���	� ������	� �� �'	 4��56%7�.�%� 81���2779"7�.*%8 �	
	� �- �'	�� �� �'	 ���
�'��	 ��� ��������


Reaction


�E (kcal mol�1) Ea (kcal mol�1)


Gas phase MeOH–DMSO t-BuOH Gas phase MeOH–DMSO t-BuOH


I=II �6.0 �9.1 �8.6 13.3 15.1 15.4
1. II � OH�=II—A 36.5 9.6 13.9 47.8 24.7 28.2
2. II—A=II—B � MeNH2 �19.4 �44.4 �39.9 24.1 28.7 27.0
3. I=III 0.9 4.1 3.6 21.0 21.2 21.1
4. III � OH�=IV � H2O 0.8 �35.8 �30.4 – – –
5. IV=V � CO2 5.4 6.8 5.9 6.7 15.7 14.2
6. V � H2O=VII � OH� �10.9 21.2 16.7 16.9 28.2 27.2
7. VII � O2=VIII � OOH� 24.7 �22.2 �16.1 21.1 18.1 19.2
8. III=IX 20.5 �4.0 2.0 35.8 36.4 35.8
9. IX=X � CO2 �10.1 2.3 �2.0 �2.2 12.9 9.1
10. X=VII �15.2 �6.1 �8.4 91.4 98.4 96.9
11. V � O2 � VI � O2


� �36.1 �0.8 �4.6 – – –
12. VI � O2 � VIII � O2


� 40.3 �2.0 3.9 – – –
13. I—Ph=II—Ph �14.2 �9.1 �10.8 2.0 6.6 5.4
14. II—Ph � OH�=II—A—Ph 21.8 12.4 13.6 38.2 19.0 21.8
15. II—A—Ph=II—B � PhNH2 �8.1 �56.9 �48.1 2.2 4.4 3.9
16. I—Ph=III—Ph �0.6 2.0 1.0 11.1 16.5 14.8
17. III—Ph � OH�=IV—Ph � H2O �7.0 �28.4 �25.3 – – –
18. IV—Ph=V—Ph � CO2 2.7 �4.2 �3.1 4.1 5.8 5.8
19. V—Ph � H2O=VII—Ph � OH� �2.8 21 20.3 16.7 26.5 22.4
20. VII—Ph � O2=VIII—Ph � OOH� 31.4 �13.9 �7.9 19.5 17.3 18.5
21. V---Ph � O2 � VI---Ph � O2


� �50.6 �20.2 �23.8 – – –
22. VI---Ph � O2 � VIII---Ph � O2


� 42.5 �1.6 5.0 – – –


������ *( +	���	� ���	����� 	�	�� ���-�	 ��� -��
��(�� �� ������ �(�������� -��� ���	��	����	 ��� ( :9�
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at the TD-B3LYP/6–31 � G(d,p)//HF/3–21G level of
theory, as well as the absorption maxima of the reaction
mixture during the ring contraction of N�,N-bis(6-
hydroxyhexyl)-1,8,4,5-naphthalenetetracarboxylic bisi-
mide (Scheme 1, BI (R=(CH2)6OH). Fortunately, there
is an appreciable difference between the calculated
spectra of dianion V and hydroaromatic species VII.
Whereas dianion V shows a long wavelength absorption
maximum well beyond 500 nm, the only allowed
transition in the visible region for molecule VII is
located at 501 nm. As can be seen from Table 4, there is
good agreement between the simulated and experimental
spectra of dianion V, whereas no absorption band has
been detected corresponding to hydroaromatic species
VII. Two close intense peaks at 475 nm and 451 nm can
be assigned to intermediates V and OLI (Scheme 1)
respectively, on the basis of their oscillator strengths.


The accuracy of the model adopted can be tested by
comparing the experimentally measured and simulated
spectra of the OLI molecule formed after the cleavage of
lactamimide LI by OH�, present in the reaction mixture.
This compound is formed when N,N�-bis(6-hydroxyhex-
yl)-1-amino-4,5,8-naphthalenetricarboxylic acid-1,8-lac-
tam-4,5-imide, obtained as described in the literature,3 is
dissolved in 5% KOH MeOH–DMSO solution. The
visible spectrum of this solution shows only one strong
absorption band, peaking at 451 nm. Similar absorption
spectra for cleaved lactamimide have also been reported.2


As can be seen from Table 4, the B3PW91/6–
31 � G(d,p)//HF/3–21G model reproduces these data
fairly well.


Given the fact that hydroaromatic intermediate VII has
not been detected during the ring contraction2 and that
both molecular modeling and UV–visible spectroscopy


������ +( =�������� .����� �	��	���	� -�� ���	 �- �'	 ���	��	����	� �- �'	 (������	����������	 ���� ��������� �	����� ,��'
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data favor the reaction pathway involving direct oxida-
tion of dianion V by atmospheric oxygen, the ring
contraction reaction mechanism can be modified as
follows (Scheme 3). The first two steps are similar to
those proposed previously,2 followed by the intermol-
ecular, not intramolecular, deprotonation of the car-
boxylic group by OH� or OMe�. Upon the
decarboxylation of intermediate DA-1, dianion DA-2 is
directly oxidized by atmospheric oxygen to lactamimide,
via anion-radical DA-R.


# �#�"�� ��


Basically, the results of molecular modeling support the
proposed mechanism of the bisimide–lactamimide ring
contraction. However, it seems that no hydroaromatic
intermediate VII is involved in the ring contraction
reaction, since both the theoretical and experimental
results suggest direct oxidation of dianion V and V—Ph
to lactamimide VIII and VIII—Ph. The molecular
modeling data predict that aromatic substituents at imide
nitrogen favor the ring contraction reaction, stabilizing
the excessive negative charge.


The last step of the ring contraction reaction, oxidation
of dianions V and V—Ph by atmospheric oxygen, is only


�
���� *( �����(�	 ���� ��������� �	'����� �� ���		�	�� ,��' ���	���� ���	���� ����


�	��� +( �������	� ,�
	�	���'� � ��� ��������� ���	���'� -
�- ��,	�� ����,	� ����������� -�� ���	��	� ,� ,�� ,�� �� �'	
&!.4�)B�7�.�%� 81���2779"7�.*%8 �	
	� �- �'	�� ���
	��	���	����� �(�	�
	� 
���(�	 ��	���� �- �	����� ���.
���	�


Molecule f


� (nm)


Calculated Measured


V 1 � 10�4 791 760 (weak)
5 � 10�3 683 683 (weak)


2.5 � 10�3 633 610 (weak)
1.7 � 10�2 538 550 (moderate)


8 � 10�4 506
1.6 � 10�3 486
2.1 � 10�3 483


1 � 10�4 467
0.13 461 475 (strong)


VI 9.7 � 10�2 569
1.4 � 10�2 538
5.2 � 10�2 504


1 � 10�4 500
0.15 422 430 (moderate)


1 � 10�4 408
VII 5.0 � 10�2 501
OLI (R=Me) 0.21 438 450 (strong)


a UV–visible spectra were taken in DMSO during the ring
contraction reaction of N�,N-bis(6-hydroxyhexyl)-1,8,4,5-
naphthalenetetracarboxylic bisimide (0.528 g) carried out in
the presence of KOH (2.0 g), DMSO (8 ml) and MeOH (25 ml)
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possible in DMSO–MeOH mixture, not in t-BuOH, due
to the difference in solvation energies. This finding
explains why almost no ring contraction occurs in t-
BuOH and why the yields of lactamimides increase in
going from t-BuOH, EtOH, MeOH to an MeOH–DMSO
mixture, in line with the solvent dielectric constants.
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ABSTRACT: The pseudo-first-order rate constants (kobs) for the alkaline hydrolysis of phenyl benzoate (PB) decrease
monotonically from 72.0 � 10�4 to 7.4 � 10�4 s�1 with increase in the concentration of polyoxyethylene 23 lauryl
ether ([C12E23]T) from 0.0 to 0.01 M at 0.01 M NaOH and 35°C. The results fit satisfactorily to a pseudophase model
of micelles. The values of kobs for the hydrolysis of ionized phenyl salicylate (PS�) are almost independent of
[C12E23]T within the range 0.0–0.02 M at 0.01 and 0.03 M NaOH and 35°C. The rate of alkaline hydrolysis of PB
appears to be negligible in the micellar pseudophase than in the aqueous pseudophase, which is ascribed to the
extremely low concentration of HO� in the micellar region of micellized PB molecules. The values of kobs for
hydrolysis of PB and PS� at 0.01 M NaOH become almost zero at �0.02 and �0.03 M C12E23, respectively. The
effects of mixed C12E23–CTABr on kobs for the alkaline hydrolysis of PB reveal that mixed micelles behave like pure
CTABr micelles within the [C12E23]T range 0.0–5 � 10�4


M whereas an increase in [C12E23]T from �7 � 10�4 to
0.02 M decreases kobs at 0.006, 0.01, 0.02 and 0.03 M CTABr. However, the values of kobs are significantly higher at
[CTABr]T = 0.006, 0.01, 0.02 and 0.03 M than at [CTABr]T = 0 in the presence of [C12E23]T in the range �5 � 10�4 –
0.02 M. An increase in [C12E23]T from 0.0 to 0.015 M causes nearly a twofold increase in kobs at 0.01, 0.02 and 0.03 M


CTABr and 0.01 M NaOH. Copyright  2001 John Wiley & Sons, Ltd.


KEYWORDS: phenyl salicylate; phenyl benzoate; hydrolysis; kinetics; non-ionic micelles; mixed non-ionic–cationic
surfactants
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Studies on the effects of mixed surfactants or mixed
micelles on reaction rates have been started only
recently.1–3 Systematic kinetic studies on the effects of
mixed non-ionic –cationic micelles on the rates of
organic reactions have shown that the kinetic data can
be explained in terms of a pseudophase model of
micelles.2–4 The effects of mixed cationic–anionic
surfactants on the rates of methanolysis of ionized phenyl
salicylate (PS�) and hydrolysis of phenyl benzoate (PB)
have revealed the mixed micelles behaving as cationic in


nature when X �0.3 and anionic in nature when X
�4, where X = [SDS]/[CTABr] (SDS = sodium dode-
cyl sulfate and CTABr = cetyltrimethylammonium bro-
mide).5 Most studies on the effects of mixed non-ionic–
cationic surfactants on the rates of reactions involved
C10H21(OCH2CH2)3OCH2CH2OH (C10E4) as the non-
ionic surfactant.2–4 The head groups of C10E4 micelles
are not as voluminous as those of C12E23 (Brij 35) and the
size of the head groups affects the characteristic proper-
ties of micellar and presumably mixed micellar systems.
In a recent study on the effects of pure CTABr, C12E23


and mixed CTABr–C12E23 surfactants on the acid –base
behavior of phenyl salicylate, an unusual result was
obtained.6 We became interested in finding out whether
there are some unusual effects of pure C12E23 and mixed
CTABr–C12E23 surfactants on the rates of alkaline
hydrolysis of esters. The present study was aimed at
determining the effects of pure C12E23 and mixed
CTABr–C12E23 surfactants on the rates of hydrolysis of
phenyl salicylate and PB under mild alkaline conditions
and the results and their probable explanations are
described in this paper.
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��������� Phenyl salicylate (PSL), phenyl benzoate
(PB), cetyltrimethylammonium bromide (CTABr) and
C12H25(OCH2CH2)22OCH2CH2OH (C12E23 or Brij 35)
were obtained from Fluka, Sigma and Aldrich and were
of the highest commercially available purity. All other
chemicals used were of reagent grade. Stock solutions
(0.01 M) of PSL and PB were prepared in acetonitrile.


����� ������������� The rate of hydrolysis of ionized
PSL (PS�) was studied spectrophotometrically by
monitoring the disappearance of PS� as a function of
time at 350 nm. Similarly, the rate of alkaline hydrolysis
of PB was studied spectrophotometrically by monitoring
the appearance of the product (phenolate ion) as a
function of time at 290 nm. The absorbance values (Aobs),
at different reaction times (t) were measured using a
Shimadzu Model UV-1601 UV–visible spectrophot-
ometer equipped with a thermoelectrically temperature-
controlled cell positional Model CPS 240A. Two to four
kinetic runs were carried out simultaneously under
reaction conditions where the reaction rates were fairly
slow. The reaction rates were monitored for a reaction


period of 4–18 half-lives of the reactions. Pseudo-first-
order rate constants (kobs) were calculated from either
Eqn. (1) [if disappearance of reactant (PS�) was
monitored periodically] or Eqn. (2) [if the appearance
of product(s) was monitored periodically]


Aobs � Eapp�X�0 exp��kobst	 
 A� �1	
Aobs � Eapp�X�0�1 � exp��kobst	� 
 A0 �2	


where Eapp is the apparent molar absorptivity of the
reaction mixture, [X]0 is the initial concentration of ester
(PSL or PB), A� = Aobs at t = � and A0 = Aobs at t = 0.
The non-linear least-squares technique was used to
calculate kobs, Eapp and A� or A0 from Eqn. (1) or (2).
The fitting of the observed data to either Eqn. (1) or (2)
was good, as is evident from the typical plots of Aobs


versus t shown in Fig. 1, where solid lines are drawn
through the calculated data points using either Eqn. (1) or
(2) with the calculated values of unknown parameters
kobs, Eapp and A� or A0 and from the standard deviations
associated with the calculated parameters (Tables 1 and
2). The details of the kinetic procedure and data analysis
have been described elsewhere.7


*+	
� ,�  �	�� ��	!�" ��� �����	���� #��!��� $	#� ��% �����	� ���� �� 
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  & '�( ��%  �� '�( ��%��
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A series of kinetic runs were carried out within the total
C12E23 concentration ([C12E23]T) range 0.0–0.015 M at
0.01 M NaOH and 35°C. First-order rate constants (kobs),
Eapp and A0, obtained under these experimental condi-
tions, are shown in Table 1. An attempt to obtain kobs at
�0.02 M C12E23 failed because the absorbance at 290 nm
remained almost unchanged within the reaction period of
nearly 3 h.


The kobs values decreased monotonically with increase
in [C12E23]T until [C12E23]T  0.01 M at 0.01 M NaOH.
The rate of alkaline hydrolysis of PB should involve
uncatalyzed (kH2O [PB]) and hydroxide ion-catalyzed
(kOH [HO�] [PB]) kinetic steps, as shown in Scheme 1.


phenyl benzoate
�PB	


�������1� kH2O


2� kOH�HO��
phenolate ion


�PhO�	

 benzoate ion


�BZ	


-����� ,


However, the contribution of kH2O [PB] has been shown
to be negligible compared with kOH [HO�] [PB] in the
rate law at pH �9.8 Thus, kobs = kOH [HO�] under the
present experimental conditions.


The non-linear decrease in kobs with increase in
[C12E23]T (Table 1) may be explained by the use of the
pseudophase (PP) model of micelles.9 The assumptions
involved in this model and its usefulness and weaknesses
were critically discussed by Bunton.10 The reaction


scheme for alkaline hydrolysis of PB, in terms of the PP
model of micelles, may be expressed by Scheme 2.


SW 
 Dn �KS


SM


SW 
 HO�
W ��kOH�W


Products


SM 
 HO�
M ��kOH�M


Products


-����� /


S stands for reactive substrate (PB), KS is the micellar
binding constant of S, Dn represents the micelle, kOH,W


and kOH,M are second-order rate constants for the
reactions occurring in the aqueous pseudophase and
micellar pseudophase, respectively, and the subscripts W
and M stand for the aqueous pseudophase and micellar
pseudophase, respectively. The observed rate law
(rate = kobs [S]T, where [S]T = [SW] 
 [SM]) and the rate
law for the reaction, based on the reaction steps in
Scheme 2, can lead to


kobs � kh
W 
 kh


MKS�4oxDn�
1 
 KS�Dn� �3	


where [Dn] = [C12E23]T � cmc, with cmc representing
the critical micelle concentration of the micelle-forming
surfactant C12E23, kh


W = kOH,W [HO�
W] and kh


M = kOH,M


mOH/VM (where mOH = [HO�
M]/[Dn] and VM represents


the micellar molar volume10). The values of cmc,
obtained by an iterative technique11 and Broxton’s
graphical technique,12 are 1.5 � 10�4 and 1.3 � 10�4 M,
respectively.


The non-linear least-squares technique was used to


!���� ,� +

��� 	
 2�-1+1�4* 	� )	#� 
	� ��%�	���� 	
  & �� ���- � 5�67 ��% ��°��


104 [C12E23]T
(M)


104 kobs
(s�1)


Eapp
(M�1 cm�1) A0


104 kcalcd
b


(s�1) Qobs
c Qcalcd


d


0.0 69.7 � 0.5e 2420 � 6e 0.100 � 0.001e


0.5 74.6 � 0.8 2358 � 9 0.106 � 0.001
1.0 72.3 � 0.5 2363 � 6 0.106 � 0.001
2.0 67.4 � 0.5 2322 � 5 0.098 � 0.001 67.6 1.071 1.137
3.0 62.1 � 0.6 2371 � 6 0.098 � 0.001 61.9 1.163 1.225
5.0 53.0 � 0.5 2368 � 8 0.113 � 0.002 53.0 1.362 1.400
7.0 45.4 � 0.4 2382 � 7 0.089 � 0.001 46.4 1.590 1.575


10.0 39.9 � 0.3 2541 � 7 0.094 � 0.001 39.1 1.810 1.837
20.0 25.2 � 0.2 2544 � 8 0.102 � 0.000 25.7 2.865 2.712
30.0 19.3 � 0.1 2346 � 3 0.093 � 0.000 19.2 3.741 3.587
60.0 11.9 � 0.3 2061 � 22 0.099 � 0.001 11.0 6.067 6.213


100.0 7.42 � 0.15 1289 � 16 0.098 � 0.000 7.14 9.730 9.713
150.0 4.13 � 0.17 1077 � 14 0.099 � 0.002 5.04
200.0 f f


a [PB]0 = 2 � 10�4 M, 0.01 M NaOH, 35°C, � = 290 nm, reaction mixture for each kinetic run contained 2% (v/v) CH3CN.
b Calculated from Eqn. (3) with the parameters mentioned in the text.
c Qobs = kh


W/kobs, where 104 kh
W = 72.2 s�1.


d Calculated from Eqn. (4) as described in the text.
e Error limits are standard deviations.
f The rate of reaction was too slow to measure kobs and Eapp accurately (the value of Aobs changed from 0.10 to 0.15 with change in
reaction time (t) from �20 s to 3 h).
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calculate kh
M and KS from Eqn. (3) considering kh


W as a
known parameter. The least-squares calculated values of
kh


M and KS are (0.47 � 0.53) � 10�4 s�1 and 987 �
27 M�1, respectively. The calculated value of kh


M is
associated with a relative standard deviation of �100%
and hence it is not statistically different from zero, and
therefore KS was also calculated from Eqn. (4), which is
the rearranged form of Eqn. (3) with kh


M = 0 and
� = 1 � cmc KS:


kh
W�kobs � �
 KS�C12E23�T �4	


The linear least-squares calculated values of � and KS are
0.962 � 0.046 and 875 � 11 M�1, respectively. The value
of KS is only 11% lower than that (987 M�1) obtained
from Eqn. (3). It may be worth mentioning that the non-
linear least-squares technique used in the calculation of
kh


M and KS from Eqn. (3) involves a simulation where it
may be possible that large errors in both kh


M and KS may
compensate each other, producing a seemingly good fit of
the observed data to Eqn. (3). However, the linear least-
squares treatment gives an exact solution of Eqn. (4) and
hence there is no possible compensatory errors in the
calculated values of � and KS. The fitting of the observed
data to Eqn. (4) is evident from the (kh


W/kobs)calcd values
listed in Table 1. The pseudo-first-order rate constants
(kobs) for the alkaline hydrolysis of securinine, in the
presence of C12E10 micelles, were found to fit a kinetic
equation similar to Eqn. (4).13


The insignificant value of kh
M shows that the rate of


hydrolysis of PB is much slower in the micellar
pseudophase than in the aqueous pseudophase. The
micellar-mediated reactions are generally believed to


occur at the micellar surface (i.e. palisade or Stern layer)
where the microscopic hydrophilicity (i.e. microscopic
dielectric constant) of the medium is considerably lower
compared with the macroscopic hydrophilicity (i.e.
dielectric constant) of the aqueous pseudophase. An
increase in acetonitrile content from 2 to 70% (v/v)
decreased kobs for hydrolysis of PB from 14.9 � 10�3 to
1.41 � 10�3 s�1 at 0.02 M NaOH and 35°C.8 However,
the value of kh


M  0 cannot be explained in terms of a
medium effect only. The possible reason for the slower
rate of hydrolysis in the micellar pseudophase is the
presence of a kinetically insignificant amount of HO� in
the vicinity of micellized PB molecules. A similar
proposal has been made to explain the inhibitory effects
of non-ionic micelles on the rate of reaction of HO� with
p-nitrophenyl diphenylphosphate.14 The evidence for the
presence of different locations or the non-uniformity in
the concentrations of two different reactants in the
micellar pseudophase is no longer rare.14–17 The PB
molecules, being highly hydrophobic, are expected to be
dragged deeper inside the micellar pseudophase whereas
hydroxide ions, being highly hydrophilic, are expected to
remain in the considerably polar and hydrophilic region
of the micellar pseudophase.


The values of kobs at �0.015 M C12E23 show a sharp
decrease with increase in [C12E23]T (Table 1), which is
largely due to depletion of HO� ions in the micellar
environment of micellized PB molecules, and these kobs


values fail to obey the PP model, i.e. Eqn. (3) or (4). This
is a rather unusual observation in view of the theoretical
micellar models, such as the PP model, used to explain
such data quantitatively.


The molar absorptivities of non-ionized and ionized
phenol at 290 nm and 1 M ionic strength are 0 and


!���� /� +

��� 	
 2�-1+1�4* 	� )	#� ��% +��� 
	� ��%�	���� 	
  �
� �� ��°��


104


[C12E23]T (M)


0.01 M NaOH 0.03 M NaOH


104 kobs
(s�1)


Eapp
(M


�1 cm�1) A�


104 kobs
(s�1)


Eapp
(M


�1 cm�1) A�


0.0 7.48 � 0.12b 6339 � 40b �0.007 � 0.008b 7.51 � 0.14b 6290 � 44b �0.020 � 0.009b


5.0 7.52 � 0.13 6021 � 46 �0.053 � 0.010 7.85 � 0.12 6100 � 42 �0.019 � 0.009
5.0 7.11 � 0.14 5813 � 44 �0.006 � 0.010
10.0 7.89 � 0.04 5993 � 12 0.001 � 0.003
10.0 7.13 � 0.13 5780 � 39 �0.011 � 0.008 7.83 � 0.09 6138 � 28 0.005 � 0.005
20.0 7.11 � 0.21 6173 � 64 �0.012 � 0.013 8.26 � 0.33 6205 � 99 �0.005 � 0.018
30.0 7.11 � 0.19 6091 � 59 �0.006 � 0.012 7.50 � 0.22 6199 � 73 0.002 � 0.014
50.0 7.18 � 0.15 5944 � 45 0.007 � 0.009 6.94 � 0.19 6330 � 62 0.001 � 0.013
60.0 7.37 � 0.04 5866 � 13 0.037 � 0.003 8.07 � 0.04 5822 � 11 0.028 � 0.002
60.0 6.95 � 0.09 5792 � 28 0.086 � 0.006 7.30 � 0.06 6249 � 17 0.052 � 0.003
100.0 7.54 � 0.05 5838 � 14 0.065 � 0.003 6.51 � 0.18 6284 � 61 0.015 � 0.013
100.0 7.27 � 0.06 5482 � 16 0.032 � 0.003 7.43 � 0.05 6154 � 14 0.023 � 0.003
200.0 5.89 � 0.17 1804 � 18 0.067 � 0.004 6.40 � 0.10 6211 � 35 0.051 � 0.008
300.0 c c 6.41 � 0.07 6078 � 23 0.074 � 0.005


a [Phenyl salicylate]0 = 2 � 10�4 M, 35°C, � = 350 nm, reaction mixture for each kinetic run contained 2% (v/v) CH3CN.
b Error limits are standard deviations.
c The absorbance value (Aobs = 0.012) remained unchanged with change in the reaction time (t) from �20 s to 3 h.
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2350 M�1 cm�1, respectively.18 In Eqn. (2), Eapp = EP


�EPB, where EP and EPB represent the molar absorp-
tivities of products, phenolate and benzoate ions, and
PB, respectively, and A0 = EPB [X]0. The value of Eapp


(= 2420 M�1 cm�1, Table 1) at [C12E23]T = 0 and the
relationship Eapp = EP � EPB reveal that EP  EBZ (where
BZ represents benzoate ion) at 290 nm. The values of A0


and Eapp are almost independent of [C12E23]T within the
range 0.0–0.02 and 0.0–0.003 M, respectively. An
increase in [C12E23]T beyond 0.003 M decreased Eapp


and the value of Eapp at 0.015 M C12E23 became almost
half of that at [C12E23]T = 0. Thus, the value of Eapp at
0.015 M C12E23 indicates that the hydroxide ion con-
centration in the micellar environment of micellized
product phenol molecules was insufficient to cause their
complete ionization. It should be noted that phenol is
apparently more hydrophilic than PB and hence the
location in the micellar pseudophase for phenol should be
more polar than that for PB.18 Thus, the concentration of
HO�


M in the vicinity of micellized PB molecules must be
even lower than that of micellized phenol.


The possibility that the decrease in Eapp with the
increase in [C12E23]T at 0.006 M is due to the effect of the
medium on EP and EPB may be ruled out because EP and
EPB remained essentially unchanged with the change in
the acetonitrile content from 2 to 70% (v/v) in mixed
aqueous solvents.8 The most obvious reason for the
decrease in Eapp with the increase in [C12E23]T at a
constant [NaOH] is the depletion of hydroxide ions in the
region of micellized PB molecules in the palisade layer
through a mechanism (unknown to us at the moment) by
which C12E23 micelles affect the pKa or pKb of phenyl
salicylate.6


������ �� .%,/�/01! �� ���� ��
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In order to find out the effect of [C12E23]T on the rate of
hydrolysis of PS�, a few kinetic runs were carried out at
different [C12E23]T ranging from 0.0 to 0.02 M at 0.01 M


NaOH, and 35°C. Similar results were obtained at 0.03 M


NaOH. First-order rate constants (kobs), Eapp and A�


obtained under these experimental conditions are sum-
marized in Table 2. The values of kobs could not be
obtained at [C12E23]T �0.03 M within the [NaOH] range
0.01–0.03 M because, under such conditions, the absor-
bance (Aobs) at 350 nm became �0.02 at reaction time
t  15 s and remained unchanged within the reaction
period of nearly 3 h.


The values of the molar absorptivities for PS� and PSH
(non-ionized form of phenyl salicylate) at 350 nm are
5700–6000 and �0 M�1 cm�1, respectively.18 The values
of the initial absorbance (A0 = Aobs at t = 0) of the reaction
mixtures at 0.01 and 0.03 M NaOH were found to be
unchanged with change in [C12E23]T from 0.0 to 0.01 M


and from 0.0 to 0.03 M, respectively {it is evident from
Eqn. (1) that at t = 0, Aobs = A0 = Eapp [X]0 
 A�, which


can be used to calculate the values of A0 at different
[C12E23]T with the values of Eapp and A� summarized in
Table 2 where [X]0 = 2 � 10�4 M}. If the change in the
reaction conditions, such as an increase in [C12E23]T,
increases [PSH]T (= [PSHM] 
 [PSHW]), then the values
of A0 should have been dependent upon [C12E23]T. The
unchanged values of A0 with the change in [C12E23]T


show the presence of 100% ionized form (PS�) of phenyl
salicylate in the reaction mixtures under such experi-
mental conditions. However, the value of A0 (�0.012) at
0.01 M NaOH and 0.03 M C12E23 and also at 0.03 M


NaOH and �0.03 M C12E23 remained unchanged within
the reaction period of �3 h, which shows that [PS�]T = 0
and the entire PSH molecules are fully bound by
micelles, i.e. [PSHW] = 0 under such conditions because
the aqueous pKa of PSHW is 9.25.7 Similar results were
obtained in the study on the effect of [C12E23]T on the pKa


of PSH.6


The first-order rate constants (kobs) for the hydrolysis
of phenyl salicylate were found to be independent of
[HO�] within the range 0.005–0.060 M in the absence of
micelles.18 Similarly, kobs for the hydrolysis and
methanolysis of phenyl salicylate turned out to be
independent of [HO�] within the respective [NaOH]
range 0.01–0.04 and 0.005–0.050 M in the presence of
0.0015 M19 and 0.01 M CTABr.20 It has been shown
unequivocally that pH-independent hydrolysis of phenyl
salicylate involves PS� and H2O as the reactants.21 The
brief reaction scheme for the cleavage of phenyl
salicylate, under the present experimental conditions,
may be as shown in Scheme 3.


o-�OC6H4COOC6H5
�PS�	


������kH2O �H2O�
NaOH


o-�OC6H4CO�
2


�salicylate ion	

C6H5O�


�PhO�	


-����� 0


The observed data, summarized in Table 2, show that
kobs remained almost independent of [C12E23]T within the
range 0.0–0.01 M at 0.01 M NaOH and 0.0–0.03 M at
0.03 M NaOH. These results may be explained in terms of
either KS = 0 (i.e. PS� ions do not have a detectable
binding affinity with C12E23 micelles) or KS ≠ 0, but the
location of micellized PS� in the micellar pseudophase is
very similar to that in the aqueous pseudophase in terms
of medium polarity and water concentration. The
possibility that KS = 0 can be ruled out for the following
reason. If KS = 0 {where KS = [PS�


M]/([PS�
W][Dn])},


then KS
app = [PSHM]/([PS�


W][Dn])  100 M�1.† Under


† (By definition, KS
app = {[PS�


M] 
 [PSHM]}/{([PS�
W] 
 [PSHW])


[Dn] = [PSHM]/([PS�
W][Dn])}. Where [PS�


M] = 0 because KS = 0 and
[PSHW] = 0 because the Ka of PSH is 5.67 � 10�10 M7 and, therefore,
at 0.01 M NaOH, [PSHW] = 0. The values of Eapp (= molar absorptivity
of PS� at 350 nm because the molar absorptivities of PSH, non-ionized
and ionized products, salicylic acid and phenol are nearly zero at
350 nm18) at 0.0 and 0.02 M C12E23 are 6300 and 1800 M�1 cm�1


(Table 2), respectively, in the presence of 0.01 M NaOH. Thus,
KS


app = (6300 � 1800)/(1800 � 0.02) = 125 M�1.
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such conditions, the PP model can lead to


kobs � kh
W��1 
 KS


app�Dn�	 �5	


which shows that kobs = kh
W/3 at 0.02 M C12E23. However,


the observed value of kobs (= 5.89 � 10�4 s�1) at 0.02 M


C12E23 is only 22% smaller than kobs (= kh
W = 7.48 � 10�4


s�1) at [C12E23]T = 0. The possibility that KS = 0 may be
also ruled out based on the observed effect of C12E23 and
mixed C12E23–CTABr micelles on pKa or pKb of PSH.6


The kinetic data reveal that PS� ions exist in the
micellar interface or micellar pseudophase of CTABr17


and sodium dodecyl sulfate18 micelles of very low [H2O]
compared with [H2O] of the aqueous pseudophase.
Therefore, it seems surprising that the C12E23 micellar
location of PS�


M does not differ from the aqueous
pseudophase in terms of water concentration. However, it
has been reported that in aqueous non-ionic micelles,
such as C12E23, the ethylene oxide palisade layer is
extensively hydrated22,23 and hence the water concentra-
tion in the palisade layer of C12E23 micelles must be
larger than in the interior of the Stern layer of ionic
micelles. As mentioned earlier, the hydrolysis of PS�


involves PS� and monomeric H2O (i.e. H2Ofree) as the
reactants. Ethers and monofunctional alcohols such as the
head groups of C12E23 are known to cause disruption of
the water structure at a high mole fraction of organic co-
solvent in mixed aqueous solvents.24 Such an interaction
is bound to produce more monomeric water molecules
(H2Ofree) and consequently increase the rate of hydrolysis
of PS�. If this argument is correct, then it is merely a
coincidence that the effect of the decrease in [H2OM]
(compared with [H2OW]) in the vicinity of PS�


M ions is
nearly counterbalanced by the effect of the increase in
[H2Ofree, M] (compared with [H2Ofree, W]), owing to
disruption of the water structure by headgroups, on kobs.


������ �� %,/�/0�%!(2
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A series of kinetic runs were carried out within the
[C12E23]T range 0.0–0.025 M at 0.01 M NaOH and 35°C
in the presence of 0.006 M CTABr. Similar results were
obtained at 0.01 M, 0.02 and 0.03 M CTABr. These results
are shown graphically in Fig. 2 as plots of kobs versus
[C12E23]T. The value of kobs for the hydrolysis of PB at
0.01 M NaOH is 6.77 � 10�3 s�1 at 0.01 M NaOH and
[CTABr]T = [C12E23]T = 0. The effects of [CTABr]T on
kobs for alkaline hydrolysis of PB in the absence of C12E23


micelles have been explained in terms of the pseudophase
ion-exchange (PIE) model and this data treatment
resulted in a CTABr micellar binding constant of PB of
300 M�1.8


It is evident from the plots of Fig. 2 that the values of
kobs are almost independent of [C12E23]T within the range
0.0–5 � 10�4 M at 0.006, 0.01, 0.02 and 0.03 M CTABr.


An increase in [C12E23]T from �7 � 10�4 M caused a
decrease in kobs and this decrease became nearly
independent of [CTABr]T at �25 � 10�4 M C12E23.
The values of kobs are significantly higher at
[CTABr]T = 0.006, 0.01, 0.02 and 0.03 M than at
[CTABr]T = 0 in the presence of [C12E23]T in the range
�5 � 10�4–200 � 10�4 M. These observations reveal
that mixed CTABr–C12E23 micelles behave like pure
CTABr micelles at [C12E23]T �5 � 10�4 M and the
decrease in kobs with increase in [CTABr]T from 0.006
to 0.03 M at a constant [C12E23]T is due to dilution effect
on [HO�


M] as generally ascribed in the interpretation of
the kobs versus [CTABr]T profile by use of the PIE
model.8,10,25 It is clear from a number of reports that
organic solutes and non-ionic surfactants increase both
the fractional micellar ionization (�) and the volume of
the micellar pseudophase.4 These two effects on the
concentration of HO�


M may be attributed to the decrease
in kobs with increase in [C12E23]T at a constant [CTABr]T


(Fig. 2). A quantitative treatment of these observations is
difficult to provide because of the lack of a perfect kinetic
model and imperfect understanding of the structural
features of mixed micelles at varying mole ratios of its
surfactant components.


It is perhaps noteworthy that the values of kobs became
almost independent of [CTABr]T within the range 0.006–
0.03 M at a constant [C12E23]T within the range
25 � 10�4–250 � 10�4 M (Fig. 2). However, even under
such conditions, the presence of CTABr increased the
concentration of HO�


M compared with that of HO�
M at


[CTABr]T = 0. This is evident from the larger values of


*+	
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kobs (Fig. 2) and Eapp (Fig. 3) in mixed CTABr–C12E23


micelles compared with those in pure C12E23 micelles.
These observations reflect the fact that in the interface of
a cationic micelle the hydroxide ion concentration will be
higher than that in the interface of a non-ionic micelle
and, therefore, the reaction will be faster in mixed
cationic–non-ionic than in non-ionic micelles. However,
the dilution effect on [HO�


M] due to the increase in
[CTABr]T at a constant [C12E23]T and the decreasing
effects of the increase in [C12E23]T on [HO�


M] and � at a
constant [CTABr]T are no longer kinetically significant.
It is interesting that the pKa of phenyl salicylate (PSL)
was unaffected by an increase in [CTABr]T from 0.0 to
0.03 M at [C12E23]T = 0.02 M.6 This shows that the
presence of CTABr did not cause an increase in [HO�


M]
(compared with [HO�


M] at [CTABr]T = 0) sufficient
enough to show an effect on the pKa of PSL under such
conditions.


The value of Eapp at 0.006 M CTABr is nearly 30%
smaller than those at 0.01, 0.02 and 0.03 M CTABr in the
presence of 0.02 M C12E23 (Fig. 3), whereas the values of
kobs are independent of [CTABr]T under such conditions
(Fig. 2). These observations may be explained with the
assumptions that PBM molecules are located deeper
inside the micellar pseudophase compared with the
relatively more hydrophilic product phenolate ions
(PhO�


M) and the rate of hydrolysis of PB is insignificant
in the micellar pseudophase compared with that in the
aqueous pseudophase. However, the product, phenolate
ion, formed in the aqueous pseudophase is trapped by the
cationic interface of mixed C12E23–CTABr micelles
where [HO�


M] increases with increase in [CTABr]T at
a constant [C12E23]T. Mukerjee pointed out that for


micelles, such as C12E23 micelles, containing bulky
polyoxyethylene head groups, the voluminous outer
mantle of the micelle can also serve as a locus of
solubilization of some polar solubilizate.26 The distribu-
tion ratios of the amounts in the mantle and the amounts
associated with the hydrocarbon core, which includes the
molecules in the interfacial region, increased in favor of
the core location as the molecules became more
hydrophobic.26
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A few kinetic runs were carried out within the [C12E23]T


range 0.005–0.015 M at 0.01 M CTABr and 0.01 M


NaOH. The first-order rate constants (kobs) showed a
linear increase with increase in [C12E23]T, as is evident
from the plot in Fig. 4. Similar results were obtained at
0.02 and 0.03 M CTABr (Fig. 4). It is apparent that mixed
C12E23–CTABr micelles behave as pure CTABr micelles
at [C12E23]T �0.005 M and [CTABr]T �0.01 M. As
mentioned earlier, the increase in [C12E23]T at a constant
[CTABr]T is expected to increase both � and the volume
of micellar pseudophase.4 These two effects are expected
to increase the water concentration in the vicinity of
micellized PS� ions, which could be the cause of the
increase in kobs with increase in [C12E23]T. The linear
increase in kobs with increase in [C12E23]T at constant
[CTABr]T cannot be attributed to the probable reaction
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between PS� and ionized or non-ionized hydroxyl groups
of C12E23 because the product (ionized alkyl salicylate)
of such a reaction could not be detected spectrophotome-
trically7 in the presence of either pure C12E23 micelles or
mixed C12E23–CTABr micelles. Similarly, the reaction
of p-nitrophenyl diphenylphosphate with terminal alk-
oxide groups of non-ionic micelles was found to be
unimportant,14,27 but the reaction of 2,4-dinitrochloro-
benzene (DNCB) with HO� in C12E10 and C12E23 gave
considerable amounts of the ether formed by the reaction
of alkoxide ion with DNCB.14 The apparent linear
variation of kobs with [C12E23]T at a constant [CTABr]T


(Fig. 4) could not be tested beyond 0.015 M at 0.01 M


NaOH because under such conditions the rate of
hydrolysis of PS� became too slow to monitor con-
veniently owing to presence of an insignificant amount of
PS� in the reaction mixture.


%"�%)$-�"�


The effect of [C12E23]T on kobs for the hydrolysis of PB
reveals an insignificant rate of hydrolysis in the micellar
pseudophase compared with that in the aqueous pseudo-
phase. This shows the presence of PBM molecules in the
micellar region where [HO�


M] is kinetically insignif-
icant. These results also show that at 0.01 M NaOH, the
observed data, obtained at �0.015 M C12E23, can be
explained in terms of the PM model. However, the values
of kobs and Eapp drop sharply and the kobs values fail to
obey the PM model at [C12E23]T �0.015 M owing to
some unusual effect of [C12E23]T on the distribution of
HO� between the aqueous and micellar pseudophases
under such conditions. The effect of [C12E23]T on kobs for
the hydrolysis of PS� shows the presence of PS�


M ions in
the micellar environment of a high concentration of
H2OM and hence PS�


M ions most likely remain in the
voluminous polyoxyethylene head groups of the mi-
celles. The presence of mixed micelles of CTABr and
C12E23 causes an increase in [HO�


M] at the interface of
the cationic surfactant which makes kobs larger than that
at the corresponding [C12E23]T with [CTABr]T = 0 for
PB. The addition of CTABr micellar solution to C12E23


micellar solution causes the presence of PS�
M at the


CTABr micellar interface where [H2OM] is significantly
lower than [H2OW]. However, an increase in [C12E23]T


from 0.005 to 0.015 M at a constant [CTABr]T increases
kobs, which is due to the increase in [H2OM] caused by the
swelling of the mixed micelles.
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ABSTRACT: Infrared spectra of 39 benzene mono-derivatives were recorded in the region 1000–1800 cm�1 and the
intensities of the bands �16a and �16b were determined by computer separation. The intensities correlated with the
squared resonance substituent constants �R


o as found by Katritzky and co-workers, but band separation does not
represent any essential improvement compared with the earlier simpler technique. With substituents including an NH2


group, there is still an interference with the NH2 scissoring deformation band: in these cases deuteration is more
effective than band separation. Several new constants �R


o were determined spectroscopically for substituents of
interest in pharmacology and these constants were also calculated by a quantum chemical model. The latter procedure
seems to be most efficient and reasonably reliable for calculating new �R


o constants; the only problem may be with the
conformation in the case of axially unsymmetrical substituents. Copyright  2001 John Wiley & Sons, Ltd.
Additional material for this paper is available from the epoc website at http://www.wiley.com/epoc


KEYWORDS: benzene derivatives; infrared spectra; resonance; substituent effects
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Several attempts have been made1 to compare quantita-
tively the resonance of various groups (substituents) with
a constant reference system, most often with the benzene
ring. They were based on reactivities,2,3 physical proper-
ties,3,4 quantum chemical calculations5,6 or a statistical
treatment of diverse data.7,8 The results have been
presented as relative values, conventionally scaled, called
�R constants. It was argued1 that all these scales are not
exactly proportional since it was necessary to create
several such scales called �R, �R


o, �R
� or �R


�: the choice
between them brings some arbitrariness into the whole
procedure. In spite of this, these constants have been
applied, mostly in combination with the inductive
constants �I, with relative success and a number of
reactivity data and various physical properties were
predicted with reasonable accuracy.


According to Katritzky and co-workers,4 the constants
�R


o are determined from infrared intensities. This
approach has several merits. First, it makes use of
benzene mono-derivatives C6H5X in which the phenyl
group itself acts as a probe whereas most other methods
use bis-derivatives XC6H4Y in which the probe group Y


may influence the results. The infrared method4 is also
experimentally simple and reasonably precise. The
integrated absorption intensity A of the two bands
denoted9 �16a and �16b is related to the constant �R


o by
the empirical relationship4


�R
o � 0�0079A1�2 � 0�027 �1�


There is a disadvantage that the sign of the constant �R
o


(distinguishing acceptor and donor substituents) remains
undetermined and must be assigned in agreement with
other evidence, sometimes tentatively.


We became interested in this method in the course of
our systematic investigations6,10 of the physico-chemical
properties of the thioamide group and of several related
groups are of interest as pharmacophores in tuberculo-
statics11 and antimycotics.12 We intended to determine
some new values of �R


o by the spectroscopic method4


and to reinvestigate this method using contemporary
spectroscopic techniques. In particular there was a
question of whether separation of the bands by a common
computer program13 gives better results than their
integration together by the means available in the
1960s.4 For some of these groups, the constants �R


o


had already been determined by us6 using a quantum
chemical model,5 essentially empirical in character; this
procedure has another difficulty in that �R


o of certain
groups depends significantly on their conformation.
Hence we calculated �R


o for the new substituents also
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by the quantum chemical method and compared the two
approaches.


The selection of substituents included some new
groups of interest from the pharmacological point of
view and, also, the simplest standard substituents for the
sake of comparison. All the substituents are listed in
Table SI (supplementary material), those of particular
interest being given also in Table 1. They include also
substituents, important for our purpose, containing an
NH2 group; in these the scissoring deformation band �NH2


interferes with the bands being measured. We tried to
overcome this difficulty either by measuring the spectra
of deuterated derivatives (as done previously for the NH2


group4) or by separating the bands by a computer
program.


�%��!�&�� '(


Infrared absorption spectra were recorded on a Nicolet
Impact 400 FTIR spectrometer (512 scans, resolution
2 cm�1, DTGS detector) in KBr and NaCl cells (0.0108,
0.0282, 0.0613 cm) in tetrachloromethane, benzene,
chloroform or deuterated chloroform. The cell pathlength
was calibrated by the interference method. Concentra-


 ���� �) +������� �	������ �������� ���� �
� �
	
��'�������� '�	%�	����'


Substituent Ac ��R (IR)�d
Separation of �16a and �16b bands


�13 band A��1 A1 ��2 A2


H 0 0 — 0 — 0 922.1
CH3 240.5 0.10 1604.5 263.0 1585.9 22.4 591.1
CONH2 984.9 (0.22) 1604.6 1055.7 1578.5 1080.5 10.8


1588.2 565.2
COND2 548.6 0.16 1603.8 93.7 1579.8 389.2 59.2
CSNH2 8312.5 (0.69) 1600.4 8539.3 — 0 218.4
CSND2 455.9 0.14 1598.9 456.0 1579.3 56.9 182.2
NH2 5564.0 (0.56) 1618.3 4651.6 1602.1 1404.5 2576.7
ND2 4071.9 0.48 1604.8 4102.3 — 0 2488.7
NO2 513.4 0.15 1606.8 491.5 1590.9 79.0 351.2
OH 2809.1 0.39 1605.8 804.2 1597.1 2262.3 2046.7
F 2184.2 0.34 1596.2 2319.2 — 0 2761.4


a See Table SI (supplementary material) for more extensive data and additional substituents.
b �� in cm�1, A in 1 mol�1 cm�2.
c �16a and �16b bands integrated together according to Ref. 4.
d Absolute values calculated from not separated �16a and �16b bands according to Eqn. (1). Values spoiled by the presence of
additional bands are in parentheses.


 ���� �) +��������� 
� �
�������
	� 
� �	������ ���� �
� �
	
��'�������� '�	%�	��


No. Response function Explanatory variable Slope ba Ra sa Na


1 A (Ref. 4) A (this work) 0.998 (15) 0.9971 138 27
2 �R


o (IR, Ref. 4) �R
o (IR, this work) 0.995 (17) 0.9966 0.023 27


3 �R
o (IR, this work) �R (Ref. 7a) 0.70 (5) 0.9411 0.095 27


4 �R
o (IR, Ref. 4) �R (Ref. 7a) 0.70 (5) 0.9370 0.099 27


5 �R
o (IR, this work) �R (Ref. 3) 1.00 (6) 0.9537 0.085 27


6 �R
o (IR, Ref. 4) �R (Ref. 3) 0.99 (7) 0.9490 0.090 27


7 �R
o (IR, this work) �R


o (calc., Ref. 6) 1.005 (43) 0.9845 0.052 19
8 �R


o (IR, Ref. 4) �R
o (calc., Ref. 6) 1.002 (50) 0.9809 0.059 19


9 �R
o (IR, this work) �R


� (Ref. 3) 0.321(21) 0.9487 0.089 27
10 �R


o (IR, this work) �R
� (Ref. 3) 0.348 (21) 0.9622 0.078 27


�1 (Ref. 7a) �0.29 (10)
11 A1/2 of �16a �R (Ref. 7a) 84 (8) 0.9398 14.53 (0.173)b 27
12 A1/2 of �16a �R (Ref. 3) 120 (8) 0.9514 10.56 (0.088)b 27
13 A1/2 of �16a


c �R (Ref. 3) 126 (6) 0.9757 7.83 (0.062)b 26
14 Av13 (Ref. 4) Av13 (this work) 1.23 (5) 0.9869 244 19c


15 Av13
1/2 �R (Ref. 7a) �49.9 (35) 0.9853 3.06 8d


a Slope b with its standard deviation in parentheses, correlation coefficient R, standard deviation from the regression s and number of
data N.
b Standard deviation recalculated on the �-scale.
c NMe2, COOMe and COCl substituents eliminated.
d Only substituents with C2v symmetry.
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tions of the solutions were between 0.05 and 1.46 mol l�1


and were chosen in each case to give peak absorptions
between 0.3 and 0.8. The spectra were measured against
air as background. The data were processed using
standard software.13 The spectra of solvents were
subtracted manually using the program OMNIC 2.0,13a


and the same program was used for integration of bands.
Separation of bands was achieved by the program
Peaksolve,13b and the method with mixed Gaussian–
Lorentzian bands was chosen. All spectral data are listed
in Table SI (supplementary material), the most important
data for selected substituents are also given in Table 1.
Correlation of spectral data with each other and with the
� constants are given in Table 2.


$'($#(' ���*


Quantum chemical calculations were performed using


the program Hyperchem.14 For calculating �R
o constants,


the previously published method6 was used, the basis set
being obtained from the standard database.15 The original
theoretical model6 (at a relatively low level) was
maintained in order to obtain results comparable with
the previous ones: the geometry of a molecule
XCH=CH2 was optimized at the RHF/4–31G level and
then the single-point calculation was performed. When
more conformations (usually planar) with comparable
energies are possible, calculations were performed for all
of them. The calculated constants �R


o were obtained from
the equation5


�R � 4�167
�


�q� � 0�06083 �2�


where
�


�q� is the total �-electron population on the two
carbon atoms in the molecule XCH=CH2 minus the


 ���� +) �
	���	�� �&

 ���������� ��
� ��� ,��	��� �������� �
��� �	� ��
� �& �	��	������


Substituent Conformationa �R
o


Energy CH2=CHX
(a.u.) �R


o from IR


CH2Cl sp �0.08 �575.3110319 �0.04
ap �0.08 �575.3085048


COOH sp 0.20 �265.2618032 0.26
ap 0.17 �265.2610632


COOC2H5 sp 0.17 �343.2120961 0.12
ap 0.15 �343.2112000


CONH2 sp 0.12 �245.4636424 0.1
apb 0.07 �245.4594209


CONHCH3 sp Z 0.11 �284.4336309
sp E 0.14 �284.4283676
ap Z 0.06 �284.4291380
ap E 0.09 �284.4192931


CSNH2 sp 0.22 �568.1845415 0.14
apb 0.12 �567.7586719


COCl ap 0.25 �648.8945989 0.21
sp 0.23 �648.8943097


NHC2H5 sp �0.61 �210.8241150 �0.53
ap �0.57 �210.8217631


NHC4H9 sp �0.61 �288.7795282 �0.55
ap �0.58 �288.7771762


NHC6H5 ap �0.48 �362.0930904 �0.50
sp �0.53 �362.0864766


NCS apc �0.12 �566.5756573 �0.33
NHC(=NH)NH2 ap sp E �0.36 �280.5855719 �0.25


ap sp Z �0.40 �280.5822546
N=C(NH2)2 ap �0.36 �280.5840332


sp �0.45 �280.5797502
N=NC6H5 ap E 0.03 �415.8142061 0.07


sp E 0.01 �415.8081834
SSC6H5 sp ap �0.30 �1101.238791 �0.20


ap ap �0.26 �1101.238419
ac(100°) ac(101°) �0.04 �1101.254361


a Conformation about the C—X bond is given first, followed by conformations within the X group; conformations about the C—N
partial double bonds in amides and configurations on the C=N and N=N double bonds are denoted by E and Z. The lowest
energy conformer is given first.
b In Ref. 6 the �R


o values were calculated for this conformation.
c Conformation is practically irrelevant since the C—N—C angle is 178.7°.
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corresponding total �-electron population in the parent
ethylene molecule. The results are listed in Table 3.


!�*#( * '�" "�*$#**���


$��,���
�� �� �! ���� ��������	 
�����



Twenty-seven of our compounds were investigated also
by Katritzky’s group in the late 1960s.4 In this section, we
shall restrict ourselves to this subset and compare our
results with the previous ones. We integrated the bands
�16a and �16b together as always done in previous work.4


Our values of A (Table SI, supplementary material,
column 4) were compared with the previous values4 by
linear regression. Table 2, line 1 reveals good agreement
according to the correlation coefficient. The standard
deviation from the regression (s) may seem relatively
large but it is controlled by the compounds with the
largest absorption intensities: for these values s repre-
sents only 3%. More significant may be comparison
carried out in the scale of �R calculated by Eqn. (1). Table
2, line 2 reveals a standard deviation of 0.02 � units,
comparable to the standard precision of � constants.16


We conclude that previous studies4 were carried out
carefully with the means available at that time and our
results agree reasonably when the same method is used;
the more modern integration technique is not important.


With the small difference between our and previous
results, we were unable to decide which of them should
be better by comparison with standard �R scales. The
problem is just in choosing this standard scale based on
reliable data, other than IR intensities. The scale most
carefully derived from reactivity data7a yielded surpris-
ingly poor results: Table 2, lines 3 and 4. Somewhat
better is the correlation with �R obtained from 19F NMR
shifts,3 Table 2, lines 5 and 6. Relatively closest is the
correlation with �R


o calculated on a quantum chemical
model6 (Table 2, lines 7 and 8), but the number of
available items is smaller. Note that in all three cases
correlation with our data was closer than with the
literature data,4 but the difference was not significant and
cannot be used as proof that our data are ‘better.’ We
conclude that all the scales of resonance effects differ
little but significantly: a unified scale is not possible.17


The difference between spectroscopic values (IR4 or
NMR3) on the one hand, and values derived from
reactivities2,3,7 on the other, seems to be more significant.
An explanation could be that derivation from reactivities
always used model reactions with charged molecules or
with strongly polar transition states. Note that equilibria
between uncharged molecules afford a different measure
of resonance.17


There is still one fundamental problem, that the
standard �R


o scale has been questioned. Conjugation of
some typical acceptor groups such as NO2 and CN was
found to be negligible when a conjugated donor group is


not present, hence their �R
o should practically equal


zero.18 In particular for the NO2 group, there is now
evidence from various sources that the resonance is
negligible.18c The small �R


o values of acceptors depend
in the usual scales on the way in which the inductive
effect has been subtracted.2,3,7 The IR intensities thus
served as the main piece of evidence4 that the �R


o values
of these substituents are not zero since the corresponding
A values for these substituents (Table SI, supplementary
material) are unambiguously not zero. This contra-
distinction could be solved in two ways. First, A could
depend not only on resonance but also slightly on the
inductive effect of the substituents.1 This has not been
confirmed here. Correlations with �R and �I are not better
than with �R alone: an example is shown in Table 2, line
10. The second possibility could be that resonance in the
IR is enhanced, similarly as expressed by the enhanced
constants �R


� and �R
�; for instance, the values of �R


� for
NO2 or CN are fairly large. We attempted also to
correlate of our intensities with standard scales of �R


� for
donors and �R


� for acceptors; the combined scale is
denoted here �R


�. It revealed an insignificantly worse fit
than with common �R (Table 2, line 9 as compared with
line 5). We conclude that our absorption intensities
represent a measure of resonance but it cannot be decided
with certainty to which model in reactivity studies (�R


o or
�R


�) this resonance would correspond better: probably
resonance in the IR excited state is fairly strong.


*�,���	��� �� ��- ����



Normal vibrations connected with the �16a and �16b bands
in benzene mono-derivatives are represented9 by 1 and 2,
respectively. In terms of chemical structure, 1 was
approximately pictured4 as an equilibrium between 3 and
4: the C2—C3 and C5—C6 bonds are simultaneously
stretched or shortened. Resonance with a substituent
would stabilize structure 3.


In our opinion, a similar interpretation is not possible
for the �16b band. In 2 two equivalent pairs of bonds
(C1—C2, C4—C5 and C3—C4, C6—C1) are alternately
stretched and shortened: the two deformed structures are
equivalent with respect to the position of substituent. It
could be supposed that the �16a vibration is determining
for the correlation with the substituent resonance, and the
lower and less intense �16b vibration might represent only
noise. Then the intensity of the separated �16a band
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should reveal a better correlation with �R
o than when the


�16a and �16b bands were integrated together. On the basis
of the following experiments, we still believe that this
principle is correct but difficult to prove.


When we made a computer separation into two
anticipated bands, in no case did a third band appear
necessary; in several cases only one band was sufficient.
We assumed that the �16a band is that with higher
frequency and correlated its intensity as A1


1/2 with the �R


scales. The correlations are not better than for the total
intensity A: compare line 11 with 3 and line 12 with 5 in
Table 2. However, a detailed analysis revealed significant
outliers responsible for the poor statistics. While in most
cases the higher frequency band is stronger (sometimes
even the only one present), with OH and NHC6H5


substituents the intensities are reversed. This may cast
some doubts on the correct assignment. When we
tentatively reverse the assignment of �16a to lower
frequency, the overall correlation is significantly im-
proved. When still the NHCOCH3 substituent was
excluded, the correlation in Table 2, line 13, was better
than for unresolved bands, line 5. Its fit could probably
still be improved by reinvestigating in detail further
substituents. In principle, a fundamental analysis would
be necessary when assigning all infrared bands. Ob-
viously, such a procedure would be impractical and in no
case can it be recommended as a routine method for
determining �R


o of new substituents.


*��
	�	���	
 ���	�����. �� �/� .���,


NH2, CONH2, CSNH2, NHNH2 and NHC(=NH)NH2


substituents, very important for our purposes, were
excluded from the above considerations. The reason is
interference with the NH2 scissoring deformation
(1619 cm�1 in aniline9) which falls in the integrated
region and makes the apparent values of �R


o too large.
This is seen in Table 1 in the apparent value of �R


o for the
NH2 substituent, or still more for CSNH2. There are two
possible ways of solving this problem. Isotopic substitu-
tion by deuterium shifts the deformation band to
1192 cm�1, far from the �16a and �16b bands. This
procedure was used previously for aniline,4 and we
applied it to three further compounds (Table 1). The
second possibility is band separation. In the cases when
both �16a and �16b are observable, separation into three
bands would be necessary. The results of the two
procedures were not completely consistent and differed
also for individual compounds (see Table 1).


In the case of the NH2 substituent, the band separation
yields two bands (Table 1). By comparison with the
deuterated compound, we assign the band at 1602 cm�1


as �NH2
and that at 1618 cm�1 as �16a; the �16b band is


not observable. In the literature9b the wavenumber
1618 cm�1 is assigned to �NH2


(without separation).
From the intensity of the separated �16a band, we


calculated �R
o = 0.51, in good agreement with the result


from ND2, �R
o = 0.48; this is also a confirmation of the


assignment.
The CSNH2 substituent shows only one band; separa-


tion from �NH2
(found19 at 1604 cm�1) is evidently not


feasible. In any case, the calculated �R
o = 0.69 is too


large and wrong. Surprisingly, two bands are observed
after deuteration but one is very weak. With or without
separating them, one obtains �R


o = 0.14, and this value
seems to be reasonable.


The CONH2 substituent shows three separable bands
of which one (at 1588 cm�1) disappears after deuteration
(Table 1). In contradistinction to the foregoing thioamide,
this band cannot be assigned9b solely to the �NH2


vibration
and is better denoted conventionally20 as amide II. The
value of �R


o = 0.22 is evidently too large and not altered
by band separation; more reliable is the value �R = 0.16
from the deuterated compound.


In the case of the NHC(=NH)NH2 substituent,
separation yields two bands but one is weak and does
not affect the value �R


o = 0.25, which is too small
compared with 0.46 from the deuterated compound. The
latter seems better with respect to the calculated values
(see the section Calculated �R constants), but a reliable
value cannot be given.


 �� ��+ ����


The normal vibrations of the �13a and �13b bands do not
result from significant stretching or shortening of some
bonds. Hence they do not suggest any connection with
resonance. Nevertheless, the intensity estimated only
from the half-width4b revealed an empirical dependence
on �R


o but only for axially symmetrical substituents. The
other data points were irregularly scattered.4b We
obtained more reliable intensities (Table SI, supplemen-
tary material, last column) using the separation program.
However, resolution into �13a and �13b was not possible
only the neighboring bands were eliminated. Our
intensities of the �13a � �13b bands agreed fairly well
with the previous values4a except for three substituents.
When these were eliminated, the correlation was
excellent (Table 2, line 14). Concerning F and Br
substituents, there was probably a confusion in ref. 4a
since in ref. 4b the intensities are given correctly. The
plot of quadratic roots of intensities vs standard7a �R (Fig.
1) is more informative than previously.4b A very good
linear dependence for symmetrical substituents is ob-
tained (see the statistics in Table 2, line 15). All the
unsymmetrical substituents are shifted downwards and
could also be approximately connected by a line [note
that ND2 must be included among unsymmetrical
substituents, but not N(CH3)2]. We confirm that the
�13a band can be used in some cases for determining the
sign of �R


o, not available from Eqn. (1), provided that the
absolute value is not very small.
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Calculation from the quantum chemical model5 is an
apparently unambiguous way to obtain the constants �R.
It uses an ethene derivative CH2=CHX and records the
summarized �-electron density on both carbon atoms: its
dependence on �R


o was confirmed empirically.5,6 We
calculated the �R


o values of the investigated new
substituents and also some known values for comparison,
keeping exactly the original model5 (Table 3). A problem
was met which was not given sufficient attention in
previous work,5,6 viz. the conformation. While the
original authors5 were satisfied with standard molecular
geometry, we made a complete geometry optimization at
the RHF level.6 In some molecules, the lowest energy
conformation must be chosen, e.g. about the C—O bond
in COOR or about the C—N bond in CONHCH3. These
conformations are mostly known and can be checked on
an experimental basis, most conveniently on C6H5X
compounds. Concerning further substituents in Table 3,
note that the conformation of C6H5CH2Cl is question-
able21 but the chlorine atom lies with certainty outside the
ring plane. Its position has, however, no influence on �R


o.
In C6H5CONHCH3, the Z-conformation about the
partially double C—N bond is certain.22 The non-planar
conformation of C6H5SSC6H5 is well known from crystal
data and supported by other evidence;23 the dihedral
angle CSSC was given23 as 96°, in fair agreement with
our value. Most problematic is the NHC(=NH)NH2


substituent involving even the possibility of tautomeric
structures. Our calculations at a small basis (conditioned
by the conventional model5) prefer the structure as given
here, in agreement with more sophisticated calcula-
tions,24 while 15N NMR spectra25 were in favor of the


structure N=C(NH2)2.


However, there is a more fundamental problem.
Planar, axially unsymmetrical substituents can be bound
to the ethenyl group in one of two conformations such as
5 and 6. It turned out that the calculated �R can be
different in some cases (see Table 3), in particular for the
CONH2 and CSNH2 substituents. Note that the problem
exists only for the model ethene derivatives and not for
benzene derivatives. It is not clear which value of �R


o


should be taken as the ‘right’ one, that based on the
lowest energy conformation or an average value of the
two planar conformers. Similar problems, possibly still
more complex, may appear with non-planar substituents,
e.g. CH2Cl or NHX, but in these cases the differences in
�R


o values seem to be small. In our opinion, the only
solution would be calculations on benzene derivatives
instead of ethene derivatives. This possibility was already
tested when the original model was designed5 but ethene
derivatives were preferred.


$��$(#*���*


A universal scale of resonance effects can obviously not
be reached. This is prevented by different solvents or
states, and even by differences in the structure, e.g.


0�.��� �) �	��	������ 
� ��� ��- '�	� 
� '�	%�	� �
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benzene and ethene derivatives. Various approaches may
thus provide scales correlated with reasonable correlation
coefficients but a closer examination may reveal
differences, even within the narrow field of benzene
derivatives. The infrared spectral method requires the
simplest compounds and an undemanding technique, but
agreement with other methods is limited and cannot be
improved by using more refined spectroscopic tech-
niques. Each measurement would require detailed
spectral analysis with reliable assignment of several
bands; even so, in some cases resolution cannot be
achieved. Calculation with the aid of the quantum
chemical model is in our opinion more promising. It is
quick and the results are reproducible and exactly
defined; problems with conformation can be removed.
When a universal scale cannot be achieved, the quantum
chemical scale can serve as a reference from which the
deviations can be measured.


'�1��2���.����	
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6. Exner O, Ingr M, Čársky P. J. Mol. Struct. (Theochem) 1997; 397:
231–238.


7. (a) Charton M. Prog. Phys. Org. Chem. 1981; 13: 119–251; (b)
Charton M. Prog. Phys. Org. Chem. 1987; 16: 287–315.


8. Taft RW, Topsom RD. Prog. Phys. Org. Chem. 1987; 16: 1–83.
9. (a) Herzberg G. Infrared and Raman Spectra of Polyatomic


Molecules. New York: Van Nostrand, 1945.; (b) Horák M,
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ABSTRACT: The oxidation of para-substituted phenethyl alcohols (PEA, 2) by N-metallo-N-haloarylsulphonamides
(1) in the presence of dilute HCl to the corresponding phenacetaldehydes (4) is first order with respect to oxidant (1)
and [H�] and a fractional order each in [PEA] and [Cl�]. Addition of the reaction product (3), ionic strength variations
and variation of dielectric constant of the medium had no effect on the rate. The oxidation of PhCH2CD2OH (2)
exhibited a substantial primary kinetic isotope effect (kH/kD = 5.83). The rates correlate satisfactorily with the
Hammett free energy relationship. The activation parameters �H≠, �S≠, �G≠ and logA were calculated for the
reaction. The proposed mechanism is consistent with the observed results. Copyright  2001 John Wiley & Sons, Ltd.


KEYWORDS: substituted phenethyl alcohols; oxidation; N-metallo-N-haloarylsulphonamides; mechanism; kinetic
isotope effect


���� !"#�� �


The N-metallo-N-haloarylsulphonamides (1) are a class
of compounds capable of producing halonium cations,
hypohalites and N-anions which behave both as bases and
as nucleophiles, depending on the reaction conditions.
The subject has been extensively reviewed by Campbell
and Johnson1 and Bremner.2 These oxidants contain a
strongly polarized N-linked halogen which is in the �1


state (X = Cl or Br, bonded to nitrogen is positive).
Generally they undergo a two-electron change to form
the respective halide ions and the corresponding
sulphonamides (3). Depending on the pH of the medium,
these oxidants (1) furnish different types of reactive
species. Since these oxidants react with a wide variety of
functional groups, they are used as reagents in analytical
chemistry.3–6 The important aspects of the chemistry of
these oxidants are that (i) they perform very specific and
selective oxidations and (ii) they can also be used as mild
oxidants. For example, mild oxidation of alcohols to
carbonyl compounds is a very important operation in
organic synthesis. During a detailed study7,8 of the
primary and secondary kinetic isotope effects for E2
reactions, it was anticipated that the oxidation of
substituted phenethyl alcohols (2) with the halosulpho-
namides 1 could shed light on the mechanism of
oxidation of 2. Therefore, with the available data, it is
important to report the detailed kinetic isotope effects for
the oxidation of 2 by 1 in an aqueous homogeneous
medium. It is found that addition of HCl catalyses the
reaction, indicating simultaneous catalysis by H� and
Cl� ions. Attempts have been made to correlate the
structure–reactivity relationships for these reactions
through Hammett plots.


�$�"%�� &�! !��#"��� �


Oxidation of 2 by 1 revealed that 1 mol of 1 was
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consumed by 1 mol of 2 as shown in Eqn. (1) and the
product is the corresponding phenacetaldehyde (4).


With the substrate (PEA, 2) in excess, at constant
[HCl] and [PEA]0, plots of log[ox] vs time were linear
(r = 0.999), indicating a first-order dependence of rate on
[ox]0. Further, the values of k� were unaltered with
variation of [ox]0 (0.0002–0.002 M) confirming the first-
order dependence of rate on [oxidant]0. The rate initially
increases with increase in [PEA]0 (0.005–0.05 M). Plots
of log k� vs log [PEA]0 were linear (Fig. 1, r = 0.998) with
fractional slopes, thus showing a fractional order
dependence on [substrate]0.


The rate increases with increase in [HCl] (0.08–0.4 M)
and plots of log k� vs log[HCl] were linear (Fig. 2,
r = 0.9986) and the slopes (order) are given in Table 1. At
constant [Cl�] = 0.4 M, maintained by adding NaCl, the
rate increased with increase in [H�] (0.1–0.4 M), which


was varied on adding HCl and plots of log k� vs log [H�]
were linear (Fig. 3, r = 0.9986) with slopes of unity. At
constant [H�] = 0.4 M, the rate increased with addition of
NaCl and plots of log k� vs log [Cl�] were linear
(r = 0.998) with fractional slopes (Fig. 4, Table 1).
Addition of the reaction product 3 (0.0005–0.002 M) had
a negligible effect on the rate, indicating that it is not
involved in a pre-equilibrium to the rate-limiting step.


Variation of the ionic strength of the medium was
carried out by adding NaClO4 (0.2–1.0 M) and the rate
was unaffected.


The dielectric constant of the medium was varied by
adding methanol (0–40%, v/v) to the reaction mixture but
the rates were not significantly altered. The kinetic orders
observed in the present set of experiments are summar-
ized in Table 1. The reaction was studied at different
temperatures and from the Arrhenius plots of log k� vs


�1�


'��
�� (� ��	� 	
 �	��� �� �	� �!"# �� $�% & '��
�� )� ��	� 	
 �	��� �� �	�  '��# �� $�% &
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1/T, values of the activation parameters for the compo-
site reaction were calculated and these are shown in
parentheses in Table 2.


���	� �� ��� ��������


Addition of acrylamide to the reaction mixture did not
initiate polymerization, showing the absence of free
radical species.


!���
�����


N-Metallo-N-haloarylsulphonamides (1) act as oxidizing
agents in both acidic and alkaline media. Regarding the
oxidizing species, it has been thoroughly discussed from
our work3–5 and that of others1,2 and shown in the case of


����� (� &�����( ��� 
	� ��� 	)����	� 	
 ��*�����+
�� ��������� ��(	�	�� ,)- *� .+������	+.+���	�������+
��	������ ,(-� /���  (# 0 �1���� �	� ��$�  )# 0
�1��2 �	� ��$�  '��# 0 �12 �	� ��$� � 0 �1� �	� ��$�
3 0 $�°�


Observed order w.r.t


N-Metallo-N-haloarylsulphonamide


CAT CAB BAT BAB


[1] 1.00 1.00 1.00 1.00
[2] 0.75 0.72 0.80 0.77
[HCI] 1.54 1.60 1.50 1.60
[H�] 1.00 1.00 1.00 1.00
[CI�] 0.56 0.65 0.58 0.70
[3] No effect
Ionic strength (�) No effect
Dielectric constant


(D) variation
No effect


'��
�� *� ��	� 	
 �	� '�# �� �	��� �� $�% &


'��
�� +� ��	� 	
 �	� ���# �� �	���


����� )� "(������	� ���������� 
	� ��� ����+�������� ���� 	
 �(���� 2� /���  	)#� 0 �1� � 2��4 �	� ��$�  �!"#� 0
2�1� � 2��$ �	� ��$�  '��# 0 �12 �	� ��$� � 0 �1� �	� ��$


Oxidant Ea (kJ mol�1) �H≠ (kJ mol�1) �S≠ (J K�1 mol�1) �G≠ (kJ mol�1) Log A


CAT 81.3 78.8 �45.4 93.0 10.3
( 54.6)a (52.1) (�144) (96.9) (8.80)


CAB 66.9 64.4 �87.8 91.6 11.7
(59.8) (57.2) (�125) (95.9) (9.80)


BAT 68.3 65.7 �90.3 93.7 11.6
(57.4) (54.8) (�125) (93.8) (9.80)


BAB 74.4 71.8 �73.2 94.5 12.6
(60.8) (58.2) (�116) (91.9) (11.2)


a Values in parentheses refer to the parameters calculated for the overall reaction (1).
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chloramine-T (CAT; 1, R = CH3, X = Cl) that it behaves
like a strong electrolyte in aqueous solutions and
dissociates according to


RNClNa �RNCl�� � Na� �2�


The anion picks up a proton in acidic solutions to give
the free acid monochloramine-T, RNHCl (N-chloro-p-
toluenesulphonamide):


�RNCl�� � H� RNHCl �3�
Ka � 2�82 � 10�5


Although the free acid has not been isolated, there is
experimental evidence for its formation in acidic
solutions. It undergoes disproportionation giving rise to
p-toluenesulphonamide (RNH2) and dichloramine-T
(RNCl2):


2RNHCl
Kd


RNH2 � RNCl2 �4�
Kd � 6�1 � 10�2 at 25�C


The dichloramine-T and the free acid hydrolyse to give
hypochlorous acid (HOCl):


RNCl2 � H2O
Kh


RNHCl � HOCl �5�
Kh � 8�0 � 10�7 at 25�C


RNHCl � H2O
Kh


�
RNH2 � HOCl �6�


Kh
� � 4�88 � 10�8


Finally, HOCl ionizes according to


HOCl
Ka


H� � OCl� �7�
Ka � 3�3 � 10�8 at 25�C


In the light of the above, we can show that the
oxidation potential of the oxidant–3 couple is pH
dependent and decreases with increase in the pH of the
medium. Depending on the pH of the medium, 1
furnishes3–5 different types of reactive species in
solutions such as RNHX, RNX2, HOX and possibly
H2O�X (R = CH3 C6H4SO2


� or C6H5SO2
�). If RNX2


were to be the oxidant, the reaction predicts a second-
order dependence on [oxidant]0, which is not observed
experimentally. Similarly, the absence of a retardation
effect on the rate by the added sulphonamide rules out the
involvement of HOX or H2O�X. The results obtained in
the present investigation (around pH 0–3) show that
RNHX is the active oxidant, in the present oxidations.


Since both H� and Cl� ions catalyze the reaction,
Scheme 1 can be proposed for the oxidation of 2 by 1,
involving simultaneous catalysis by both these ions.


Scheme 1 assumes the formation of a tight9 ion pair
(X�), which is an intermediate and at the same time
indicates simultaneous catalysis by H� and Cl� ions.
This ion pair reacts with PEA through an equilibrium step
to form a complex (X�) which decomposes in a rate-
limiting step to the products. The Michaelis–Menten
kinetics obeyed by the substrate indicate a pre-equi-
librium step (ii) in Scheme 1. Assuming [OX]t =
[RNHX] � [X�] � [X�], rate law (9) can be derived
for the oxidation of 2 by 1.


rate � � d[ox]
dt


� k3	X��
 �8�


� d[ox]
dt


� k3K1K2	ox
t	H�
	Cl�
	PEA
0
1 � K1	H�
	Cl�
�1 � K2	PEA
0�


�9�


Equation (9) can be transformed into


1
k�


� 1
k3K2	PEA



1
K1	H�
	Cl�
 � 1


� �
� 1


k3
�10�


From the double reciprocal plots of k� vs [PEA]0 and k�
vs [HCl]2, since [H�] = [Cl�] = [HCl], values of k3, K1


and K2 can be evaluated (Table 3). Using k3 values
(obtained by varying [PEA]0 at each temperature),
activation parameters can be determined for the rate-
limiting step (Table 2).


����	�� ���	��� ���	


To ascertain the importance of the cleavage of the C�—H
bond in the rate-determining step, the oxidation of
YC6H4CH2CD2OH (2, Y = H) was studied. The observed
substantial primary kinetic isotope effect (Table 4) in the
oxidation of 2 by 1 confirms the cleavage of the C�—H
bond in the rate-determining step. The intermediate (X�)
loses X� (Scheme 2) creating O� species, which in turn
makes C�—H more acidic. Therefore, the formation of an
electron-deficient reaction centre in the activated com-


RNHX � H� � Cl�
K1


�i�
RNH2X   Cl�


�X��
fast


Y-PEA � X� K2


�ii�
X�� fast


X�� � H2O
k3


�iii�
products slow rate-determining step


������ (
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����� *� 5����� 	
 
	�����	� (	�������� &2 �� &6� �� �(	��	����	� (	������� �$� 
	� ��� 	)����	� 	
 �!" *� �������	������
,�(���� 2-� /���  	)#� 0 �1� � 2��4 �	� ��$�  �!"#� 0 2�1� � 2��$ �	� ��$�  '��# 0 �12 �	� ��$� � 0 �1� �	� ��$�
3 0 $�°�


Oxidant K1(mol�2 dm6) K2(mol�1 dm3)


k3 � 103 (s�1)


303 K 308 K 313 K 318 K


CAT 10.9 266 0.66 1.25 2.00 3.33
CAB 3.50 890 1.34 1.67 2.86 5.00
BAT 4.90 500 3.57 5.00 6.25 10.0
BAB 4.40 568 1.66 2.94 5.00 6.25


����� +� &�����( ��	�	�� �

�(� �� ��� 	)����	� 	
 ��������� ��(	�	�� *� �������	������� /���  	)#� 0 �1� � 2��4 �	� ��$�
 �!"#� 0 2�1� � 2��$ �	� ��$�  '��# 0 �12 �	� ��$� � 0 �1� �	� ��$� 3 0 $�°�


[PEA]
(mol dm�3)


102 kH l mol�1 s�1 103 kD 1.mol�1.s�1 kH/kD


CAT CAB BAT BAB CAT CAB BAT BAB CAT CAB BAT BAB


0.005 3.40 4.40 9.96 7.24 5.86 7.65 17.0 12.5 5.80 5.75 5.85 5.79
0.010 2.90 3.68 8.52 5.98 4.96 6.20 14.7 10.1 5.84 5.93 5.78 5.89
0.050 9.90 2.30 6.49 3.90 1.72 4.00 11.0 6.67 5.80 5.75 5.90 5.84
Averagea 5.81 � 0.02 5.81 � 0.10 5.84 � 0.06 5.84 � 0.05


a Mean kH/kD = 5.83 � 0.02.


������ )
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plex indicates that the cleavage of the C�—H bond is
ahead of the formation of the C=O bond. Detailed
kinetic isotope studies were performed with different
oxidants and at different concentrations and the results
are shown in Table 4.


The activation parameters were calculated with the
help of k3 values for the rate-determining step, obtained
by Michaelis–Menten kinetics. The values of k3 and the
formation constant K1 K2 for all the oxidants were
calculated and are given in Table 3.


A Hammett plot10 of log k� vs �p was drawn (Fig. 5) to
correlate the structure–reactivity for these reactions. The
rate increased with electron-donating groups and de-
creased with respect to electron-withdrawing groups.
Swain and Langsdorf11 and other workers12 have studied
various reactions of this type and observed similar
behaviour. The results showed lower rates with respect
to electron-withdrawing groups and higher rates with
electron-donating groups (Table 5). Electron-donating
substituents stabilize a transition state having a carboca-
tion centre by resonance. This facilitates the bond-
breaking process in the transition state. On the other
hand, an electron-withdrawing substituent increases the
capacity of the carbocation ion centre, suggesting the
development of a loose or partial positive charge at the
transition state, which in turn helps the bond-making
process, thus leading to a decrease in rate.


A plot of �H≠ vs �S≠ gave a very good correlation,
which supports the existence of a similar mechanism for
the oxidation of substituted phenethyl alcohols. These


substrates follow a Michaelis–Menten plot and yielded
definite intercepts, which supports the proposed mech-
anism. The presence of a substantial primary kinetic
isotope effect indicates that the rupture of the C—H bond
occurs after the O—H bond cleavage, creating a
carbocation centre or a positive character in the transition
state, which is stabilized by the electron-donating groups,
and the decrease in rate with electron-withdrawing
groups is in agreement with this observation. The rate
of oxidation decreased in the order BAT � BAB � CAB
� CAT (Table 5).


Detailed studies were carried out by changing R = H or
CH3, X = Cl or Br and Y = p-NO2, p-Cl, p-Br, p-H, p-
CH3 or p-OCH3 in reaction (1) to ascertain the proposed
mechanism and confirm the conclusions drawn. Similar
results were obtained in supporting the proposed mech-
anism.


The detailed mode of oxidation of 2 by 1 and the
probable structures of the intermediates are shown in
Scheme 2. Overall, the mechanistic scheme appears to be
of E2 type.


$,-$���$��&%


���������1 Phenethyl-1,1-d2 alcohol was prepared7,8 by
the reduction of phenethyl acetate with lithium alumi-
nium deuteride13 in dry diethyl ether by the method of
Amundsen and Nelson.13 The isotopic purity, determined
by 1H NMR spectroscopy, was 95 � 3%. The oxidants
(CAT, CAB, BAT and BAB) were prepared by the
reported procedure.14–16 An aqueous solution of the
compound was prepared, standardized iodimetrically and
stored in brown bottles to prevent photochemical
deterioration. All other chemicals were of analytical-
reagent grade. Triply distilled water was used for
preparing aqueous solutions. The ionic strength of the
reaction mixture was kept at high with a concentrated
solution of NaClO4.


��	�(� ��������1 The reaction products were subjected to
column chromatography on silica gel (60–200 mesh)


'��
�� .� '����� ��	� ,4 � �	��� �� ��- 
	� ��� ���(��	� 	

7+�!" /��� (


����� .� 8��� (	������� 
	� ��� ���(��	� 	
 ���������
��(	�	�� /��� �������	������� /���  	)#� 0 �1� �
2��4 �	� ��$�  �!"#� 0 2�1� � 2��$ �	� ��$�  '��# 0
�12 �	� ��$� � 0 �1� �	� ��$� 3 0 $�°�


Y-PEA: Y =


k�� 104 (s�1)


CAT CAB BAB BAT


OCH3 24.0 29.5 44.7 60.3
CH3 10.4 13.2 20.0 28.2
H 2.90 3.68 5.98 8.52
Br 1.67 2.60 4.10 5.88
Cl 1.55 2.30 3.80 5.37
NO2 1.25 1.74 2.69 1.97
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using gradient elution (from dichloromethane to chloro-
form). After initial separation, the products were further
purified by recrystallization. Materials were identified by
comparison with commercially available samples.


�����(��������1 Recrystallized from diechloro-
methane–light petroleum, m.p. 32–33°C, known m.p.
33–34°C (Merck Index, 112236). Phenacetaldehyde was
further purified as its 2,4-dinitrophenylhydrazone
(2,4DNP) derivative, which was recrystallized from
ethanol (recovery 68%) and was found to be identical
with the DNP derivative of an authentic sample.


�+3	����������	����� 	� *��9��������	����� ,*-1
Recrystallized from dichloromethane–light petroleum.
The sulphonamide (PTS or BSA) was detected by TLC
and confirmed17 by IR, 1H NMR and GC–MS methods.


&�����( ������������1 The reaction was carried out in
glass-stoppered Pyrex boiling tubes whose outer surface
was coated black to eliminate photochemical effects.18


Solutions containing appropriate amounts of PEA, HCl
and water (to keep the total volume constant for all runs)
were placed in the tube and thermostated at 35°C. A
measured amount of oxidant solution, also thermostated
at the same temperature, was rapidly added to the
mixture. The progress of the reaction was monitored by
withdrawing aliquots from the reaction mixture at regular
time intervals and determining the unreacted oxidant
iodimetrically. The course of the reaction was studied up
to two half-lives. The calculated pseudo-first-order rate
constants k� were reproducible to within �3%.
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ABSTRACT: The kinetics of the decarboxylation reactions of pentafluorobenzoic and tetrafluorobenzoic acids by
various N-bases were studied using 19F NMR spectroscopy. The rate constants of these reactions are dependent on the
structure of the fluorinated acid and the pKa values of the N-bases. Pentafluorobenzoic acid is decarboxylated about
two orders of magnitude faster than tetrafluorobenzoic acid. With increasing pKa values of the protonated N-bases
these reactions became much slower. These results suggested that the rate-determining step of the studied reactions is
the attack of the conjugated acid (protonated N-base) on carboxylate anion. Copyright  2001 John Wiley & Sons,
Ltd.


KEYWORDS: pentafluorobenzoic acid; tetrafluorobenzoic acid; N-bases; kinetics; decarboxylation; 19F NMR;
Fourier transform infrared
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It is well know that the decarboxylation reactions of
carboxylic acids and the interactions between strong N-
bases and acids play very essential roles in chemistry and
biochemistry.1–10 In this respect, we have studied many
reactions of various acids and strong N-bases.11–26 In
various solvents for these reactions proton transfer from
the acid to the N-base was always observed. For some
systems a complex equilibrium including ion pairs, free
ions and hydrogen-bonded species of different stoichio-
metry was observed. A very unexpected observation was
made in the case of the deprotonation reaction between
pentafluorobenzoic acid and 1,8-bis(dimethylamino)-
naphthalene (DMAN),27 where in addition to the proton
transfer reaction decarboxylation of the carboxylic acid
occurred, as shown in Scheme 1.


In a previous paper,27 we demonstrated that under
infrared spectroscopic conditions the decarboxylation of
tetrafluorobenzoic acid by DMAN was not observed.
This reaction was similar to other proton transfer
reactions from various acids to the DMAN molecule.
The formation of the protonated DMAN molecule and
homoconjugated anions was very well evidenced in the
FTIR spectra independent of the stoichiometry of the
substrate, which is shown in Scheme 2.


To explain the decarboxylation mechanism of the


pentafluorobenzoic acid by DMAN and the difference
between this reaction and that of tetrafluorobenzoic acid
with DMAN, we performed kinetic studies of the reaction
of the two acids with various N-bases in acetonitrile using
19F NMR spectroscopy.


"+,"&$-"�%./


Pentafluorobenzoic acid (PFBCOOH) and 2,3,5,6-tetra-
fluorobenzoic acid (TFBCOOH) were purchased from
Aldrich and used without purification. N-bases such as
tetramethylguanidine (TMG), 7-methyl-1,5,7-triazabicy-
clo[4.4.0]dec-5-ene (MTBD), quinuclidine, phosphazene
(P2Et) and DMAN were obtained from Fluka. Quinucli-
dine was purified by sublimation and DMAN was
recrystallized from ethanol.


19F NMR spectra were recorded on a Varian-Gemini
300 spectrophotometer at 282.322 MHz in acetonitrile-
d3. The chemical shifts were measured with respect to
CFCl3 as an internal standard. The conditions used were
spectral width sw = 65 000 Hz, 60° pulse widths and
0.64 s acquisition time.


Kinetic measurements were performed on the basis of
the changes of the integration of the 19F signal of fluorine
in an ortho position to the carboxylic group for substrate
and products. The concentration of bases was much
higher than that of the fluorinated acids, so a pseudo-first-
order method was used. An example of changes in the 19F
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NMR spectra for the reaction between PFBCOOH and
DMAN is shown in Fig. 1.


Second-order rate constants (k) for the reaction were
calculated by a linear least-squares fit of the variation of
the pseudo-first-order rate constants vs base concentra-
tion. The activation parameters (�H≠ and �S≠) were
determined using the Eyring equation [k = (kB/h)
exp(�S≠/R)exp(��H≠/RT)] by a linear least-squares fit
of ln k/T vs 1/T. The �G≠ values were calculated using the
Gibbs–Helmholtz relation (�G≠ = �H≠ �T�S≠) for a
temperature of 298 K.


The spectra of the samples were taken with an Fourier
transform infrared (FTIR) spectrophotometer (Bruker
IFS 113 v) using a cell with Si windows (sample
thickness 0.176 mm, detector DTGS, resolution 2 cm�1).
The temperature of the samples was 293 K and the
concentration of the P2Et base was 0.1 mol dm�3.


The measurement of the pKa values of N-bases in
acetonitrile was achieved using a published potentio-
metric procedure.28


&"�)/%� .�( ($�*)��$'�


The formulae of the acids and N-bases studied and their
pKa values in acetonitrile are shown in Scheme 3.
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In Scheme 4, the 19F NMR data for PFBCOOH and
PTBCOOH acids, their salts (as intermediate products)
and the products, i.e. 2,3,4,5,6-pentafluorobenzene and
2,3,5,6-tetrafluorobenzene, in the reaction with DMAN
are collected. These data show that the chemical shifts of


the 19F signals and the coupling constants J(H–F,F–F) are
different for fluorinated acids, their complexes with N-
bases (deprotonated species, ion pairs or hydrogen-
bonded complexes) and the end products. No other
species (i.e. carbanions of decarboxylated acids) were


�
�	�	 2


�
�	�	 3
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observed in the 19F NMR and FTIR spectra of the
reaction mixtures. This result suggests that such carba-
nions are not formed or they are very rapidly protonated.


The second-order rate constants and the activation
parameters for the reactions between the fluorinated acids
and DMAN are summarized in Tables 1 and 2.


The comparison of the rate constants obtained
indicates that the decarboxylation of PFBCOOH is much
faster than that of TFBCOOH. The very slow decarbox-
ylation process in the latter case explains why in previous
FTIR studies only the intermediate products were
observed (see Scheme 2)


The dependence of the rate constants at 25° C on the
pKa values of N-bases is shown in Fig. 2, which indicates


that with increasing pKa values of the N-bases the rate
constants of the decarboxylation reaction decrease
significantly. In the case of very strong N-bases such as
P2Et the decarboxylation of both fluorinated acids is very
slow. In the 19F NMR spectra of fluorinated acids with
P2Et in acetonitrile, relatively stable free ions of the
protonated P2Et molecule and deprotonated fluorinated
acids are observed. This result is also confirmed by the
FTIR spectrum of a 1:1 mixture of PFBCOOH and P2Et
in acetonitrile [Fig. 3(a)]. In this spectrum instead of the
�(C=O) band, observed in the spectrum of free acid at
1745 cm�1,29 a band assigned to �as(COO�) is observed
at 1651 cm�1. The �(N–H�) vibrations of free protonated
P2Et molecule are observed at 3334 cm�1 and of
hydrogen-bonded species to the carboxylate groups at
about 3150 cm�1. Furthermore, a sharp band of low
intensity is observed at 2339 cm�1, assigned to �(CO2)


%��	 �1 '�	���	��� ��� �	������� 1� �������� ������	�4 
	� �����	� 	
 &�.�//0 	� "�.�//0 ���� , 6��� �� ���	������


N-base Temperature (K)


k (dm3mol�1s�1)


TFBCOOH PFBCOOH


DMAN 293 (2.83 � 0.04) � 10�6 (1.14 � 0.04) � 10�4


DMAN 298 (9.10 � 0.04) � 10�6 (2.33 � 0.04) � 10�4


DMAN 308 (2.86 � 0.04) � 10�5 (9.88 � 0.05) � 10�4


DMAN 313 (7.61 � 0.05) � 10�5 (1.64 � 0.04) � 10�3


DMAN 318 (1.29 � 0.05) � 10�4 (3.56 � 0.04) � 10�3


DMAN 333 (1.25 � 0.04) � 10�3


Quinuclidine 298 (1.06 � 0.05) � 10�5 (2.41 � 0.04) � 10�4


TMG 298 (7.72 � 0.05) � 10�6 (1.73 � 0.04) � 10�4


MTBD 298 (6.61 � 0.02) � 10�6 (1.57 � 0.03) � 10�4


P2Et 298 (9.86 � 0.02) � 10�7 (3.60 � 0.03) � 10�5
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Activation parameter TFBCOOH PFBCOOH


�H≠ (kJ mol�1) 120.9 � 3.2 103.0�2.6
�S≠ (J K�1 *mol�1) 61 � 10 30 � 8
�G≠ (kJ mol�1) 102.8 � 3.2 93.8 � 2.6
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vibrations, indicating the beginning of the decarboxyla-
tion of the TFBCOO� anion. A similar situation is
observed in the spectrum of a 1:1 mixture of PFBCOOH
with DMAN [Fig. 3(b)]. Immediately after mixing, the
protonated DMAN molecule forms, as shown by the
continuous absorption in the region 1600–400 cm�1 as
discussed previously.14–20 The �as(COO�) band is shown
at 1647 cm�1. Furthermore, the so-called Bohlmann
bands of low intensity observed at 2780 and 2831 cm�1


and the band assigned to the �(CO2) vibrations at
2339 cm�1 indicate the beginning of the decarboxylation
of the reaction mixture.


These observations and the result that after the
decarboxylation of the fluorinated acids the non-proto-
nated bases occur (see spectra in Ref. 27) demonstrate
that the decarboxylation rate of fluorinated carboxylates
is determined by the acidity of the protonated bases. With
increasing pKa value of the N-bases the acidity of their
conjugated acids decreases and therefore the decarboxy-
lation reaction becomes slower. The proposed mechan-
ism of the decarboxylation of fluorinated acids is given in
Scheme 5.


As shown in Scheme 5, in the rate-determining step the
transfer of the proton from the protonated N-base and the
cleavage of the C—CO2


� bond are simultaneous
processes. The positive �S≠ values (Table 2) show that
the decarboxylation reaction is characterized by the
desolvatation process because the polar structure of the
initial form changes to a neutral transition state and
neutral product. The transition state is product-like. This
process has a relatively high potential barrier as indicated
by the �H≠ values. Such high values are not observed for
the proton transfer reactions studied earlier.28–32
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ABSTRACT: The 2,2�-bis(9-hydroxy-9-fluorenyl)biphenyl host compound (1) was found to form various crystalline
inclusion compounds with acetone depending on the crystallization conditions or on the method of preparation
(inclusion of acetone vapour, co-crystallization from solution). In order to understand and control the formation of
these pseudopolymorphic phases regarding potential uses, single crystals of the existing phases (two 1:2 and one 1:1
compound) were prepared, their structures were solved by single-crystal x-ray diffraction (XRD) analysis and the
desolvation and phase transformations were studied using simultaneous thermogravimetry–differential scanning
calorimetry (TG–DSC) and variable-temperature powder XRD. The results explain the inclusion and desolvation
behaviour and also clarify the observed, apparently accidental formation of a 1:1 or 1:2 inclusion compound at
ambient temperature. Copyright  2001 John Wiley & Sons, Ltd.
Additional material for this paper is available from the epoc website at http://www.wiley.com/epoc


KEYWORDS: pseudopolymorphism; diol host; acetone guest; crystalline inclusion compound; crystal structure;
thermogravimetry–differential scanning calorimetry; x-ray diffraction; desolvation
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Crystalline inclusion compounds (clathrates) have be-
come of increasing importance in science (molecular
recognition, crystal engineering)1 and technology (se-
paration and storage processes, sensor materials, con-
trolled-release systems).2 According to topological
considerations,3 they may be classified into channel
(tubulate), layer (intercalate) or cage (cryptate) type
compounds, showing different formation and stability
properties that determine potential applications. In this
context, the tendency of crystalline hosts to form
inclusion compounds of different stoichiometry and
crystal structure involving the same guest (often called
pseudopolymorphism) is of particular interest.4 Incon-
sistent experimental results in the literature or apparently


varying properties of samples are often caused by the
existence of pseudopolymorphic phases.5 However, this
behaviour also opens up new possibilities for tailoring or
adapting the properties of crystalline inclusions.6


Although the importance of pseudopolymorphism is
widely accepted, this phenomenon has neither been
systematically studied nor is sufficiently understood.4 We
regarded this as a stimulus to investigate systematically
selected host–guest pairs in this respect.7


This paper reports results and shows relations of
inclusion compounds formed between 2,2�-bis(9-hydro-
xy-9-fluorenyl)biphenyl (1) and acetone (Scheme 1). It
was known from the literature8 and from our own
investigations regarding sensor applications of crystalline
inclusion hosts9 that 1 yields an inclusion compound 1a
with acetone of 1:2 host–guest molar composition.
However, additional co-crystallization experiments per-
formed at ambient temperature under equilibrium condi-
tions, in order to obtain single crystals, always resulted in
a 1:1 stoichiometric compound 1b. This finding prompted
a systematic study of the existing phases, their formation
conditions, stability, structure–property relationships and
transitions using single-crystal x-ray diffraction (XRD),
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variable-temperature powder XRD and simultaneous
thermogravimetry–differential scanning calorimetry
(TG–DSC). The results are discussed in terms of a
deeper understanding of pseudopolymorphism and a
rational control of phase formation.


/'+13 + 4.0 0"+21++"-.


In the first stage of this work, co-crystallization
experiments were carried out in order to identify and
prepare the existing phases of the inclusion compound.
Crystallization of 1 from acetone solution at ambient
temperature up to 45°C by slow evaporation always
yields inclusion 1b with a molar composition 1–acetone
of 1:1 (�-form). The structure of the 1:1 compound was
solved by single-crystal XRD (N. Sardone, Cambridge
Crystallographic Data Centre, Code NABNIN, personal
communication, 1996) (Fig. 1). It is characterized by a


closed, cryptate-type packing. The host conformation is
determined by the intramolecular O(1)—H���O(2) hy-
drogen bond. The acetone molecules are hydrogen
bonded via an O(2)—H���O(acetone) bond to the host.
This compact crystal structure causes high thermal
stability, as indicated in Fig. 2. TG–DSC investigations
showed a single step guest release in the temperature
range 120–150°C. This degradation temperature is much
higher than the boiling temperature of acetone (56°C)
caused by the closed packing and the specific host–guest
interaction. Both TG-DSC and variable-temperature
powder XRD, which have been reported to be suitable
for detecting new polymorphic or pseudopolymorphic
phases,10 did not reveal any intermediates during
decomposition. However, the resulting guest-free host,
which is identical with the initial pure host sample (called
phase P1), undergoes a polymorphic transition to phase
P2 at approximately 220°C (Fig. 3). This transition could
also be found by DSC and is characterized by a small heat
of transition of 2.2 kJ mol�1 (Fig. 4). Co-crystallization
experiments by slow solvent evaporation in acetone
solutions near the boiling-point also resulted in two
different crystal modifications of the guest-free host
(between 45 and 50°C the modification P1 was crystal-
lized whereas the polymorph P2 was formed above
50°C), but the quality of the crystals was not sufficient
for solving the crystal structures. Nevertheless, the
crystallographic parameters could be determined [di-
morph P1, a = 8.808(7), b = 27.500(8), c = 22.556 Å,
� = 98.42(2), V = 5404(5) Å3, Z = 4, space group P21/c;
dimorph P2, a = 11.04(2), b = 16.85(4), c = 14.22(4),
� = 101.85(2), V = 2589(4), space group P21/c]. Indexa-
tion of the diffractograms from the powder XRD
measurements of the dimorphs confirmed that the crystals
are indeed polymorphs P1 and P2 with the given crystal
parameters.


Recently, recommendations for the topological control
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of crystalline inclusion compounds have been made
according to the rule, ‘if a host–guest complex obtained
at room temperature is of cryptate type, its tubulate (or
another more open) form can be prepared by decreasing
the crystallization temperature.’11 Considering that the
prepared inclusion compound of composition 1:1 (1b)
has a cryptate-type structure, low-temperature crystal-
lization may yield a more open crystalline structure with
a higher guest content such as the recently reported
compound of 1:2 molar composition (1a).8,9 Actually,


co-crystallization experiments conducted below �5°C
by slow solvent evaporation at the solubility limit yielded
a crystalline inclusion of molar host–guest composition
1:2, called the �-form. Comparing its powder diffracto-
gram with that of another sample of the same composi-
tion prepared by vapour sorption at 25°C from acetone
vapour saturated at 23°C (called the �-form),9 complete
disagreement was observed (Fig. 5). This suggests the
existence of a second polymorphic form of the 1:2
compound (1a). Therefore, we extended the crystal-
lization experiments by applying non-equilibrium condi-
tions of high supersaturation (fast evaporation of acetone
from an open beaker or fast cooling of a saturated
solution at room temperature with an ice-bath). As a
result, crystals of the 1:2 �-form could be obtained which
has been proved by comparison of the appropriate
powder diffractograms (Fig. 5). Crystals of the �-phase
have to be quickly separated from the mother liquor and
stored dry because they rapidly convert to the 1:1 �-phase
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in contact with the solution. This indicates that the �-
phase is a thermodynamically unstable phase only
stabilized owing to kinetic reasons.


The crystal structures of both the �- and �-phases of 1a
were solved using single-crystal XRD at �90°C.
Additional variable-temperature powder XRD measure-
ments down to �120°C proved that no unknown phase
transitions occur during cooling. Calculated powder
diffractograms from the single-crystal data are also in
good agreement with the measured patterns (Fig. 5). The
molecular packing characteristic and the crystallographic
data of the two polymorphic phases are shown in Fig. 6
and Table 1, respectively. The molecular conformations
of the host molecule in all three phases of the inclusion
compounds are very similar because they are dominated
by the same intramolecular hydrogen bond O(1)—
H���O(2). In contrast to the �-form (1b), the crystal
packing of 1a is of the tubulate type. One of the two
acetone molecules is hydrogen-bonded to the host
molecules by the O(2)—H���O(acetone) bond. The
non-hydrogen-bonded acetone molecules show fairly
high thermal motions despite the fact that experimental
data were collected at �90°C. In the �-phase of 1a only
non-hydrogen-bonded acetone molecules are located in
constricted channels parallel to the crystallographic a-
axis, whereas in the case of the �-phase both hydrogen-
bonded and non-hydrogen-bonded acetone molecules are


located in less constricted channels also running in the
direction of the a-axis. Both acetone molecules in the �-
phase of 1a are disordered with site occupation factors of
0.562/0.438 (hydrogen-bonded) and 0.604/0.396 (non-
hydrogen-bonded).


The particular structural properties of the two poly-
morphic inclusion compounds of 1a also control the
thermal degradation behaviour studied by TG–DSC (Fig.
7). Both polymorphs decompose in two distinct steps.
The mass loss in each step corresponds to the release of
one acetone molecule, suggesting the loss of the non-
hydrogen-bonded acetone first followed by a transition
into 1b (1:1 inclusion compound). This assumption was
confirmed by variable-temperature powder XRD, show-
ing always the �-form (1b) as an intermediate after the
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first degradation step (Fig. 3). Furthermore, the DSC
results show identical heat effects for the second
degradation steps of the polymorphs of 1a and for the
degradation of 1b (47–48 kJ mol�1) to the guest-free
host, respectively. The lower onset temperature of this
phase transition for the �-form of 1a [Fig. 7(b)] might be
due to poorer crystallinity of the intermediate �-phase of
1b, also represented by larger peak widths of the
appropriate powder diffractogram.


The heat effects accompanying the transition of 1a to
1b (first stage) are much smaller and close to the heat of
vaporization of acetone (31.27 kJ mol�1),12 indicating
also the liberation of a non-bonded acetone molecule at
this stage.


The main difference between the two polymorphs of
1a is the temperature range for phase transition to 1b. The
�-phase of 1a is converted into the �-phase (1b) in the
temperature range from room temperature to 40°C,
whereas the �-phase of 1a is decomposed and converted
at higher temperatures, in the range 50–80°C. This
apparently higher thermal stability of the thermodyna-
mically unstable phase may be explained by a diffusion-
retarding influence of the hydrogen-bonded acetone
molecules in the channels and a higher activation energy
for the lattice conversion of the �-phase due to the
relatively large packing dissimilarities. The different
crystal packings of the two polymorphs of 1a could also
be the reason why no �→� transition was observed.


'89'/"&'. 43


���������� The synthesis of the free host compound 1 has
been described elsewhere.13 The inclusion compounds
were obtained by crystallization from acetone under
different conditions (see above).


"27-�� ����������	��� The thermal decomposition was
studied by means of a model 111 simultaneous TG–DSC
system (Setaram, France) using open aluminium cruci-
bles, sample weights of �4 mg, a linear heating rate of
5 K min�1 and argon at 1 1 h�1 as purge gas for all
measurements. Crystals were taken from the mother
liquor, blotted dry on filter-paper and transferred into the
crucibles for weighing and measuring.


:�������.���+������� ;.��� +	8��� ��

�����	�� Vari-
able-temperature x-ray diffraction patterns were col-
lected on a D 5000 powder diffractometer (Siemens,
Germany) equipped with a variable-temperature capillary
technique and a PSD-50M position-sensitive detector
(Braun, Germany), using Cu K� radiation. The tempera-
tures were set at the furnace controller, and after a
�20 min holding time at the appropriate temperature the
x-ray pattern were recorded. Measurements below room
temperature were performed using a Cryojet cooling
system (Oxford Instruments, UK). Some problems
occurred on registration of the diffractogram of the �-
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�-Phase �-Phase


Empirical formula C44H38O4 C44H38O4
Formula weight 630.74 630.74
Crystal system Monoclinic Monoclinic
Space group P21/n P21/c
T (°C) �90 �90
a (Å) 10.855(2) 7.6970(10)
b (Å) 25.032(5) 21.849(8)
c (Å) 12.404(2) 20.603(4)
� (°) 90 90
� (°) 97.20(3) 95.720(10)
� (°) 90 90
V (Å3) 3343.9(11) 3447.6(15)
Z 4 4
Dcalc. (g cm�3) 1.253 1.215
Radiation Mo K� Cu K�
F(000) 1336 1336
Absorption coefficient (mm�1) 0.079 0.603
Crystal size (mm) 0.40 � 0.30 � 0.10 0.50 � 0.20 � 0.20
�-Range (°) 1.63–25.00 2.96–64.93
Index range h (0–12), k (0–29), l (�14 to �14) h (0–8), k (0–25), l (�24 to �24)
Reflections collected 6187 6096
Independent reflections 5860 5619
Data/restraints/parameters 2789/0/442 2527/19/431
Goodness-of-fit on F2 0.943 0.990
R 0.076, 0.197 0.0934, 0.2049
Rw 0.1653, 0.1929 0.2565, 0.2965
Largest diff. peak and hole (e Å3) 0.455/�0.435 0.536/�0.325
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phase of 1a because of its instability at room temperature
and transformation to the �-phase. In order to avoid the
phase transition during sample preparation, liquid nitro-
gen was poured over the samples of the �-phase during
grinding to fine powders, which were transferred quickly
to the diffractometer.


The calculations of powder patterns were carried out
using the Cerius2 software package (Molecular Simula-
tions, USA) and structural data from single crystals.


<.��� ��������� �����������	�� Crystal parameters were
determined and intensities of reflections collected at
�90°C on an Enraf-Nonius CAD-4 diffractometer using
Mo K� (� = 0.71073 Å) for the �-phase and Cu K�
(� = 1.54178 Å) for the �-phase. Crystal data and selected
experimental details are given in Table 1.


The structures were solved by direct methods using the
program SHELXS-86.14 The refinement of the structures


was carried out with the program SHELXL-9315 with
anisotropic displacement parameters for non-hydrogen
atoms. The H-atoms of all structures were placed at the
calculated positions.


+1993'&'. 4/: 04 4


Atomic coordinates, bond lengths and angles and thermal
parameters have been deposited as supplementary data at
the Cambridge Crystallographic Data Centre. Lists of the
observed and calculated structure factors and the
anisotropic displacement parameters for the non-hydro-
gen atoms may be obtained from the authors (B.T.I. and
J.S.) on request. Crystallographic data and computer
graphics of the structures can also be viewed at the epoc
website at http:/www.wiley.com/epoc.
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ABSTRACT: By comparison of the fully assigned vibrational spectra obtained for resorcarene-based cavitands 2a
and 2b, their clathrates with toluene and ethanol respectively, and free guest molecules, good structural models for the
clathrates could be obtained merely based on Fourier transform infrared data. Using this novel technique, various
different interactions between the host and guest in the solid state as well as the orientation of the included guest could
be identified. In the case of cavitand 2a, the model obtained by this methodology could be validated by comparison
with an experimental crystal structure analysis. Copyright  2001 John Wiley & Sons, Ltd.
Additional material for this paper is available from the epoc website at http://www.wiley.com/epoc


KEYWORDS: host–guest systems; resorcinarenes; calixarenes; supramolecular chemistry; vibrational spectroscopy
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Host–guest interactions of calixarenes and resorcarene-
based cavitands with guest molecules are usually studied
in the solid state by single-crystal structure determina-
tion.1–3 However, there is still a considerable need for
alternative methods that can be applied in cases when
only limited amounts of non-crystalline material are
obtainable. In the beginning of the calixarene-related
chemistry, Fourier transform infrared (FTIR) spectro-
scopy was important to unravel the cyclic hydrogen
bonding system at the lower rim fixing the cone
conformation of these compounds.1 Examples for the
use of vibrational spectroscopy as an efficient tool to
characterize host–guest complexes of calixarenes and
resorcarene-based cavitands in the solid state and in
solution are still scarce,4–9 and still mainly limited to the
investigation of hydrogen-bonded,10–13 or surface-bound
systems.14,15


Acid-induced cyclocondensation of 2-methylresorci-
nol with para-substituted benzaldehydes gives rise to the
corresponding chair methylresorc[4]arenes 1a, b in fair to


excellent yields. Bridging of the eight phenolic groups is
possible by the reaction of 1 with bromochloromethane
using K2CO3 as base to give resorcarene-based cavitands
2a, b having two adjacent aryl substitutents in the axial
position and the two others in the equatorial position
(Scheme 1 and Fig. 1).16


A single crystal structure determination of the cavitand
2a16 clearly shows a distinct interaction between the
bromophenyl groups at the ‘feet’ of the cavitand skeleton
with the cavity of a second macrocycle (Fig. 1). In
contrast, for the p-cyanophenyl-substituted cavitand 2b
no single crystal structure determination was accessible.
Therefore, we decided to use a thorough analysis of the
vibrational spectra of resorcarene-based cavitands to gain
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a deeper insight of the solid-state structure and inclusion
properties of these compounds.
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Owing to the similar linear geometry of the substituents
at the lower rim, cavitand 2b (R = CN) was studied and
compared with 2a (R = Br) as a reference compound with
known structure to validate the approach.


Materials for the FTIR spectroscopic studies could be
obtained by recrystallization of the crude cavitand from


suitable solvents yielding solvent clathrates of the host
compounds. Cavitand 2a gives a clathrate with toluene,
and 2b with ethanol. The number of solvent molecules
included in the crystal lattice could be easily deduced
from a thermogravimetric analysis.17


From a comparison of the fully assigned FTIR spectra
using the Wilson assignment mode18 of the solvent
clathrates 2a–toluene (1:4) or 2b–EtOH (2:1) with
spectra obtained for the solvent-free cavitands and pure
solvents (Figs 2 and 3), it is possible to gather
information about the interactions between the solvent
molecules and the macrocycle. Differences of the
absorption of free and enclathrated species give rise to
complex-induced shifts (CISs). These data are of similar
importance as CIS values stemming from NMR experi-
ments in solution. Furthermore, band splitting and
changes of intensities of analogous absorptions give
additional information about the symmetry of the
corresponding intermolecular interactions. To facilitate
the comparison of intensities, clusters of absorption
bands are compared individually with the most intense
absorption of the cluster scaled to 100% independently
from the rest of the spectrum.


However, this approach is not suitable for studying
interactions between individual host molecules, because
no reference system, i.e. a host molecule that does not
show any interaction with a neighbour, is accessible. In
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this case, a reference system can be used based on model
compounds that reflect important parts of the molecule
under investigation, namely a p-cyanophenyl (part A in
Fig. 4), a methylene bridge (part B), a C—O—C—O—C
(C), O—CH2 (D), a methyl group (E) and a pentasub-
stituted benzene ring (F).


The chosen model substances 3–6 reflect the bond
strengths between atoms when dealing with stretching
modes and a similar substitution pattern at the phenyl


rings in the case of deformation vibrations. In the latter
case, the weight of the substituents must reflect the real
situation more than the actual bond strength. The choice
of model substances, especially when using data of
pentasubstituted phenyl rings, is somewhat limited.19


%�������	�
 �	�
���� �� ������	� 2a


The relevant FTIR spectra for the analysis of cavitand 2a
and its toluene clathrate are shown in Fig. 2. According to
the X-ray analysis and NMR data in solution,16 the
cavitand possesses a low symmetry, the highest point
group being Cs with one mirror plane between the axial
and equatorial p-bromophenyl groups cutting opposite
tolyl units; in the case of deviation from this symmetry,
C1 is the corresponding point group. Neglecting interac-
tion terms in the potential function between the methyl
group and the aromatic ring, the equation for toluene can
be factorized as if the molecule possessed C2v symmetry
when the vibrations are divided into planar and non-
planar symmetry species. All vibration modes are Raman
active, whereas only the A1, B1 and B2 modes are IR
active. The point group is Cs; the site group is C1. Hence,
it follows for included toluene that all vibration modes
are Raman- and IR-active and for C1 the species is A.


The thermogravimetric data give, in accordance with
the crystal structure, a host–guest ratio of 1:4, resulting in
a highly solvated structure. Theoretically, one should
expect a band splitting into four components in
accordance with the different orientations of the four
toluene molecules in the crystal lattice. This can only be
observed for the strongest IR bands of toluene (bands �4,
�11 and �16a; see Supporting information). Furthermore,
the relative intensities of the components should be
similar. Actually the ratio is 1:1:0.25:0.25. This can be
easily explained by the loss of solvent molecules at room
temperature (e.g. during the preparation of the KBr
pellets). Almost all other bands split into two components
with similar intensity (the other two components are
unverifiable, because the overall intensity of the band is
too weak).


Compared with pure solvent, entrapped toluene shows
more absorption bands, especially overtones and combi-
nation tones. This is in accordance with a solvated
structure. On the other hand, there are some bands that
are typical for isolated molecules, like in the gaseous
state, e.g. �4, �11, �18a, and �18b. This observation is in
accordance with the interpretation that there are interac-
tions between molecules with the same orientation along
channels in the crystal lattice but no interactions between
molecules with different orientations.


Most absorptions are shifted towards lower frequen-
cies: the shift is up to 39 cm�1, and the average shift is
about 12 cm�1; some absorptions are moderately shifted
towards higher frequencies, the average shift being about
6 cm�1. This can be explained as a complexation-induced
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shift. When an absorption band of a ‘free’ molecule is
split into two components it is conspicuous that the
splitting pattern is not symmetrical.


Comparing the solvent-free cavitand with its toluene
clathrate, no significant shift of the absorption frequen-
cies can be observed. This is in accordance with the rigid
structure of the cavitand. Band splitting of some
frequencies of parts A, E, and F (Fig. 4) into two
components may be an effect of the equatorial and axial
orientation of the p-bromophenyl units and the anisotropy
of the potential field. The number of components can be
correlated with the mirror plane and the Cs symmetry.
The complexation-induced shifts obtained by comparing
the clathrate with the incremental system based on model
substances provide evidence for the following host–host
and host–guest interactions: CH/� interaction between
the p-bromophenyl substituent and the —O—CH2—O—
bridge (A→C/D); interaction between two p-bromophe-
nyl units (A→A); and CH/� interactions between the
toluene in the crystal lattice and parts A and F (Fig. 4).


%�������	�
 �	�
���� �� ������	� 2b


According to the NMR data16 cavitand 2b possesses a
low symmetry, the highest point group being Cs with one
mirror plane between the axial and equatorial p-
cyanophenyl groups; in the case of deviation from this
symmetry, C1 is the corresponding point group. Assum-
ing free rotation of the alkyl chain rotating around the OH
group, gaseous ethanol belongs to a group isomorphic to
C3v. In the liquid and solid state the rotation is hindered;
the corresponding point group is Cs, and the site group is
C1. Hence, it follows for included ethanol that all
vibrations are IR- and Raman-active and the species are
Cs (A�, A�) or C1 (A). In the liquid state (Fig. 3) hydrogen
bonds exist between the ethanol molecules, which results
in broadening of the OH vibrations.


From thermogravimetric data, a host–guest ratio of 2:1
can be deduced. Thus, only one ethanol molecule is
located near or inside the cavitand 2b. According to this,
no further band splitting due to different orientations of
the solvent molecules can be observed. This is in contrast
to the X-ray analysis of the p-bromophenyl-cavitand 2a,
wherein four toluene molecules are related to each
cavitand. The OH group of the ethanol is fixed inside the
cavity, probably parallel to the mirror plane, freezing the
OH/� interaction. This results from the observation of a
doublet for �(OH) and �(OH). Such doublets are
characteristic for monomeric alcohols, the doubling
being about 200 cm�1 and 60 cm�1 respectively. The
�(OH) band (1385 cm�1) and the �(OH) band (644 cm�1)
are very sharp, indicating a lack of any hydrogen
bonding; the OH group of entrapped ethanol is fixed.
According to the structure of the cavitand 2b and the
absence of any hydrogen bonding, the OH group must be
located in the hydrophobic cavity, otherwise one would


expect hydrogen bonding towards the O atoms in the
methylene bridges or between different ethanol mol-
ecules. The doublet is attributed to an asymmetric
potential field about the CO bond, to which the H is
attached. This anisotropy may be caused by steric effects
and rotational isomerism, e.g. by the axial and equatorial
p-cyanophenyl units, which spread out in an asymmetric
potential field. Perhaps one p-cyanophenyl group inside
the cavity induces a further special steric effect.


The alkyl chains of entrapped ethanol guest molecules
rotate freely around the locked OH group. All frequencies
are shifted towards lower frequencies, the shift ranging
from 9–17 cm�1. Some low-lying vibrations, which
cannot be assigned to any of the modes of the subunits,
have to be characterized as specific for the cavitand in
toto. They are denoted as ‘cavity ring mode’. Comparison
of the free cavitand and the host–guest complex shows
that there is no significant shift of the frequencies. This is
in accordance with the rigid structure of the cavitand and
similar to that found for cavitand 2a. Band splitting of
some frequencies of parts A, E, and F (Fig. 4) into two
components may be an effect of the equatorial and axial
orientation of the p-cyanophenyl units and the anisotropy
of the potential field. The number of components can be
correlated with the mirror plane and the Cs symmetry.


The complexation-induced shifts obtained by the
comparison of the clathrate of ethanol with 2b provide
evidence for the following host–host and host–guest
interactions: CH/� interaction between p-cyanophenyl
and the —O—CH2—O— bridge (A→C/D); �/� interac-
tion between two p-cyanophenyl units (A→A); OH/�
interaction (EtOH→A); and CH/� interaction from the
freely rotating alkyl chain of EtOH to the p-cyanophenyl
group (EtOH→F).


+ &+-*�( &


For studying possible host–guest interactions and con-
formational properties, a new empirical strategy for the
vibrational analysis of resorcarene-based cavitands was
developed. The cavitand structure was subdivided into
chemically reasonable subunits. Assuming that the
vibrational modes of the latter are more or less charac-
teristic, comparisons were made of the vibrations of the
whole cavitand with those of model substances equiva-
lent to the subunits. Using this approach, important types
of host–guest interaction can be identified and classified;
the orientation of the included guest can be determined.
Therefore, in cases when no single crystal structure
determination of the host–guest clathrate is accessible,
good structural models for the solid state can be obtained
and interactions between host–guest, guest–guest and
host–host can be identified merely based on FTIR data.
For cavitand 2a, the model obtained by this methodology
could be validated by comparison with an experimental
crystal structure analysis.
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The synthesis of cavitands 2a and 2b and the single
crystal structure determination of 2a have been described
previously.16 IR spectra were recorded on an IFS 113v
FTIR spectrophotometer (Bruker) using KBr windows
and a DGTS detector, the resolution being about
0.5 cm�1. Raman spectra were recorded a Dilor XY
Raman-laser spectrophotometer (multi- and single-chan-
nel detector, resolution 1 cm�1) using an Ar-laser
(coherent, excitation line 514.53 nm). The temperatures
of the samples were 293 K and 80 K respectively. The
host–guest ratios of the samples used for the IR analysis
were determined by thermogravimetric analysis, as
described previously.17


��������	� ������



Six tables containing fully assigned IR data of cavitands
2a, b, their clathrates with toluene and ethanol,
respectively, as well as the corresponding model
substances 3–6 are available as supporting information
at http://www.wiley.com/epoc.


��!	�3
���	��


This work was supported by the Deutsche Forschungs-
gemeinschaft (Scha 685/2-2 and 2–4) and the Fonds der
Chemischen Industrie (Li 151/15). Generous support
from Professor Dr G. Maas is gratefully acknowledged.


�,/,�,&+,�


1. Gutsche DC. Calixarenes. Royal Society of Chemistry: Cam-
bridge, 1989.


2. Gutsche DC. Calixarenes Revisited. Royal Society of Chemistry:
Cambridge, 1998.
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ABSTRACT: The dipole polarizability of dibenzothiophene is reported, which was measured experimentally by
refractometry techniques, and evaluated theoretically with ab initio and density functional theory (DFT) methods in
the 1A� electronic ground state. The experimental polarizability was determined from measurements of the refraction
index of dibenzothiophene in CCl4-diluted solutions at five different frequencies to obtain the dispersion curve. The
static polarizability of dibenzothiophene was determinated to be 2.358 � 10�23 esu from the extrapolation of the
dispersion curve to zero frequency. Theoretical calculations were performed with fully C2V optimized geometries at
both the HF/6-31G** and HF/6-31 � G(d,p) levels of theory, and we present comparisons with the crystal structure of
dibenzothiophene and HF/6-31G** geometry of benzothiophene previously reported. We calculated the dipole
polarizability by using the coupled perturbed Hartree–Fock analytical method, with both the STO/6-31 � G(d,p) and
STO/6-31 � G(3d,3p) basis sets. We investigated the effects of exchange and electron correlation on these properties
by using the BLYP and B3LYP hybrid approaches. The B3LYP/6-31 � G(3d,3p) average polarizability value of
dibenzothiophene is 2.425 � 10�23 esu, which differs from the experimental static value by 3%. Copyright  2001
John Wiley & Sons, Ltd.


KEYWORDS: dibenzothiophene; dipole polarizability; refractometry; density functional theory
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The importance of sulfur-containing compounds in the
design of molecular electronic devices, pharmacological
molecules, and new kinds of polymer-conducting materi-
al has renewed interest in the study of their chemistry and
electronic properties.1–3 For example, molecular proper-
ties as diverse as dipole polarizabilities are currently
being explored in thiophene monomers and polythio-
phenes by both experimental and theoretical methods.4,5


In particular, new experimental determination4a and ab
initio calculations of these properties have been reported


recently for thiophene4a,5 and benzothiophene mol-
ecules.6 For thiophene, good agreement was found
between the calculated and the measured properties,
and prediction for the dipole polarizability of benzothio-
phene was reported.6 We are currently interested in the
ab initio determination and prediction of such optical
properties in conjugated heterocyclic molecules obtained
with the coupled perturbed Hartree–Fock method
(CHF),7 density functional theory (DFT) approach8 and
the family of diffuse and polarized STO/6-31 � G
(md,mp) basis sets,9 and in the corresponding comparison
with available experimental data. Our aim is also to
interpret the induced changes in these properties on
heteroatom substitutions or by extension of the number of
rings in the conjugated system.5 In this context, we have
studied benzene and naphthalene, monocyclic and
bicyclic azines, five-membered heterocyclics and ben-
zothiophene.6 Recently, we have reported DFT dipole
polarizabilities for acenaphthene and acenephthylene
molecules.8 Now, we extend these studies to the
experimental and theoretical determination of dipole
polarizability of the dibenzothiophene (DBT) molecule,
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where the experimental polarizability is determined by
using refractometric techniques10 and is supported with
ab initio and DFT calculations. We have continued these
studies with the dibenzothiophene compound because of
the importance of this molecule as a model for under-
standing the hydrodesulfuration (HDS) process in
catalysis, and also because DBT belongs to the class of
bicyclic sulfur-conjugated polyenal compounds, which
display the largest hyperpolarizabilities ever reported.11


This paper is organized as follows: following this
Introduction we discuss the theoretical as per in the third
section we give experimental and computational details.
The fourth section deals with results and discussions; the
fifth section gives the conclusions. We report the
experimental determination in CCl4 solution of the static
and dynamic dipole polarizability of DBT, together with
an ab initio and DFT study of the molecular geometry,
electronic distribution and the static dipole polarizability
� of DBT.


'��("�


The molecular dipole polarizability � is the linear
response of a molecular electronic distribution to the
action of an external electric field �. Such an external
field causes charge rearrangements in the molecular
structure that are reflected in changes in the permanent
molecular dipole moment �e according to:12


�e��� � �e��
� 0� � �� � �1�2����2 � �1�3����3 � � � � �1�


In this equation, �e(� = 0) is the dipole moment without
perturbation, � is a second rank tensor that represent the
dipole polarizability, and the higher-order tensors are the
first and second hyperpolarizabilities respectively. Simi-
larly, a Taylor expansion for the energy E of the system
has been defined in terms of these tensor quantities and
the field � in the Cartesian axis system as


E��� � E�0� � �i�i � 1
2


� �
�ij�i�j


� 1
6


� �
�ijk�i�j�k � 1


24


� �
�ijkl�i�j�k�l


� � � � �2�


where E(0) is the unperturbed energy.12a In polarizability
studies, the quantities of experimental interest are the
average polarizability


�ave � ��	 � 1
3
��xx � �yy � �zz� �3�


and the polarizability anisotropy


�� � 
�1�2����xx � �yy�2 � ��xx � �zz�2 � ��yy


� �zz�2�1
2 �4�


The mean polarizability can be determined from the
refractive index � of a gas according to the equation


� � 1 � ��	�
2�0kBT


�5�


where � is the pressure, kB the Boltzmann constant, T the
thermodynamic temperature and �0 the permittivity of
free space. Equation (5) has been derived with the
assumption that the individual molecules do not interact
with each other. In the condensed phase, the molecular
interaction should be considered, where each molecule is
polarized by the external field and the field due to the
neighboring molecules. The resultant field is named the
local field F, and is expressed in terms of the dielectric
polarization P as


F � E � L
�0


P �6�


where L is the dimensionless Lorentz factor, which
depends on the structure of the phase. L is a tensor the
three principal components of which have the value of 1/
3 for cubic and isotropic phases, giving the Lorentz local
field


F � E � 1
3�0


P �7�


From this equation can be derived the Lorenz–Lorentz
equation


�2 � 1
�2 � 2


� N��	
3�0V


�8�


which gives an expression for the molecular polariz-
ability ���. Here, N is the number of molecules in volume
V.


For molecules with a permanent dipole moment �e, it
is necessary to take account of the orientation polariza-
tion. The resulting Debye equation


M
	


�r � 1
�r � 2


� NA


3�0
��	 � �2


e


3kBT


� �
�9�


permits the average polarizability ��� and dipole
moment �e to be determined from measurements of the
relative permittivity �r and the density � as a function of
the temperature T.12b M is the molar mass and NA the
Avogadro constant. The application regime of this
equation is for pure compounds only.


Copyright  2001 John Wiley & Sons, Ltd. J. Phys. Org. Chem. 2001; 14: 709–715


710 H. SOSCÚN ET AL.







Usually, the dipole polarizability is determined
experimentally at electric fields that depend on the
frequency giving the dynamic property. At the regime of
optical frequencies, Eqn. (9) is converted to Eqn. (8).
From this equation and for binary mixtures, such as
solvent and solute, the equation of Garito and Singer in
the cgs system can be derived (Eqn. (10)).13a


4�
3


NA�
e
2�v� �


3M2


	1��2
1�v� � 2�2



�2
�v�



w


� �
0


� M2
1
	1


� 
V

w


� �
0


� � �2
1�v� � 1


�2
1�v� � 2


� � �10�


where w is the weight fraction of solute, �(v) and �1(v)
are


the refraction indexes of the solution and solvent
respectively at optical frequency v, �1 is the density of
the solvent, NA is Avogadro’s number, M2 is the
molecular weight of solute, V is the specific volume of
solution, and �e


2�v� is the average of the molecular
electronic dynamic polarizability of the solute. This
equation assumes that solute and solvent are not
interacting and, therefore, the different molecular
polarizations are additive. To obtain the static mean
molecular electronic polarizability, the polarizability is
treated as a frequency-dependent quantity and calculated
at different wavelengths according to Eqn. (10). The
long-wavelength limit is obtained from an extrapolation
to zero frequency of the plot between the dynamic mean
polarizability �e


2�v�versus the frequency v. This relation-
ship is referred to as the Cauchy-type dispersion curve
and gives the behavior of the dispersion of the
polarizability in terms of the frequency of the field. This
curve allows for the extrapolation of only the electronic
part of this property, the limit value of which corresponds
to the static dipole polarizability. Contributions from
infrared-active modes (vibrational polarizability) are not
considered here.13b,c


,�'�()�


���������	
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The average electronic polarizability dispersion curve of
dibenzothiophene was determined experimentally by
using the refractometric technique, where the refractive
index � of both solvent and solution were measured with
a Bellingham � Stanley high-resolution ABBE refract-
ometer 60/LR at 20°C (�0.1°C). Spectral lamps of
sodium, mercury and cadmium were employed on the
wavelength range 435.8–643.8 nm. Densities � were
measured on a DMA-5000 Anton Paar densitometer.


DBT compound was purchased from Aldrich and
sublimed prior to use. Carbon tetrachloride (Merck) was
employed as solvent after drying (CaCl2), fractionation


and storage over molecular sieves. The range of
concentration used was (2.8–27.8) � 10�3 M.


The reproducibility for the various slopes of the
concentration dependence for this data is very high and
the uncertainties in dynamic mean electronic polariz-
abilities obtained in this work are between 0.9 and 2%.


+����	
	���
� ��	
���


The calculations of the polarizability � were performed
by using the analytical and direct CHF method7 with a
selection of diffuse and polarized basis sets, which were
constructed by starting from the standard STO/6-31G
frame and extending it with either sp diffuse functions
plus d and p polarized functions, leading to the standard
scheme denoted by STO/6-31 � G(d,p) and STO/6-
31 � G(3d,3p) respectively.9 These atomic functions
have shown good performance for polarizability calcula-
tions of conjugated molecules.6,8 Exchange and electron
correlation effects on the dipole polarizability were
determined by using DFT calculations at the BLYP and
B3LYP hybrid approaches,14 by using both the STO/6-
31 � G(d,p) and STO/6-31 � G(3d,3p) basis sets.


Calculations were performed with optimized DBT
molecular geometry, by using gradient techniques at the
SCF MO STO/6-31G** and STO/6-31 � G(d,p)9 levels
subject to C2v symmetry. Calculations of � were carried
out by using direct techniques with the Gaussian 9815


quantum chemistry package on an Intel dual Pentium III
Graphic Workstation under Windows 98 operating
system and Origin 2000 Silicon Graphics six R10000
MIPS processors.


"��*-'� �&) )%�+*��%(&
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Formally, the DBT molecule is constructed by the fusion
of two benzene rings between a sulfur atom as bridge,
giving a three fused-rings structure, where the S is
located between these rings linked to two C atoms and
each C atom belongs to each ring. This atomic
conformation leads to a geometric structure known as
DBT. Owing to the electronic pairs of the S atom, the
linked C atoms form a C—S—C angular bond that is
almost planar and whose angle should be about 90°, such
as in thiophene. Furthermore, the electronic pairs of S are
understood to be far away, oriented in the two corners of
the tetrahedral positions that are located perpendicular to
the C—S—C plane. In the present work, we report HF/6-
31G**, HF/6-31 � G(d,p) and BLYP/6-31 � G(d,p) C2v


optimized structures for gaseous DBT, and comparison is
made with selected theoretical parameters of thiophene,
benzothiophene and in more detail with the crystal
structure of DBT. With respect to the optimization
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geometry of DBT, a harmonic vibrational analysis
showed that all eigenvalues of the Hessian matrix were
positive, indicating that the reported structure is an
absolute minimum of energy, where the electronic
ground state of this molecule is 1A�.


The numbering and geometric parameters for DBT are
presented in Fig. 1, and the optimized values are


displayed in Table 1, together with those corresponding
to the experimental crystal structure of this molecule.16


Additionally, Table 1 shows selected optimized geo-
metric parameters of thiophene and benzothiophene in
parentheses for comparison. It is worth noting that the
C—S bonds in DBT are similar to those reported for
thiophene and benzothiophene.5 In particular, the C—S
bonds are typically larger than those of C—C. In this
series of compounds, the C—S bond is slightly larger in
DBT than in thiophene and benzothiophene. With respect
to the bond angles, the C—S—C angle value in DBT is
about of 90.9° and is similar to that reported for
thiophene, 91.3°. The optimized C—S—C bond angle
in DBT is independent of the basis sets and of the level of
theory employed.


Analysis of the results in Table 1 indicates that the
thiophene moiety is only slightly affected by the fusion of
the two benzene rings when the DBT structure is formed.
It is observed that the patterns of bond distance and bond
angles of the heteroring are nearly similar to those in the
thiophene and benzothiophene structures. The small
differences between these geometric features suggest
that the DBT structural–electronic properties can be


0�1��� �2 "��� ����
���� ��	 ���
������� ���� �� �5�


'
��� �2 �$*6������+
	 �
��
��1 �/ �5�


Rij (Å) HF/6-31G** HF/6-31 � G(d,p) BLYP/6-31 � G(d,p) Experiment


dC2S1 1.7591 1.7585 1.7841 1.7345
(1.7434)a


(1.7252)b


dC3C2 1.3941 1.3951 1.4274 1.4073
dC4C3 1.3941 1.3957 1.4151 1.3915
dC5C4 1.3781 1.3804 1.4025 1.3625
dC6C5 1.3945 1.3968 1.4153 1.3900
dC7C6 1.379 1.3814 1.4047 1.3961
dC7C2 1.3885 1.3904 1.4077 1.3841
dH8C4 1.0754 1.0754 1.0933
dH9C5 1.0753 1.0753 1.0929
dH10C6 1.0755 1.0754 1.0931
dH11C7 1.0752 1.0752 1.0927
dC3C3 1.4622 1.4626 1.4624 1.4414


�ijk (°)
aC3C2S1 112.52 112.57 112.34 112.86
aC4C3C2 119.07 119.11 118.61 119.35
aC5C4C3 119.72 119.71 119.94 119.50
aC6C5C4 120.49 120.48 120.56 121.06
aS1C2C7 125.96 125.96
aC3C2C7 121.47 121.70
aC7C6C5 120.64 120.61 120.67 121.06
aC2C7C6 118.62 118.52 117.47
aH8C4C3 120.29 120.34 119.99
aH9C5C4 119.83 119.84 119.75
aH10C6C5 119.75 119.76 119.85
aH11C7C6 120.66 120.61 120.63
aC2S1C2 90.91 90.929 90.87 91.51


(91.30)a


aC3C3C2 111.98 112.22 111.40


a Thiophene, Ref. 5.
b Benzothiophene, Ref. 6; experiment Ref. 16.
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understood by extension of those for thiophene and
benzene. Likewise, the differences in the properties of
these compounds could be due to the charge rearrange-
ments that occur in the DBT molecule by the effect of the
added perturbation of the two benzene rings. The results
in Table 1 show that the calculated geometry of DBT
follows the geometric parameter pattern from the
experimental structure.16


Table 2 shows the total energy, charge distribution and
dipole moment of DBT. The charge distribution is
calculated in terms of the Mulliken atomic population
of the S (Q(S)) and C (Q(C)) atoms. An analysis of these
populations, calculated at the HF/6-31 � G(d,p) level,
indicates that very small changes in the charge distribu-
tion are induced when the benzene rings are fused with
the S atom to form the DBT moiety. However, these
charges are very sensitive to the level of calculations,
which are reflected in the total dipole moment, as
expected. For example, at the HF/6-31 � G(d,p) level the
value of dipole moment is 1.16 D, whereas at BLYP/6-
31 � G(d,p) it is 0.71 D and with B3LYP/6-
31 � G(3d,3p) it is 0.79 D. This value is in excellent
agreement with the experimental high accuracy dipole
moment reported for this molecule by Nagai et al. of 0.79
D.13d


!��
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����	� �� )/'


���������	
� ��	�����
	���2 No estimates for the
molecular dipole polarizability of DBT have been
reported so far. In the present work we report a static
value of this property from refractometric measurements
and using the limit relationship of Garito and Singer (see
Eqn. (10)). The performance of this methodology has
been reported elsewhere.17 Prior to the refractometric
measurements, the UV–VIS spectra of DBT was
determined in the region between 200 and 450 nm, in
order to explore the adsorption of this compound. It was
found that the lower adsorption wavelength of adsorption
of this molecule is 330 nm. With this result, we study the
dispersion of the dipole polarizability of DBT in the
region off-resonance. The experimental frequency-de-
pendent results of the relevant terms of Eqn. (10) are
reported in Table 3, and the corresponding Cauchy-type
dispersion curve of dipole polarizability is displayed in
Fig. 2. The dynamic results of the dipole polarizability
show how this property increases monotonically with the
frequency v, giving a normal dispersion behavior for the
DBT polarizability. From this relationship, the extra-
polation to zero frequency gives a value of 2.358 � 10�23


esu for the static dipole polarizability of DBT in CCl4.
The uncertainty in this value, calculated from an analysis
of propagation of random errors, is about 3%.13b


The static value determined for DBT of 2.358 � 10�23


esu lies in the range of dipole polarizabilities of aromatic
molecules with three fused rings. For example, the
dynamic average dipole polarizability of anthracene at
589.8 nm in benzene solution has the value of
2.54 � 10�23 esu,18 which is only 8% higher than our
experimental static value for DBT. This difference is
expected because of the dynamic effects. For example, at
589.8 nm (1.696065 �m�1) the DBT � mean has a value
of 2.427 � 10�23 esu (see Table 3), which is 5% lower
than that of anthracene. However, this difference is due to
the fact that the DBT molecular size is smaller than the
anthracene molecule. It is important to note that the
dispersion behavior of dynamic polarizability of DBT, as
can be seen in Fig. 2, shows that the molecular response is
not enhanced by the effects of the frequency of the
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��� �2 ���� 
�
��1� 	��� 
 ���
�� ��	 (�  �3
� ������
�0���
 � �� �0
 2 ��	 � ����� /�� �5�


HF/6-31 � G(d,p) BLYP/6-31 � G(d,p)


Total energy (a.u.) �856.641381 �860.115938
Dipole moment 1.16 0.71


(0.79)a


(D) (0.78)b


Q(S1) �0.2474 �0.0590
Q(C2) �0.6641 �0.7261
Q(C3) �0.9862 0.9126
Q(C4) �0.3199 �0.3090
Q(C5) �0.1336 0.0093
Q(C6) �0.2725 �0.2457
Q(C7) �0.1613 �0.0524


a This work, with the B3LYP/6-31 � G(3d,3p) method.
b Experimental, Ref. 13d.
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� 9� �� �0
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 �/ ��	
� �/ �
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����1 �/ �� ������ ��	 	��� 

�� ���+��� ��1 �/ �5� �� �� .


v (�m�1)



n2
�v�



w


� �
0 (at 20 � 0.1°C) n1 (at 20 � 0.1°C) �e


2�v� � 10�23


2.294631 1.245 � 0.011 1.472384 � 5 � 10�5 2.590
1.966182 1.125 � 0.010 1.464933 � 3 � 10�5 2.483
1.831166 1.091 � 0.012 1.462519 � 1 � 10�5 2.452
1.696065 1.065 � 0.011 1.460000 � 1 � 10�5 2.427
1.553277 1.047 � 0.012 1.457779 � 2 � 10�5 2.407
0.00000 2.358



v

w


� �
0
� 0�158 745 � 0�004 at 20 � 0.1°C.


	1 = 1.593995 � 6 � 10�6 g cm�3 at 20 � 0.1°C.
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electric field, as expected for conjugated systems of three
fused rings. For example, the variation of polarizability at
435.8 nm with respect to the static value for dibenzothio-
phene is 9% whereas for anthracene the corresponding
variation is 25%.19 These results indicate that despite
DBT having a static polarizability close to the anthracene
molecule, the electric deformability of the sulfur
compound is much less than for the three fused ring
hydrocarbon compound, which suggests a bigger con-
tribution of the delocalized � electrons in this molecule
than for the title molecule. Further studies in this context
are being performed in our laboratory.


'����	��
� �
����
	����2 In the present work, the dipole
polarizability components (�xx, �yy and �zz) have been
calculated independently using ab initio (HF) and DFT
(BLYP, B3LYP) methods with the STO/6-31 � G(d,p)
and STO/6-31 � G(3d,3p) extended basis sets. These
calculations were performed with DBT optimized
geometries at HF and BLYP respectively, with the
orientation of the molecular axis system as shown in Fig.
1. This orientation follows the order of polarizabilities �xx


��yy � �zz. From these independent components, the


corresponding average polarizability �ave and the polar-
izability anisotropy �� of DBT were calculated. The
results are reported in Table 4.


The predicted static average polarizability value for
the DBT molecule at the HF/6-31 � G(d,p) level is
2.173 � 10�23 esu. The comparison of this value with our
experimental measurement indicates that, at the HF level,
the theoretical property value is lower than the experi-
mental one, with a difference of 8%. These results show
that for DBT the HF calculations underestimate the
experimental dipole polarizability, which is as expected.


���
�1� 
�� ����	��� ������
	��� �� )/' ������
���
���
����	�2 The contribution of exchange and
electron correlation effects for polarizabilities has not
yet been rationalized for heteroaromatic molecules. In
this context, an accurate estimate at the DFT level of
these effects on the polarizabilities of conjugated and
heterocyclic molecules is being carried out in our
laboratory. It is important to note at this point that DBT
is a fairly large molecule, where an adequate basis set and
a good level of exchange-correlation are determining
factors in the requirement for high accuracy in the
theoretical determination of dipole polarizabilities, which
is a demanding computational task for the molecule
studied in this work. With respect to these require-
ments, we have shown that though the family of
6-31 � G(md,np) with (m = 1,2,3; n = 1,2,3) is not a
specialized basis set for polarizability calculations, these
atomic functions within the BLYP approach constitute a
reasonable methodology for good values of polarizabil-
ities in conjugated molecules.6,8,20 In the present work, in
order to explore the performance between the B3LYP
and BLYP approaches, we have accounted for the
exchange and electron correlation effects for the dipole
polarizability of DBT at these two levels of the DFT
hybrid approaches. The BLYP level was calculated with
the STO/6-31 � G(d,p) basis set and the extension of the
basis was considered by using the STO/6-31 � G(3d,3p)
atomic function. Results are depicted in Table 4. The
results show that the BLYP values, compared with the
corresponding HF polarizability, are increased in the
three main components of �, giving a value for �ave of


0�1��� �2 ��
8�
��1 	
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�	
��
 �/ �0
 �
�� 	��� 
6
�� ���+��� ��1 �:�; �/ �5� �� �� .
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��� $2 ������
��� ��� :� < �� 1� +; ��	 ��
���
 ���
 �/ �0
 	��� 
 �� ���+��� ��1 �/ �5� :�-�$, 
��;


�xx �yy �zz �ave


Geometry HF/6-31 � G(d,p)
HF/6-31 � G(d,p) 1.171 2.264 3.085 2.173


Geometry BLYP/6-31 � G(d,p)
BLYP/6-31 � G(d,p) 1.234 2.546 3.724 2.501
BLYP/6-31 � G(3d,3p) 1.283 2.538 3.665 2.495
B3LYP/6-31 � G(3d,3p) 1.260 2.485 3.524 2.425
Static experimental (this work) 2.358
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2.501 � 10�23 esu, which is 18% higher than for the HF
approach. At the BLYP level, the effects of extension of
the STO/6-31 � G(d,p) basis set with additionally
included polarized functions as STO/6-31 � G(3d,3p)
produce a slight increasing in �xx component, but the
other components are decreased, giving �ave = 2.495
� 10�23 esu. The overall effect of this extension of
the basis set is relatively small, leading to a reduction in
the polarizability of about 0.24%. In the application of
the B3LYP method with the STO/6-31 � G(3d,3p) basis,
it is observed that the three main components of � are
decreased, giving a value of 2.425 � 10�23 esu for �ave,
which is a difference with respect to the corresponding
BLYP of 2.8%. We consider that the value of �ave


calculated with the B3LYP/6-31 � G(3d,3p) approach is
our best theoretical estimated for the static dipole
polarizability of the DBT molecule. The comparison
between the experimental static results and the best
theoretical value show that the �ave at B3LYP/6-
31 � G(3d,3p) is 2.8% higher than the experimental one.


The comparison of the DBT polarizability with that of
anthracene, whose average polarizability has recently
been reported at BLYP/6-31 �� G(3d,2p) as 2.58
� 10�23 esu,20 is relatively higher for DBT with com-
parable calculations, which is 2.495 � 10�23 esu at
BLYP/6-31 � G(3d,3p) (see Table 4).


+(&+-*�%(&�


We have reported refraction measurements of the average
dipole polarizability �ave of DBT in CCl4 solution, and
we have performed ab initio and DFT calculations about
this property as support for the experimental results.
Additionally, a study of the geometry and other electronic
properties of DBT is reported, and comparison with the
crystal structure of DBT was undertaken. The technique
of Garito and Singer at limit dilution was employed for
the experimental determination of �ave, giving a static
value of 2.358 � 10�23 esu. On the other hand, our best
estimated value of this property has been chosen as
2.425 � 10�23 esu from B3LYP/6-31 � G(3d,3p) calcu-
lations with the BLYP/6-31 � G(d,p) optimized geome-
try. The differences between these experimental and
theoretical values are less than 3%. Comparison was
made with the experimental and theoretical polarizabil-
ities of anthracene.


The effects of the frequency on the dipole polariz-
ability of DBT were compared with those for anthracene.
The results showed that the DBT electronic deformability
is less than that of anthracene when the frequency of the
field is taken into consideration.
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ABSTRACT: The repeating sequence of elastin, valylprolylglycylvalylglycine (VPGVG), its permutation pentamer
glycylvalylglycylvalylproline (GVGVP), and its more hydrophobic pentamer glycylphenylalanylglycylvalylproline
(GFGVP) were synthesized by classical solution-phase methods and characterized. The kinetics of the oxidation of
these pentapeptides (PP) by Mn(III) was studied in the presence of sulphate ions in acidic medium at 25°C. The
reaction was followed spectrophotometrically at �max = 500 nm. A first-order dependence of rate on both [Mn(III)]
and [PP] was observed. The rate is independent of concentration of the reduction product, Mn(II) and hydrogen ions.
Effects of varying dielectric constant of the medium and addition of anions such as sulphate, chloride and perchlorate
were studied. Activation parameters were evaluated using Arrhenius and Eyring plots. The oxidation products were
isolated and characterized. A mechanism involving the reaction of PP with Mn(III) in the rate-limiting step is
suggested. An apparent correlation was noted between the rate of oxidation and the hydrophobicity of these sequences
where increased hydrophobicity results in an increased rate of oxidation. Further, it was observed that the pentamers
with Pro as C-terminus are more susceptible to oxidation than the pentamer with Gly as C-terminus. Copyright
 2001 John Wiley & Sons, Ltd.


KEYWORDS: elastin; pentapeptide sequences; oxidation; Mn(III)
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Oxidative reactions play an important role in a variety of
biochemical events ranging from normal metabolism to
ageing and disease processes.1,2 Peptides and proteins
represent major targets for modification in these
reactions, and the identification of sites and structures
of modifications may lead to a mechanistic understanding
and approaches for prevention. In this context, Mn(III)
oxidation is of special importance owing to its biological
relevance.3 Manganese(III) porphyrins have been studied
as possible models for closely related biologically
significant systems.4 Several studies have been reported
on the kinetics of manganese(III) oxidation of various
substrates in different media.5–7 Extensive work has been
reported on the kinetics of oxidation of amino acids with
various metal ions and several other oxidants.8–12


However, similar studies on the kinetics of oxidation of
peptides and proteins by Mn(III) have not been reported
except for the oxidative behaviour of bromamine-B
towards glycylglycine.13


Elastic protein-based polymers have their origins in
repeating sequences of the mammalian elastic protein
elastin.14,15 The most prominent repeating sequence
occurs in bovine elastin; it can be written as (Val1-
Pro2-Gly3-Val4-Gly5)n, where n = 11 without a single
substitution. Another repeat first found in porcine elastin
is (Val1-Pro2-Gly3-Gly4)n, but this repeat has not been
found to occur with n � 2 without substitution.16 The
monomers, oligomers and high polymers of these repeats
have been synthesized and conformationally character-
ized.17 These polymers have a number of medical and
non-medical applications.18,19 In this context, it was
thought of interest to investigate the oxidative behaviour
of Mn(III) towards the repeating elastin sequence Val-
Pro-Gly-Val-Gly its permutation pentamer Gly-Val-Gly-
Val-Pro and one of its more hydrophobic pentamers Gly-
Phe-Gly-Val-Pro, and this is reported in the present
paper.


The peptides were synthesized by classical solution
phase methods. The classical methods for synthesis in
solution are labour intensive, time consuming and skill
intensive, in large part because the intermediates differ in
solubility characteristics. With all these concerns, the
solution method provides relatively pure materials that do
not require much purification at the end of the synthesis.
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On the other hand, the solid-phase synthesis always
yields impure products that require extensive purification
even at the component peptide stage. During the course
of our physical studies, a large amount of material was
required. For this purpose, an efficient, well-established
and less expensive Boc chemistry was used instead of
more expensive Fmoc chemistry.


The peptides Boc-Val-Pro-Gly-Val-Gly-OBzl, Boc-
Gly-Val-Gly-Val-Pro-OBzl and Boc-Gly-Phe-Gly-Val-
Pro-OBzl were synthesized as described previously.20,21


The synthesis of Val-Pro-Gly-Val-Gly was carried out by
a 2� 3 coupling strategy and Gly-Val-Gly-Val-Pro and
Gly-Phe-Gly-Val-Pro were synthesized by a 3� 2
coupling strategy in solution phase methods. The Boc
group was used for temporary N�-protection and its
removal was achieved with 4 M HCl in dioxane or
trifluoroacetic acid. The C-terminal carboxyl group was
protected by the benzyl ester and its removal was effected
by hydrogenolysis using HCOONH4–Pd C (10%).22 All
coupling reactions were achieved with isobutyl chloro-
formate. The protected peptides were purified by
recrystallization and characterized by physical and
analytical techniques. The purity of the free peptides
was checked by paper chromatography and HPLC.


)*+)$��)%&,-


All the amino acids used except glycine were of L-
configuration unless specified otherwise. All tert-butyl-
oxycarbonyl (Boc) amino acids, amino acid derivatives
and trifluoroacetic acid (TFA) were purchased from
Advanced Chem. Tech., (Louisville, KY, USA). Isobutyl
chloroformate and N-methylmorpholine (NMM) were
purchased from Sigma Chemicals (St. Louis, MO, USA).
All solvents and reagents were of analytical grade or were
purified according to the procedure recommended for
peptide synthesis.23 Thir-layer chromatography (TLC)
was carried out on silica gel plates obtained from
Whatman, with the following solvent systems: chloro-
form–methanol–acetic acid (90:10:3), Rf


1, and chloro-
form–methanol–acetic acid (85:15:3), Rf


2. The com-
pounds on TLC plates were detected by UV irradiation
after spraying with ninhydrin or by chlorine–tolidine.
Paper chromatography was carried out on Whatman No.
1 chromatographic paper with the solvent system
butanol–acetic acid–water (4:1:5, upper phase). The
compounds on paper were detected by spraying with
ninhydrin. Melting-points were determined with a Selaco
Can. No. 103 melting-point apparatus and were uncor-
rected. Elemental analyses were carried out by Mic Anal
(Tucson, AZ, USA). Optical rotation was measured using
a Perkin-Elmer Model 243 digital polarimeter. Amino
acid analysis was performed on a Waters HPLC Pico-Tag
analyser. Hydrolysis of the sample was carried out using
6 M HCl containing 1% (v/v) phenol at 110°C for 72 h in
a sealed tube under vacuum from which the air had been


removed using nitrogen. Product analysis was carried out
by gas chromatography (GC 15A, Shimadzu, Kyoto,
Japan).


�	� !"� #�� !"� $�" %�	 &' (#�� $�" 
	� �� %�� 
	� ��)�
Boc-Gly-Val-Gly-Val-Pro-OBzl and Boc-Gly-Phe-Gly-
Val-Pro-OBzl (0.015 mol) were separately hydrogeno-
lysed in methanol (10 ml g�1 of peptide) using
ammonium formate (2.0 equiv.) and 10% Pd/C (0.1 g
g�1 peptide) for 30 min at room temperature. The catalyst
was filtered and washed with methanol. The combined
filtrate was evaporated in vacuo and the residue was
dissolved in CHCl3, washed with water and dried over
Na2SO4. The solvent was removed under reduced
pressure and triturated with diethyl ether, filtered, washed
with diethyl ether and dried to obtain 7.2 g of I (yield
90.7%), m.p. 127°C, R1


f 0.66, R2
f 0.75, ���25


D (c, 1; MeOH)
�64°, anal. calc. for C24H41N5O8 C 54.63, H 7.83, N
13.27%, found C 54.73, H 7.88, N 13.32%; and 7.4 g of II
(yield 91.5%), m.p. 118°C, R1


f 0.60, R2
f 0.50, ���25


D (c, 1;
MeOH) �67°, anal. calc. for C28H41N5O8 C 58.42, H
7.17, N 12.16%, found C 58.41, H 7.16, N 12.16%.


!"� #�� !"� $�" %�	 (#��  $�" 
	� ���� %�� 
	� �.)� I and
II (0.01 mol) were deblocked with TFA (10 ml g�1


peptide) for 40 min. The solvent was removed under
reduced pressure, triturated with diethyl ether, filtered
and washed with diethyl ether to obtain the TFA salts of
III and IV (yield, 100%).


�	� $�" %�	 !"� $�" !"� &' (.)� Boc-Val-Pro-Gly-Val-
Gly-OBzl (4.9 g, 0.008 mol) in methanol (50 ml) was
hydrogenolyzed using HCOONH4—Pd/C (10%) and
worked up as above to obtain 3.9 g of V (yield 92.8%),
m.p. 80°C, R1


f 0.60, R2
f 0.66, ���25


D (c, 1; MeOH) �49°,
anal. calc. for C24H41N5O8 C 54.63, H 7.83, N 13.27%,
found C 54.66, H 7.85, N 13.25%.


$�" %�	 !"� $�" !"� (.�)� V (2.6 g, 0.005 mol) was
deblocked with TFA (25 ml) for 40 min. The solvent
was removed under reduced pressure, triturated with
diethyl ether, filtered and washed with diethyl ether to
obtain the TFA salt of VI (yield 100%).


%��������	� 	
 ��(���) ��"������ A 0.05 M solution of
manganese(III) sulphate was prepared by the electrolytic
oxidation of Mn(II) sulphate in aqueous sulphuric acid by
the procedure reported previously.24 Even though the
solution appeared to be stable for more than 1 month at
[H�] �5.0 M, it was prepared fresh daily. All other
reagents were prepared from analytical-reagent grade
chemicals.


%��"������� ������� The maximum absorption (�max) of
manganese(III) sulphate solution occurs at 500 nm. The
standard redox potential E�0 of Mn(III)/Mn(II), the
oxidizing power of the oxidant, generally decreases on
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complexation. The standard redox potential was
measured under the specified experimental conditions.
These details have been reported previously.24 The
formal redox potential E�0 obtained at different [H2SO4]
and in presence of the complexing agents HSO4


�, P2O7
4�


and Cl� are 1.51, 1.48 and 1.42 V, respectively. Triply
distilled water was used for preparing aqueous solutions.


*������ ������������� Mixtures of solutions containing
the requisite amounts of PP, sulphuric acid (to maintain a
known acid concentration), manganese(II) and water (to
keep the total volume constant) were placed in stoppered
boiling tubes. The mixture was thermally equilibrated in
a water-bath at 25°C. To the solution in this tube was
added an aliquot of pre-equilibrated manganese(III)
sulphate stock solution to give a known overall
concentration. The progress of the reaction was mon-
itored for two half-lives by measuring the absorbance of
unreacted Mn(III) at 500 nm using a Spectrochem MK II
spectrophotometer. The reaction mixture was quenched
appropriately. Plots of log(absorbance) vs time were
linear. The rate constants kobs calculated from these plots
were reproducible to within �3% error.


$)�(-&�


���������� 	
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All kinetic runs were performed under pseudo-first-order
conditions with [PP] � [Mn(III)]. Plots of log[Mn(III)]
vs time were linear even beyond 75% of the reaction,
showing a first-order dependence of the rate on [Mn(III)]
(Table 1); at constant [Mn(III)]0, [Mn(II)]0, [H2SO4],
[Na2SO4] and temperature, the rate increased with
increase in [PP]0 (Table 1). Plots of logkobs vs log[PP]0


(Fig. 1) were linear with slopes of 1.10, 0.98 and 1.09 for
glycyl-valyl-glycyl-valyl-proline, glycyl-phenylalanyl-
glycyl-valyl-proline and valyl-prolyl-glycyl-valyl-gly-
cine, respectively.


���������� 	
 ��� 	� /���0


Kinetic measurements were performed in H2SO4–NaH-
SO4 solution of different [H�]. The effective [H�] used
was evaluated with the aid of a calibration curve25 of
[H2SO4] vs [H�]. An increase in [H�] (0.1 to 2.0 M) had
no effect on the rate.


���������� 	
 ��� 	� ������ �� ���� ����


The effect on the rate of varying the concentration of
Mn(II) (which is the reduction product of the oxidant)
was investigated. An increase in [Mn(II)] (from 0.01 to
0.1 M) had no effect on the rate. Similarly, the effects of


the anions Cl� (from 0.01 to 0.5 M), SO4
2� (from 0.01 to


0.5 M) and ClO4
� (from 0.01 to 1.0 M) on the rate were


insignificant. The reaction product Mn(II) had no effect
on the reaction, indicating that the product is not involved
in a pre-equilibrium with the oxidant.


)

��� 	
 �	�1��� �	��	����	�


The solvent composition of the medium was varied by
adding methanol (0.0–40%) to the reaction mixture. The


&2�� 3� +

��� 	
 ������� �������� �	���������	� 	� ���
������	� ����� ,��� -'.�&/0 1 ��. �	" ��2� -��(��)0 1
���. �	" ��2� 3 1 .45 *


[Mn(III)]� 103


(mol dm�3)
[PP]� 103


(mol dm�3)


kobs� 105 (s�1)


GFGVP GVGVP VPGVG


0.5 5.0 42.22 30.00 10.80
1.0 5.0 42.32 30.61 10.81
1.5 5.0 42.01 30.21 10.52
2.0 5.0 42.52 30.50 10.60
2.5 5.0 42.31 30.11 10.21
3.0 5.0 42.10 30.41 10.51
1.0 3.0 25.10 15.42 6.01
1.0 3.5 28.81 18.62 7.04
1.0 4.0 33.81 22.30 8.30
1.0 4.5 38.02 25.71 9.31
1.0 5.0 42.22 30.00 10.80
1.0 5.5 45.70 33.11 11.71
1.0 6.0 50.12 36.32 12.82
1.0 6.5 53.70 40.71 14.12


4����� 3� +

��� 	
 -%%0 	� ��� ������	� ����
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rate increased with increase in methanol content (Table
2). The plots of logkobs vs 1/D (D = dielectric constant of
the medium) were linear with positive slopes (Fig. 2).
Measurements of rate constants were carried out in both
the presence and absence of pentapeptides with Mn(III)
and the rate constants were taken for the calculation of
the effective kobs, although the rate of oxidation of
methanol in the absence of PP is negligible under the
conditions employed.


,���1��	� ��������


To determine the activation parameters, the reactions
were carried out at different temperatures (20–40°C,
Table 3). The Arrhenius plots of logkobs vs 1/T (Fig. 3)
were linear. The activation energies (Ea) were calculated


from the slope of the plots. From these values, the
thermodynamic parameters �H≠, �S≠ and �G≠ and the
frequency factor (logA) were evaluated (Table 4).


&��� 
	� 
��� ������


Addition of reaction mixture to aqueous acrylamide
monomer solutions did not initiate polymerization,
indicating the absence of in situ formation of free radical
species in the reaction sequence.


$����	� ��	����	�����


Mixtures containing PP (0.001 M), acid (0.1 M) and


&2�� 5� +

��� 	
 ������� ��"������ �	������ 	� ���
������	� ����� ,��� -��(���)0 1 6��� 6��2 �	" ��2�
-%%0 1 �� 6��2 �	" ��2� -��(��)0 1 ���. �	" ��2� -'�0 1
��. �	" ��2� 3 1 .45 *


MeOH
(%, v/v)


Dielectric
constant


(D)


kobs� 105 (s�1)


GFGVP GVGVP VPGVG


0 76.73 42.22 30.00 10.80
10 72.37 53.01 39.81 12.81
20 67.48 71.92 58.82 15.80
30 62.71 97.93 87.02 21.32
40 58.06 144.61 143.92 29.50


4����� 5� +

��� 	
 ��"������ �	������ 	� ��� ������	� ����


&2�� 6� 3���������� �������� 	
 ��� 	7����	�
	
 %% 8� ��(���)� ,��� -��(���)0 1 6��� 6��2 �	" ��2�
-%%0 1 �� 6��2 �	" ��2� -��(��)0 1 ���. �	" ��2� -'�0 1
��. �	" ��2


Temperature
(K)


(1/T)� 10�3


(K�1)


kobs� 105 (s�1)


GFGVP GVGVP VPGVG


293 3.413 30.11 20.81 7.91
298 3.355 42.22 30.00 10.80
303 3.300 56.50 39.82 14.71
308 3.246 81.02 57.01 20.42
313 3.195 112.00 72.42 26.93


4����� 6� +

��� 	
 ����������� 	� ��� ������	� ����
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excess Mn(III) (0.03 M) were kept for 24 h at 25°C. The
unconsumed Mn(III) was then determined; 10 mol of
oxidant were sufficient to oxidize 1 mol of PP, leading to
aldehydes, carbon dioxide, ammonia, Mn(II) and hydro-
gen ion. Based on these results, the following stoichio-
metric equations are suggested.


Gly-Xaa-Gly-Val-Pro (Xaa = Val or Phe):


H2N-CH2-CO-NH-CH�R	-CO-NH-CH2-CO-NH-


CH�CH �CH3	2�-CO-N CH-COOH� 5Mn3� �
5Mn�OH	�2 � 4H2O�
 2HCHO� RCHO�
�CH3	2CHCHO� �NH3�CH2	3CHO� 5CO2 �
4NH�4 � 10Mn2� �1	
R � �CH3	2CH- for Gly-Val-Gly-Val-Pro and
R � C6H5CH2- for Gly-Phe-Gly-Val-Pro


Val-Pro-Gly-Val-Gly:


H2N-CH�CH �CH3	2�-CO-N CH-CO-NH-CH2-CO-
NH-CH�CH�CH3	2�-CO-NH-CH2-COOH� 5Mn�3


� 5Mn�OH	�2 � 4H2O�
 2HCHO� 2�CH3	2CHCHO
��NH3�CH2	3CHO� 5CO2 � 4NH�4 � 10Mn2� �2	


+�	���� ������


After the reaction was completed, the reaction products
were extracted with diethyl ether and subjected to column
chromatography on silica gel (60–200 mesh) using
gradient elution (dichloromethane to chloroform). Alde-
hydes were determined qualitatively by gas chroma-
tography. The retention values of formaldehyde, iso-
butyraldehyde, phenylacetaldehyde and 4-aminobutyar-
aldehyde are 6.0, 27.4, 31.09 and 32.1, respectively,
which are identical with those for authentic samples.
Ammonia and CO2 were detected by conventional tests.


��� (���'%


Data published by Diebler and Sutin26, Packler and
Chawla27 and Wells and Davies28 have shown that in the
presence of F� ion, an aqueous solution of Mn(III)
consists of hexaaquamanganese(III) {[Mn(H2O)6]�3},


Mn(III)(aq), hydroxopentaaquamanganese(II)
{[Mn(OH)(H2O)5]�2}, Mn(OH)2�


(aq) and MnF2�
(aq).


Hence it can be assumed with justification that the Mn(III)
species present in sulphuric acid medium are Mn(III)(aq),
Mn(OH)2�


(aq) and MnSO4
�. Therefore, it was shown29


that manganese(III) sulphate in aqueous sulphuric acid
contains Mn3�


(aq) and Mn(OH)2�
(aq) as reaction species:


Mn3��aq	 � H2O� Mn (OH)2�
�aq	 � H� �3	


The hydrolysis constant calculated was Kh = 0.93� 0.03.
The absorption spectra of both Mn3�


(aq) and
Mn(OH)2�


(aq) have been reported to be similar in both
the visible and UV regions. Our observation of the
electronic absorption spectra is consistent with the values
reported.


The electrochemical studies of Biedermann and
Palombari30 also indicated a significant amount of
Mn(OH)2


�:


Mn(OH)2� � H2O
 Mn(OH)�2 � H� �4	


However, a fresh solution of mangenese(III)sulphate
was always prepared and used immediately after
cessation of the electrolysis, thereby eliminating any
reaction due to Mn(OH)2


�. The absence of a sulphate ion
effect on the reaction rate indicates that MnSO4


�
(aq) is not


the active species under the present conditions. The fact
that there is no hydrogen ion dependence on the rate
suggests that Mn3�


(aq) and Mn(OH)2� are the reactive
species.31 The molar absorptivity � ranges between 131
and 110 dm3 mol�1 cm�1 at [H�] = 1.20–2.50 mol dm�3.
The high value of � has been attributed to the presence of
hydrolysed Mn(OH)2� species. Therefore, it is probable
that Mn(OH)2� is the likely reactive species. Scheme 1
accounts for the observed experimental results.


Mn(OH)2� � PP
k1


�i	
X slow and


rate-determining step


X
k2


�ii	
products fast


rate � k�Mn(OH)2���PP�


������ 3


Amis32 has shown that plots of log kobs vs 1/D gives a


&2�� 7� 9�������	� ���������� 
	� ��� 	7����	� 	
 %% 8� ��(���)� ,��� -��(���)0 1 6��� 6��2 �	" ��2� -%%0 1 ��
6��2 �	" ��2� -��(��)0 1 ���. �	" ��2� -'�0 1 ��. �	" ��2


Substrate Ea (kJ mol�1) �H≠ (kJ mol�1) �S≠ (J K�1 mol�1) �G≠ (kJ mol�1) LogA


GFGVP 47.291 44.771 �170.59 96.46 4.323
GVGVP 50.928 48.408 �153.08 93.94 5.385
VPGVG 54.183 51.66 �136.43 93.00 6.118
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MECHANISM:
For Gly-Xaa-Gly-Val-Pro


H3N�-CH2-CO-NH-CH�R	-CO-NH-CH2-CO-NH-CH�CH�CH3	2�CO-N CH-COOH�MnOH�2


�
�H2N-CH2-CO-NH-CH�R	-CO-NH-CH2-CO-NH-CH�CH�CH3	2�-CO-N CH-C-OH��3 � H2O


� �
Mn � O


A


A
 H2N-CH2-CO-NH-CH�R	-CO-NH-CH2-CO-NH-CH�CH�CH3	2�-CO-N CH-C-O
�
O�


H�Mn�2


B


B�Mn�3 
 H2N-CH2-CO-NH-CH�R	-CO-NH-CH2-CO-NH-CH�CH�CH3	2�-CO-N C
�


H� CO2 � H� �Mn�2


C


C� H2O
 H2N-CH2-CO-NH-CH�R	-CO-NH-CH2-CO-NH-CH�CH�CH3	2�-CO-N�H2-�CH2	3CHO


D


D� H2O
 H2N-CH2-CO-NH-CH�R	-CO-NH-CH2-CO-NH-CH�CH�CH3	2�-CO2H� H3N�-�CH2	3-CHO


E


E�MnOH�2 � H� 
 �H2N-CH2-CO-NH-CH�R	-CO-NH-CH2-CO-NH-CH�CH�CH3	2�-C-OH��3 � H2O
� �


Mn� O
F


F
 H2N-CH2-CO-NH-CH�R	-CO-NH-CH2-CO-NH-CH�CH�CH3	2�-C-O
�
O�


H�Mn�2


G


G�Mn�3 
 H2N-CH2-CO-NH-CH�R	-CO-NH-CH2-CO-NH-�CH�CH�CH3	2� � CO2 � H� �Mn�2


H


H� 2H2O
 H2N-CH2-CO-NH-CH�R	-CO-NH-CH2-CO2H� NH�4 � �CH3	2CHCHO


I


I�MnOH�2 � H� 
 �H2N-CH2-CO-NH-CH�R	-CO-NH-CH2-C-OH��3 � H2O
� �
Mn� O


J


J
 H2N-CH2-CO-NH-CH�R	-CO-NH-CH2-C
�
O�


-OH�Mn�2


K


K�Mn�3 
 H2N-CH2-CO-NH-CH�R	-CO-NH-CH�2 � CO2 � H� �Mn�2


L


L� 2H2O
 H2N-CH2-CO-NH-CH�R	-CO-OH� HCHO� NH�4
M


M�MnOH�2 � H� 
 �H2N-CH2-CO-NH-CH�R	-C-OH��3 � H2O
� �
Mn� O


N


N
 H2N-CH2-CO-NH-CH�R	-C-O
�
O�


H�Mn�2


O


O�Mn�3 
 H2N-CH2-CO-NH-�CH�R	 � CO2 � H� �Mn�2


P


P� 2H2O
 H2N-CH2-CO2H� RCHO� NH�4
Q


Q�MnOH�2 � H� 
 �H2N-CH2-CO-OH��3 � H2O
� �
Mn � O
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R


R
 H2N-CH2-C-O
�
O�


H�Mn�2


S


S�Mn�3 
 H2N-�CH2 � CO2 � H� �Mn�2


T


T� H2O
 CH2O� NH�4


R � CH�CH3	2 for GVGVP


R � C6H5CH2 for GFGVP


For Val-Pro-Gly-Val-Gly


H3N�-CH�CH�CH3	2�-CO-N CH-CO-NH-CH2-CO-NH-CH�CH�CH3	2�-CO-NH-CH2-COOH�MnOH�2


�


�H2N-CH�CH�CH3	2�-CO-N CH-CO-NH-CH2-CO-NH-CH�CH�CH3	2�-CO-NH-CH2-C-OH��3 � H2O
� �


Mn � O


A


A
 H2N-CH�CH�CH3	2�CO-N CH-CO-NH-CH2-CO-NH-CH�CH�CH3	2�-CO-NH-CH2-C-O
�
O�


H�Mn�2


B


B�Mn�3 
 H2N-CH�CH�CH3	2�CO-N CH-CO-NH-CH2-CO-NH-CH�CH�CH3	2�-CO-NH-CH�2 � CO2 � H� �Mn�2


C


C� H2O
 H2N-CH�CH�CH3	2�CO-N CH-CO-NH-CH2-CO-NH-CH�CH�CH3	2�-CO-NH2 � CH2O


D


D� H2O
 H2N-CH�CH�CH3	2�CO-N CH-CO-NH-CH2-CO-NH-CH�CH�CH3	2�-COOH� NH�4
E


E�MnOH�2 � H� 
 �H2N-CH�CH�CH3	2�CO-N CH-CO-NH-CH2-CO-NH-CH�CH�CH3	2�-C-OH��3 � H2O
� �
Mn� O


F


F
 H2N-CH�CH�CH3	2�CO-N CH-CO-NH-CH2-CO-NH-CH�CH�CH3	2�-C-O
�
O�


H�Mn�2


G


G�Mn�3 
 H2N-CH�CH�CH3	2�CO-N CH-CO-NH-CH2-CO-NH-CH�CH�CH3	2� � CO2 � H� �Mn�2


H


H� 2H2O
 H2N-CH�CH�CH3	2�CO-N CH-CO-NH-CH2-CO-OH� �CH3	2CHCHO� NH�4
I


I�MnOH�2 � H� 
 �H2N-CH�CH�CH3	2�CO-N CH-CO-NH-CH2-C-OH��3


� �
Mn� O


J


J
 H2N-CH�CH�CH3	2�CO-N CH-CO-NH-CH2-C-O
�
O�


H�Mn�2


K


K�Mn�3 
 H2N-CH�CH�CH3	2�CO-N CH-CO-NH-CH�2 � CO2 � H� �Mn�2
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straight line with a positive slope for positive ion–dipole
interaction. The positive dielectric effect in the present
investigation shows charge dispersal in the transition
state, pointing towards a positive ion–dipole reaction and
hence supports Scheme 2.


The rates of oxidation of pentapeptides by Mn(III)
were compared with those of oxidation of constituent
tripeptides, dipeptides and free amino acids by Mn(III)
under identical experimental conditions, and it was found
that the rates of oxidation of pentapeptides were slower
than those of either tripeptides, dipeptides and free amino
acids. The change in each case is due to the increased
distance between the functional groups and consequently
weaker electrostatic effects. Hence the oxidation of the
pentapeptides is expected to be slower than that of the
monomers, dipeptides and tripeptides. Further, an
apparent correlation was noted between the rate of
oxidation and the hydrophobicity of those sequences
where increased hydrophobicity results in an increased
rate of oxidation. The most hydrophobic pentamer, Gly-
Phe-Gly-Val-Pro, oxidized at a faster rate than the less
hydrophobic pentamers, Gly-Val-Gly-Val-Pro and Val-
Pro-Gly-Val-Gly. The probable reason for the increased
oxidation rate for the more hydrophobic peptides is that
the carboxylic groups are more destabilized, which
enhances the rate of formation of a transition-state


complex with Mn(III), and the oxidation rate may be
high. Further, it was observed that the pentamers with Pro
as C-terminus, Gly-Val-Gly-Val-Pro and Gly-Phe-Gly-
Val-Pro, are more susceptible to oxidation than the
pentamer with Gly as C-terminus, Val-Pro-Gly-Val-Gly.
This is in good agreement with our earlier findings.33,34


������� �1������ 
	� ��� 
	����	� 	
 ++8�������
�	�����


The study of the UV–visible spectra separately of pure
Mn(III), PP (Gly-Phe-Gly-Val-Pro, Gly-Val-Gly-Val-Pro
and Val-Pro-Gly-Val-Gly) and a mixture of Mn(III) and
PP showed deviations in the peak wavelength (�max) and
absorbance (Abs.) as shown in Table 5.


L


L� 2H2O
 H2N-CH�CH�CH3	2�CO-N CH-CO-OH� CH2O� NH�4
M


M�MnOH�2 � H� 
 �H2N-CH�CH�CH3	2�CO-N CH-C-OH��3 � H2O
� �
Mn� O


N


N
 H2N-CH�CH�CH3	2�CO-N CH-C-O
�
O�


H�Mn�2


O


O�Mn�3 
 H2N-CH�CH�CH3	2�CO-N CH� � CO2 � H� �Mn�2


P


P� 2H2O
 H2N-CH�CH�CH3	2�CO-OH� N�H3�CH2	3CHO


Q


Q�MnOH�2 � H� 
 �H2N-CH�CH�CH3	2�C-OH��3 � H2O
� �
Mn� O


R


R
 H2N-CH�CH�CH3	2�C-O
�
O�


H�Mn�2


S


S�Mn�3 
 H2N-�CH�CH�CH3	2� � CO2 � H� �Mn�2


T


T� H2O
 �CH3	2CHCHO� NH�4


������ 5


&2�� 9� �$:����8"� �������" ���


Substrate
�max
(nm) Abs. Complex


�max
(nm) Abs.


Mn(III) 500 0.970
GVGVP 222.4 2.892 Mn(III)� GVGVP 242.5 3.082
GFGVP 220.5 2.829 Mn(III)� GFGVP 240.5 3.063
VPGVG 221.5 2.842 Mn(III)� VPGVG 235.5 3.200
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ABSTRACT: We present a selection of our studies concerning solvent, substrate and temperature effects in solvolytic
and Menschutkin reactions, by means of multiparametric equations and, more recently, by the use of factor analysis.
Important steps in this development are recapitulated: (i) the application of correlation relationships relating rate
constants to the properties of the solvents and of the solvents, substrates and temperature, simultaneously; (ii) the
dissection of solvent effects into contributions from the initial state and the transition state; (iii) the split of
intermolecular forces through the application of linear solvation energy relationships to the enthalpies of solution; and
(iv) recent developments including the use of target factor analysis. The parametric descriptions reveal the dominant
interaction mechanisms. Copyright  2001 John Wiley & Sons, Ltd.


KEYWORDS: solvolytic reactions; Menschutkin reactions; enthalpies of solution; linear solvation energy
relationships (LSER); target factor analysis (TFA)
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The influence of solutes and solvents on the rate of
chemical reactions has been studied for more than a
century. Several attempts to express it quantitatively
involve various scales of solute and solvent properties. It
starts with the famous Hammett equation (1937)1 for the
study of substituent effects, and with the Grunwald–
Winstein equation (1948)2 for the correlation of solvent
effects. Since the appearance of these uniparametric
expressions, there has been an enormous evolution in this
field of research.


It is now clear that reactivity values obtained with a
wide range of solvents and substrates can only be
satisfactorily correlated if multiple linear correlation
analysis is used. However, any multiparametric treatment
must combine solvent or/and solute parameters, which
have to be independent but complementary, according to
a physico-chemical model envisaged to connect these
parameters to the relevant details of the chemical
processes under study.3–12


During the last decade, our attention has been centred
on the behaviour of solvolytic and Menschutkin reactions
in order to identify the main solute–solvent–solvent
interactions, which cause the differential solvation of the
initial and transition states of these reactions. Multiple
linear regression procedures, according to consistent
physico-chemical models and, more recently, the use of
target factor analysis (TFA), have shown to be powerful
approaches.


The aim of this paper is to give an overview of the
systematic studies that have been undertaken in our
laboratory in order to interpret the kinetic and thermo-
chemical results through the understanding of solute–
solvent–solvent interaction mechanisms. Details of the
equipment, calibration, tests and operating procedures
have been described previously.11–15


The reacting systems under study were the unimol-
ecular solvolysis of tertiary haloalkanes (from C4 to C7)
in a large number of hydroxylic solvents, mainly mono-
and dialcohols. We have also investigated the bimolecu-
lar Menschutkin reaction between triethylamine and
iodoethane in a variety of alcohols. The chosen solvent-
dependent kinetic property was the logarithm of the rate
constant, log k, or the Gibbs function of activation, �‡G,
within the transition-state theory. The thermodynamic
function of solution under analysis was the solution
enthalpy, �sH


�, or the corresponding solvation enthalpy
�solvH�, at infinite dilution. Statistical treatments relat-
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ing the experimental rate constants and thermodynamic
solution values to the properties of the solvents and/or of
the substrates allowed us to achieve significant improve-
ments in revealing the intermolecular forces that
dominate the reaction paths under study.


�&�'�! (�( #)  !"&���" #!


Solvolytic reactions of tertiary haloalkanes and
Menschutkin reactions are dominated by several interac-
tion mechanisms. In essence, we can expect three
different types of interactions, as follows:


(i) solvent–solute interactions by non-specific, long-
range intermolecular forces, mainly due to the
polarizability and dipolarity of the solvent;


(ii) solvent–solute interactions by specific, short-range
intermolecular forces, mainly determined by the
solvent hydrogen-donor bond acidity and acceptor
basicity in terms of the Lewis acid–base concept;
and


(iii) solvent–solvent interactions determining the disrup-
tion and reorganization of the solvent structure,
measured by the energy necessary to separate
solvent molecules to create a suitable cavity to
accommodate the solute.


In order to identify and quantify the main interactions
that take place between solvent and solute molecules
during the reaction paths, we chose the empirical
equation proposed by Taft, Abboud, Kamlet and Abra-
ham (TAKA):6,7


P � a0 � a1�
� � a2�� a3� � a4�H


2 �1�


where P is the reactivity property under study, �*, � and �
are the well-known molecular–microscopic solvatochro-
mic parameters related to the solvent dipolarity/polariz-
ability, hydrogen-bond donor (HBD) acidity and
hydrogen-bond acceptor (HBA) basicity, respectively,
and �H


2 is the Hildebrand cohesive energy density of the
solvent.


Based on the available values of solvent parameters, a
different equation, also suitable for the evaluation of
medium influences, was proposed and tested by Gon-
çalves, Albuquerque and Simões (GAS):9,12,13


P � a0 � a1f ��� � a2g��� � a3ET
N � a4�H


2 �2�


where f(�) is the Kirkwood function of the dielectric
constant, (�� 1)/(2�� 1), g(�) is the refractive index
function (�2 � 1)/(�2 � 2) and ET


N is the normalized
ET(30) parameter;16 f(�) is related to the dipolarity of the
solvent and g(�) to the polarizability, and ET


N provides a
measure of the solvent’s HBD acidity of protic solvents.
Some contribution of solvent dipolarity was also included
in this last parameter.


Data concerning several solvolytic reactions were also
analysed using a ‘hypothesis-free’ methodology, namely
target factor analysis (TFA).12 The application of TFA
allows a better understanding of interaction mechanisms
and has the advantage of not assuming any prior model or
kind of behaviour.17


In addition, a general quantitative formulation of the
reactivity problem did not avoid the simultaneous
treatment of solvent and substrate effects.10 An even
more sophisticated and ambitious formulation involved
three variables, viz. solvent, substrate and temperature.18


The dissection of solvent effects on solvolytic and
Menschutkin reactions into contributions from the initial
state and the transition-state solvation was achieved
through the combination of transfer energies of activation
and multiple linear correlations,19,20 according to the
unified approach proposed and first applied by Abra-
ham.21


The acquisition of solution enthalpy values and their
treatment in terms of linear solvation energy relationships
(LSER) were also relevant in understanding the change
of solvent and substrate in the initial state.22


(����	�* ��������� �	� ��+�������� �

����


This study started with solvolytic reactions of 2-bromo-2-
methylpropane (t-BuBr) and 2-iodo-2-methylpropane (t-
Bul) in water, measured in 12 mono- and 10 dialcohols at
25.00°C.9 Rate constants were correlated with solvent
parameters through the complete and truncated versions
of the GAS equation, Eqn. (2). In our earlier work, the
best equations fitting the data were achieved by
considering Ehrenson’s criterion for relative fitting.23


Later, the decision for the selection and elimination of
variables was performed taking into account, simulta-
neously, the significance level of each regression
coefficient, the multiple linear correlation coefficient,
the standard deviation of the fit and the Fisher statistical
parameter.


The results show that the solvent influence on both
solvolytic reactions is dominated by (i) the non-specific
solvent–solute interactions due to the polarizability; (ii)
the non-specific dipolarity and the specific hydrogen-
bond acidity interactions of the solvent, both represented
by the ET


N term, and (iii) the solvent–solvent interactions
that are related to the work of creation a cavity for the
substrate molecule.


Shortly after our first attempts to study solvent effects
in solvolytic reactions, we arrived to a parametric
description relating reactivity and parameters with
solvent and substrate, simultaneously.10 Although it is
not known how the two influences are interrelated, some
studies concerning this matter have been carried out. One
of them, the Gilkberg and Marcus approach,24 was used
by us. First, log k values were expressed in terms of the
most statistically relevant solvent parameters. Second,
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the regression coefficients, a0 and ai, were submitted to a
single regression in terms of various properties of the
substrates in order to identify the relevant interdepen-
dencies. In this sense, it was interesting that the
coefficients of the dipolarity term depend on the polarity
of the solute as represented by the dipole moment �2 and
that those of the polarizability and the cavity terms
depend on the molar volume of the substrate V2


(cm3 mol�1). The result of applying this procedure is
given by


log k � �102�4 � 38�46g��� � 65�67ET
N � 3�988


� 10�3�H
2 � 39�96	2 � 48�21g���V2


� 26�71ET
N	2 � 2�092 � 10�3�H


2V2 �3�


The fit achieved with this final equation describes very
well the solvolysis of t-BuX (X = Cl, Br, and l) in 19
hydroxylic solvents10 (N = 57 log k values) with a
confidence level 
99.99% (� = 0.24), as shown in Fig.
1. In Fig. 1, log k values calculated according to Eqn. (3)
are plotted against the corresponding experimental
values. The straight line represents a perfect fit.


The results of an equivalent treatment concerning
solution enthalpies are summarized later (see Enthalpies
of solution).


Correlation analysis was also applied to the rate
constants for the solvolytic reactions of tertiary halobu-
tanes, at temperatures ranging from 0 to 60°C in 5°C
steps.18 To perform this analysis we chose the parameter
� of Charton and Charton25 as a variable independent of
solvent and substrate effects, to account for the effect of
temperature; this is given by � = 1000/T � 1000/298.15
(T in kelvin). Rate constant values were from different
sources (N = 220) and, again, a method based on the
Glikberg and Marcus approach was used. Equation (4)


was then obtained (� = 0.24), as follows:


log k � �71�42 � 35�02g��� � 25�12ET
N � 3�648


� 10�3�H
2 � 5�085� � 25�94	2


� 0�4633g���V2 � 8�595ET
N	2 � 1�612


� 10�3�H
2V2 �4�


Figure 2 shows the excellent plot of calculated log k
values against experimental log k values (T � [0; 60°C]).
Again, the straight line represents the perfect fit.


The detailed parametric description given above was
very useful in the interpretation of chemical phenomena.
Moreover, we also devised general equations that can be
used to reproduce and predict rate constants of solvolytic
reactions from solvent and substrate properties at any
temperature within the range studies.


Our attention was also attracted by the reactions of
haloalkanes with tertiary amines (SN2 reactions of
Menschutkin type) as, in general, they exhibit a high
sensitivity to solvent polarity. We decided to investigate
the reaction of iodoethane (Etl) with triethylamine (Et3N)
in water, in 10 mono- and nine dialcohols.11


As a result of the increasing interest in the values of
Kamlet–Taft solvatochromic parameters to be used in the
TAKA equation, we decided to extend the available data
to hydroxylic solvents. In this sense, a new collection of
25 values for �*, � and � was obtained using four
solvatochromic indicators that are sensitive to the sol-
vent dipolarity/polarizability �* (4-nitroanisole, 2-nitro-
anisole, 4-ethylnitrobenzene and N,N-diethyl-4-nitro-
aniline), two sensitive to the solvent’s dipolarity/
polarizability �* and the hydrogen-bond acceptor cap-
ability � (4-nitroaniline and 4-nitrophenol) and one


)�,��� -� &�	� 	( �	') ������ ���������
 ���	�
��' �	 ���* +,-
�'����� �.� �/���������� �	' ) ������ (	� �������0 .��	�������
�	��	�0���


)�,��� .� &�	� 	( �	') ������ ���������
 ���	�
��' �	 ���* +!-
�'����� �.� �/���������� �	' ) ������ (	� �������0 .��	�������
�	��	�0���
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particularly sensitive to the solvent’s dipolarity/polariz-
ability �* and the hydrogen-bond donor capability � [2,6-
diphenyl-4-(2,4,6-triphenylpyridinio)phenolate].14


Again, the TAKA and GAS equations were applied to
the rate constant values. Both equations accommodate
successfully the results and allow an almost common and
complementary interpretation. We observed that (i) non-
specific solvent–solute interactions of the dipolarity and
polarizability types are relevant, (ii) specific solvation on
account of the HBD acidity and the HBA basicity of the
solvent are irrelevant and (iii) solvent–solvent interac-
tions related to disruption and reorganization of solvent
molecules are important, although to a small extent.


The strong influence of the solvent’s dipolarity/
polarizability is exerted in stabilizing the ion-pair like
activated complex and, consequently, in increasing the
rate constant. The irrelevancy of the solvents such as
HBD (and HBA) is presumably, as pointed out before,8 a
consequence of the counterbalance between the stabiliza-
tion of the leaving halide ion in the transition state by
electrophilic assistance and the stabilization of the
tertiary amine in the initial state.


 	�����/ �	� ���	�����	/����� ��������	


For a more detailed analysis of the solvent effect,
reactivity properties can first be dissected into contribu-
tions from the initial state and the transition state; then,
the effect can be divided into the various mechanisms of
interaction through appropriate multiple linear correla-
tions. The preliminary studies that used this methodology
were performed by Winstein and Fainberg,26 Arnett et
al.27 and Abraham.21


We extended the study of the influence of the solvent
on the Gibbs functions of activation of tertiary halobu-
tane solvolysis and of the Menschutkin reaction of Etl
with Et3N, both in alcohols and at 25.00°C.19,20 The
values of �‡G were calculated from rate constants using
the fundamental equation of the transition-state theory.
Next, by using a reference solvent, we calculated the
transfer Gibbs energies of activation, ��‡G, the transfer
Gibbs energies of the reactants, �Gi, and the transfer
Gibbs energies of the activated complex, �Gt. The three
types of transfer functions are related through the
equation


�Gt � �Gi ��	Gj ��	Gr � �Gi � ��	G �5�


where j refers to any solvent and r to the reference
solvent. Values for the initial state were calculated using
the following equation:


�Gi � RT ln�j

�r



� �6�


where �j
� and �r


� are the infinite dilution activity
coefficients of the solute in a solvent j and in the


reference solvent r, respectively. The values of activity
coefficients at infinite dilution were calculated by the
UNIFAC group-contribution method and ethanol was
used as the reference solvent in both nucleophilic
displacement reactions.


The GAS equation was successfully applied to the
transfer Gibbs energies of the activation process, the
initial state and the transition state of tertiary halobutanes
solvolysis in 16 solvents. Meaningful correlations show
conclusively that all the various factors making up the
overall solvent effect, namely, polarizability, dipolarity–
HBD acidity and disruption/reorganization, which dom-
inate the activation process, are mainly due to transition-
state contributions. In fact, the coefficients affecting each
dependent variable in the ��‡G and �Gt correlations are
very similar in sign and in magnitude; conversely, the
equivalent coefficients for the ��‡G and �Gi correlations
always show opposite numerical signs.19


Based on the available data, we chose the TAKA
equation to correlate the transfer Gibbs energies of the
Menschutkin reaction in 19 mono- and dialcohols. In this
case, we found that the dominant interaction mechanisms
were (i) solute–solvent interactions due to dipolarity/
polarizability and (ii) solvent–solvent interactions due to
disruption/reorganization. Specific interactions (acidity
and basicity) seemed to be irrelevant. These conclusions
were valid for the activation process and the initial state.
The same treatment applied to �Gt values gave poor
correlations and did not allow reliable information to be
obtained.20


&	�������� �
 �������	


Our first steps in this field included the dissolution
of 2-chloro-2-methylpropane (t-BuCl) and 2-bromo-2-
methylpropane (t-BuBr) in water and in 13 monoalcohols
at 25.00°C and infinite dilution.28 The experimental data
were fitted to the complete and truncated versions of the
GAS equation.


As expected, no single macroscopic physical par-
ameter could account for the multitude of mechanisms of
interaction; the same applies to any regression analysis
including only either non-specific or specific intermol-
ecular forces. The best equations fitting the data were
identical for both solutes and include f(�), ET


N and �H
2


terms, which means that enthalpies for the initial state of
the solvolytic reactions are very sensitive to the solute–
solvent interactions of the dipole–dipole type, to the
electrophilic assistance by protic solvents and to the
solvent–solvent interaction mechanism on account of the
solute cavity effect. Conversely, to the Gibbs function of
transfer for the initial-state polarizability is relatively
unimportant, probably owing to compensation effects.


Later, we extended our study relating enthalpies of
solution and intermolecular forces to the solution of t-
Bul, in connection with cavity theories of solution.22
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Application of LSER confirmed the previous conclusions
about the relevant mechanisms of interaction.


Finally, a statistical treatment of data was carried out in
terms of the properties of the solvents and those of the
solutes (dipole moment, �2, and molar volume, V2),
simultaneously (N = 42; � = 0.65). Equation (7) repre-
sents the best dependence:


�sH

 � �6�418 � 11�38 f ��� � 1�400 ET


N


� 2�252 � 10�3�H
2 � 3�032 � 10�2 V2


� �23�71 f ��� � 12�24 ET
N � 0�9270


� 10�3�H
2�	2 �7�


�&�&!" $&0&�#��&!"(


A recently published study involving log k values for the
solvolysis of seven substrates in 18 solvents illustrates the
progress of our research in this area.12 The solvolytic
reactions were always unimolecular alcoholysis of
tertiary haloalkanes (from C4 to C7) in mono- and
dialcohols. Correlation of rate constants was performed
with the TAKA equation and also with a modified version
of the GAS equation, Eqn. (8); in this new version, the
f(�) term was eliminated, since for the whole set of
studied alcohols there is a moderate collinearity between
the variables f(�) and ET


N, and a new term was introduced
to account for the possibility of nucleophilicity assistance
during heterolysis:


log k � a0 � a1g��� � a2ET
N � a3� � a4�H


2 �8�


The results of the application of both equations show
conclusively that the factors that dominate the activation
process are the dipolarity/polarizability and the HBD


acidity of the solvent. All these influences contribute to
accelerate the solvolytic process. For the particular case
of t-BuCl, the HBA basicity should also be considered,
which means that nucleophilic assistance during the
reaction path has a moderate contribution, as suggested
by other authors.7,29–31


An interesting feature is concerned with the signifi-
cance of the ‘hidden’ parameter, a0. This statistical
quantity should correspond to the value of the solvent-
dependent property in the gas phase or in an inert solvent.
For the three tertiary halobutanes (chloro-, bromo- and
iodo-) the statistical a0 values obtained by Eqn. (8)
correspond well to the values reported by Macoll32 and
by Koppel and Palm33 for reactions in the gas phase.


The same set of reactioning, systems (seven substrates
and 17 solvents) was treated by the TFA methodol-
ogy.17,34,35 As far as we know, this was an innovative
application in the context of solvolysis. Once the number
of abstract factors had been decided, TFA was applied to
identify the nature of each one. The possible real factors
or targets achieved are in good agreement with the more
relevant parameters obtained by LSER, which corre-
spond to the dominant mechanisms of interaction
dipolarity/polarizability and hydrogen-bond donor acid-
ity of the solvent. Further, the TFA methodology allowed
us to differentiate between the behaviour of mono- and
dialcohols.


Table 1 shows the relevant descriptors of solvent
obtained when GAS and TAKA linear solvation energy
relationships are applied, and also TFA multivariate
analysis.36


The results we have obtained during the last decade
involving solute–solvent–solvent interactions using cor-
relation analysis have made, a fruitful contribution to
detailing the mechanism of Menschutkin reactions and,
mainly, of haloalkane solvolysis. Although the TFA
treatment has already been shown to be a highly useful
tool for obtaining additional information concerning
reaction processes in solution, an increase in the number


"���� -� 1������� 
�������	�� 	( �	������ 	������
 ����' �2�1 +342 ��
 5464 ������	��- ��
 5�4 ������������ ����0���


Substrate GAS TAKA TFA


t-Bul g(�), ET
N �*, � g(�), ET


N (monoalcohols)
g(�), ET


N (dialcohols)
t-BuBr g(�), ET


N �*, � g(�), ET
N (monoalcohols)


g(�), ET
N (dialcohols)


t-BuCl g(�), ET
N �*, �, � g(�), ET


N (monoalcohols)
g(�), ET


N (dialcohols)
2-Br-2-MeBu g(�), ET


N �*, � g(�), ET
N (monoalcohols)


g(�), ET
N (dialcohols)


2-Cl-2-MeBu ET
N (dialcohols) �*, � (dialcohols) g(�), ET


N (monoalcohols)
g(�), ET


N (dialcohols)
3-Cl-3-MeBu ET


N (dialcohols) �*, � (dialcohols) g(�), ET
N (monoalcohols)


g(�), ET
N (dialcohols)


3-Cl-3-EtPe ET
N (dialcohols) �*, �(dialcohols) g(�), ET


N (monoalcohols)
g(�), ET


N (dialcohols)
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of columns and rows of the starting matrix is needed in
order to increase the statistical meaning of the results. In
this respect, kinetic studies using heavily congested
tertiary haloalkane substrates with amides and binary
mixtures of alcohols as solvents are in progress.
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ABSTRACT: Syntheses and negative solvatochromism of three new ‘fluorophilic’ fluorine- and perfluoroalkyl-
substituted pyridinium N-phenolate betaine dyes 3–5 are described in order to obtain new zwitterionic dyes which
should be less basic and better soluble in perfluorinated solvents than the solvatochromic standard betaine dyes 1 and
2, used to establish an empirical scale of solvent polarity, called the ET (30) or EN


T scale. The new betaine dyes 3–5
were designed to allow an extension of the existing ET (30) scale to new solvents. Copyright  2001 John Wiley &
Sons, Ltd.


KEYWORDS: betaine dyes; ET (30) values; solvatochromism; solvent effects; UV–visible spectroscopy
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Solutions of the pyridinium N-phenolate betaine dye 1
(Scheme 1) are solvatochromic, thermochromic, piezo-
chromic and halochromic.3,4 That is, the longest wave-
length intramolecular charge-transfer (CT) absorption
band in the UV–visible (Vis) spectrum of dye 1 depends
on solvent polarity,3–5 solution temperature,6 external
pressure7 (see also Ref. 14) and the nature and
concentration of added salts8 (for a review on chromo-
genic reagents, see Ref. 8k). Solutions of a chirally
modified betaine dye 1 with four stereogenic centers
show even the phenomenon of chiro-solvatochromism.9


The unusual large negative solvatochromism of the
standard betaine dye 1 was used by us to establish a
UV–Vis spectroscopically derived empirical scale of
solvent polarity, called the ET (30) scale3,4 (for definitions
of the term ‘solvent polarity,’ see Ref. 5). ET (30) values
are simply defined as the molar transition energies
(in kcal mol�1; 1 kcal = 4.184 kJ) of the standard betaine
dye 1, measured in solvents of different polarity at room


temperature (25°C) and normal pressure (1 bar), accord-
ing to the equation


ET�30��kcal mol�1� � hc��maxNA


� �2�8591 � 10�3���max�cm�1�
� 28591��max�nm� �1�
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where ��max is the wavenumber and �max the wavelength
of the maximum of the long-wavelength solvatochromic
CT absorption band of betaine dye 1, and h, c, and NA are
Planck’s constant, the speed of light, and Avogadro’s
constant, respectively. High solvent polarity, here defined
as the overall solvation capability of a solvent,5


corresponds to high ET (30) values. As in the first
publication3a the betaine dye 1 had accidentally the
formula number 30, the number 30 was added later in
order to avoid confusion with ET, used as abbreviation for
triplet excitation energy in photochemistry. The ET (30)
solvent polarity scale ranges from 63.1 kcal mol�1 for
water, the most polar solvent, to 30.7 kcal mol�1 for
tetramethylsilane (TMS), as least polar solvent for
which an ET (30) value could be experimentally
determined. In order to avoid the non-SI unit
kcal mol�1, in 1983 the dimensionless normalized EN


T
scale was introduced, using water (EN


T = 1.000) and
TMS (EN


T = 0.000) as extreme polar and non-polar
reference solvents, respectively, to fix the scale accord-
ing to the equation3b


EN
T � �ET�solvent� � ET�TMS����ET�water�


� ET�TMS��
� �ET�solvent� � 30�7��32�4 �2�


ET (30) and EN
T values are known for more than 360


solvents and for many binary solvent mixtures and also
for other media (e.g. ionic liquids, microheterogeneous
solutions, polymers, surfaces)3,4 (for reviews on empiri-
cal solvent polarity parameters, see Refs. 4b and 10).
These and other empirical parameters of solvent polarity
have been successfully used in the correlation analysis of
solvent influences on chemical equilibria, reaction rates,
and spectral absorptions10,11 within the framework of so-
called linear free energy relationships.12


For UV–Vis spectroscopic solvatochromic measure-
ments, the primary indicator dye 1 is sufficiently soluble
in most organic solvents. However, betaine dye 1 is not or
only sparingly soluble in non-polar solvents such as
aliphatic hydrocarbons, perfluorohydrocarbons, and TMS
and also in water as a very polar solvent. In order to
obtain betaine dyes with better solubility in water,
pyridyl-substituted pyridinium N-phenolates have re-
cently been synthesized, in which some of the five
peripheral hydrophobic phenyl groups, surrounding the
zwitterionic chromophore of dye 1, are replaced by
hydrophilic pyridyl groups, thus allowing the study of the
polarity of aqueous electrolyte solutions.1 In order to
obtain pyridinium N-phenolates which are soluble in non-
polar solvents, the lipophilic penta-tert-butyl-substituted
betaine dye 2 (see Scheme 1) was introduced as a
secondary solvatochromic indicator dye.3b The excellent
linear correlation between the ET values of dyes 1 and 2
for those solvents in which both dyes are soluble allows


the calculation of ET (30) values [= ET (1) values] for
such non-polar solvents in which the primary probe dye 1
is not soluble enough for UV–Vis spectroscopic measure-
ments. By means of correlation Eqn. (3),13 it was possible
to extend the ET (30) scale to non-polar solvents such as
aliphatic hydrocarbons13 and supercritical-fluid carbon
dioxide:14


ET�2��kcal mol�1� � 0�9424ET�30��kcal mol�1�
� 1�808�n � 57� r � 0�999� � 0�17 kcal mol�1� �3�


However, even the lipophilic penta-tert-butyl-substi-
tuted betaine dye 23b and also a hepta-tert-butyl-
substituted and a tris-tert-butyl-bis(adamantan-1-yl)-
substituted pyridinium N-phenolate betaine dye15 were
not soluble in perfluorohydrocarbons such as perfluoro-
octane, perfluoro(methylcyclohexane) and perfluorode-
calin. For perfluorohydrocarbons, which should be less
polar than the corresponding hydrocarbons, ET (30)
values are still lacking. This is unfortunate because
perfluorinated solvents have recently gained in impor-
tance as reaction media for organic syntheses.16


Following the old alchemist’s rule ‘similia similibus
solvuntur’ (like dissolves like), we thought that the
introduction of fluorine and perfluoroalkyl substituents
into the peripheral phenyl groups of standard betaine
dye 1 should lead to new ‘fluorophilic’ dyes with better
solubility in perfluorohydrocarbons. For this reason, we
have synthesized and studied UV–Vis spectroscopically
three new pyridinium N-phenolate betaine dyes 3–5
(Scheme 1) with 20 fluorine substituents (3), five
trifluoromethyl groups (4) and three perfluoro-1-hexyl
residues (5).2


There is an additional reason for the preparation of
pyridinium N-phenolate dyes bearing such strongly
electron-withdrawing substituents. In acidic solvents,
betaine dyes 1 and 2 are easily and reversibly protonated
at the phenolic oxygen atom and the long-wavelength
solvatochromic CT absorption band disappears. That is,
ET (30) values are not directly available for more acidic
solvents. The border between acidic and less acidic
solvents, for which ET (30) values are available, is
determined by the acidity constant of the corresponding
acid of 1: the pKa of protonated 1 is 8.65 	 0.0517 and
8.63 	 0.0318 in water. Replacing the two 2,6-phenyl
groups in the phenolate moiety of 1 by two chlorine
substituents reduces the phenolate basicity by nearly
three orders of magnitude [pKa = 4.78 for protonated 2,6-
dichloro-4-(2,4,6-triphenylpyridinium-1-yl)phenolate!],
thus allowing the determination of ET values for more
acidic solvents.17 Introduction of fluorine and fluorine-
containing substituents into the betaine chromophore of 1
should also reduce its phenolate basicity, to give possibly
suitable additional solvatochromic indicator dyes for the
direct determination of ET (30) values for more acidic
solvents.2
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In the synthesis of pyridinium N-phenolate betaine dyes,
the key step is the condensation reaction between 2,4,6-
triaryl-substituted pyrylium salts and 2,6-disubstituted 4-
aminophenols, leading to N-(4-hydroxyphenyl)pyridi-
nium salts, which are eventually deprotonated to afford
the corresponding betaine dyes.3,19 In order to obtain the
desired fluorine-substituted betaine dyes 3–5, the corre-
spondingly substituted pyrylium salts and 4-aminophe-
nols had to be synthesized first, most of which were not
known before.


The eicosanefluoro (F20)-substituted betaine dye 3 was
prepared according to Scheme 2. Base-catalyzed con-
densation of pentafluoroacetophenone (6) with benzalde-
hyde gives the corresponding chalcone 7,20 which on
treatment with 6 and perchloric acid leads to the
decafluoro-substituted pyrylium salt 821 (for reviews on
the synthesis of substituted pyrylium salts, see Ref. 22).
Attempts to obtain analogously the 2,4,6-tris(penta-
fluorophenyl)pyrylium salt with 15 fluorine atoms were
unsuccessful.2


Reaction of (bromomethyl)pentafluorobenzene (9)
with diiron nonacarbonyl affords the decafluoro-substi-
tuted dibenzyl ketone 10,23 which, by a twofold aldol


condensation reaction with sodium nitromalonalde-
hyde,24 is converted into the 4-nitrophenol 11.2 Reduc-
tion of 11 to 12 and its condensation with pyrylium salt 8
affords N-(4-hydroxyphenyl)pyridinium salt 13, which
is deprotonated with a suspension of (diethylamino-
methyl)polystyrene in dichloromethane to give the F20-
betaine dye 3 as fine violet crystals.


The penta(trifluoromethyl)-substituted betaine dye 4 is
synthesized as outlined in Scheme 3. Condensation of
4-(trifluoromethyl)acetophenone (14) with 4-(trifluoro-
methyl)benzaldehyde gives chalcone 15. This reacts with
ketone 14 in a base-catalyzed Michael addition to the 1,5-
diketone 16, which, on treatment with triphenylcarbe-
nium perchlorate (as hydride acceptor), undergoes ring
closure to the new tris(4-trifluoromethylphenyl)-substi-
tuted pyrylium salt 17.


4-(Bromomethyl)-(trifluoromethyl)benzene (18) reacts
with diiron nonacarbonyl to afford 4,4�-bis(trifluoro-
methyl)-substituted dibenzyl ketone 19, which is con-
verted into the 4-nitrophenol 20 by condensation with
sodium nitromalonaldehyde.24 Reduction of 20 to 21, its
condensation with pyrylium salt 17 and deprotonation of
the intermediate pyridinium salt 22 with a suspension of
(diethylaminomethyl)polystyrene in dichloromethane
afford eventually the penta(trifluoromethyl)-substituted
betaine dye 4 as fine green crystals.


Finally, the tris(perfluorohex-1-yl)-substituted betaine


������ 0+ �������� 	
 ��� ��	���&"	�	 '( �)��"!���"��� !����� ��� /
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dye 5 was synthesized as shown in Scheme 4. Alkylation
of 4-iodoacetophenone (23) with perfluoro-1-iodohexane
in the presence of copper bronze in DMSO yields 4-
(perfluorohex-1-yl)acetophenone 24.25,26 Analogous al-


kylation of ethyl 4-bromobenzoate (26), prepared from
acid 25 with triethyloxonium tetrafluoroborate,27 with
perfluoro-1-iodohexane affords the (perfluorohex-1-yl)-
substituted ester 27.25,26 Reduction of this ester with


'���� *+ *	�#��������#�� �	��������������� �+ �!�	���	� ��,��� ���, '��)� ��� ��� �	�����	���# -+ '1) ���"��
'.��� �	��/0 � �����������) 	
 !����� ���� 1 1 /%,� ����"��� � "� �	 2� �	������ 	
 �

����� �	����� ��  �°� ��� �	����
�����"��� 	������ ���	���# �	 ��������# -+ '/2) ���"��


2!


Solvent ET (30)
a


�max(3) [ET (3)]
b


�max(4) [ET (4)]
b


�max(5) [ET (5)]
b


HFIP
c


(65.3)
c


443 (64.5) – –
2,2,2-Trifluoroethanol 59.8 467 (61.2) – –
2-Cyanoethanol 59.6 471 (60.7) – –
Ethane-1,2-diol 56.3 483 (59.2) – –
3-Chlorophenol – 484 (59.1)


d


– –
Formamide 55.8 492 (58.1) 533 (53.6) –


e


Methanol 55.4 489 (58.5) 521 (54.9) 562 (50.9)
2,2,2-Trichloroethanol 54.1 515 (55.5) 559 (51.1) 597 (47.9)
N-Methylformamide 54.1 503 (56.8) – –
Acetic anhydride (43.9) 506 (56.5) – –
N-Methylacetamide 52.0


f


509 (56.2)
d


– –
Ethanol 51.9 512 (55.8) – –
1-Propanol 50.7 524 (54.6) 563 (50.8) 620 (46.1)
1-Butanol 49.7 533 (53.6) 574 (49.8) 632 (45.2)
1-Pentanol 49.1 539 (53.0) – –
3-Methyl-1-butanol 49.0 543 (52.7) – –
1-Hexanol 48.8 542 (52.7) 582 (49.1) 642 (44.5)
2-Methyl-1-propanol 48.6 537 (53.2) – –
1-Heptanol 48.5 546 (52.4) 582 (49.1) 643 (44.5)
2-Propanol 48.4 542 (52.7) 589 (48.5) 651 (43.9)
1-Octanol 48.1 549 (52.1) – –
2-Butanol 47.1 566 (50.5) 609 (46.9) 674 (42.4)
Nitromethane 46.3 – 632 (45.2) 687 (41.6)
Acetonitrile 45.6 579 (49.4) 632 (45.2) 691 (41.4)
Dimethyl sulfoxide 45.1 581 (49.2) 628 (45.5) 692 (41.3)
2-Methyl-2-propanol 43.3


f


610 (46.9)
f


– –
N,N-Dimethylformamide 43.2 589 (48.5) – –
N,N-Dimethylacetamide 42.9 600 (47.6) 654 (43.7) 731 (39.1)
Acetone 42.2 603 (47.4) 673 (42.5) 753 (38.0)
1,2-Dichloroethane 41.3 660 (43.3) – –
Morpholine 41.0 638 (44.8) 719 (39.8) 780 (36.7)
HMPT 40.9 610 (46.9) – –
Dichloromethane 40.7 660 (43.3) – –
1-Chloro-3,3,3-trifluoropropane 40.7 671 (42.6) – –
Pyridine 40.5 638 (44.8) – –
Trichloromethane 39.1 680 (42.0) – –
1,2-Dimethoxybenzene 38.4 655 (43.7) 754 (37.9) 832 (34.4)
Ethyl acetate 38.1 669 (42.7) 735 (38.9) 826 (34.6)
1,2-Dichlorobenzene 38.0 – 775 (36.9) 847 (33.8)
Tetrahydrofuran 37.4 – 749 (38.2) 839 (34.1)
Methoxybenzene 37.1 711 (40.2) 792 (36.1) 861 (33.2)
Ethoxybenzene 36.6 724 (39.5) 797 (35.9) 867 (33.0)
1,1,1-Trichloroethane 36.2 711 (40.2) 801 (35.7) 871 (32.8)
1,4-Dioxane 36.0 –


e


808 (35.4) 870 (32.9)
Diethyl ether 34.5 –


e


820 (34.9) 915 (31.2)
Benzene 34.3 –


e


843 (33.9) –
e


Hexafluorobenzene 34.2 –
e


839 (34.1) 912 (31.3)
Toluene 33.9 –


e


848 (33.7) 925 (30.9)
Ethylbenzene 33.2 –


e


845 (33.8) 918 (31.1)


a Taken from Refs 2 and 4b.
b The ET(X) values given in parentheses are calculated from the visible absorption maxima of X = 3–5 according to Eqn. (1).
c HFIP = 1,1,1,3,3,3-hexafluoro-2-propanol; the ET (30) value for HFIP is taken from Ref. 13.
d Measured at 36°C.
e Not soluble in this solvent.
f Measured at 30°C.
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lithium aluminum hydride to the benzyl alcohol 28,
followed by its oxidation with pyridinium fluorochro-
mate,28 affords the substituted benzaldehyde 29.


Condensation of ketone 24 with aldehyde 29 leads to
chalcone 30, which on reaction with 24 in the presence of
perchloric acid22 gives the new pyrylium salt 31.
Eventually, condensation of pyrylium salt 31 with 4-
amino-2,6-diphenylphenol3a,19 to the pyridinium salt 32
and its deprotonation with sodium methanolate in
methanol afford the desired tris(perfluorohexyl)-substi-
tuted betaine dye 5 as fine dark-green crystals.


The molecular structures of all new compounds were
confirmed by elemental analysis and UV–Vis, IR, mass,
and NMR spectra (see Experimental section).



����� ������� ��	 �������������� �� �������
	��� /�,


In acetonitrile, a solvent of intermediate polarity, the
UV–Vis spectra of the new betaine dyes 3–5 exhibit
three main absorption bands of different intensity:
at �max 
 580–690 nm (�
 1200–7400 l mol�1 cm�1),
325–380 nm (�
 12 000–30 000 l mol�1 cm�1) and
230–295 nm (�
 26 000–37 000 l mol�1 cm�1); see


Table 1 and Experimental section. Only the position of
the long-wavelength absorption band is strongly solvent-
(and substituent-) dependent; the others are not. Quantum
chemical calculations show that this absorption band is
related to an intramolecular charge-transfer (CT) from
the HOMO of the phenolate to the LUMO of the
pyridinium moiety (for various quantum chemical
calculations on the standard betaine dye 1, see Ref. 29).
For this reason, the position of the long-wavelength CT
band should depend on the ionization energy of the
electron donor (i.e. the phenolate part) and on the
electron affinity of the electron acceptor (i.e. the
pyridinium part). On protonation of the phenolate part
of dyes 3–5, the solvent-dependent CT band disappears
and the corresponding N-(hydroxyphenyl)pyridinium
salts formed (e.g. 13, 22, and 32) absorb at �max 
 295–
330 nm (� = 30 000–40 000 l mol�1 cm�1), correspond-
ing to a local �–�* absorption of the 2,4,6-triarylpy-
ridinium chromophore. Therefore, betaine dyes 3–5 and
also 1 and 2 cannot be used as polarity indicators in acidic
solvents such as carboxylic acids.


Introduction of three strongly electron-withdrawing
perfluoro-1-hexyl substituents into the three 2,4,6-
triphenyl rings of the pyridinium part of betaine dye 1
to give 5 should increase the electron affinity of the


������ /+ �������� 	
 ��� �����'��&"	�	������)��"!���"��� !����� ��� 3
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pyridinium moiety, with a significant bathochromic CT
band shift as consequence. This is indeed the case: on
going from betaine dye 1 to dye 5, a bathochromic CT
band shift of �� = �64 nm (�ET = �4.2 kcal mol�1) is
observed in acetonitrile as solvent (cf. Table 1). In
contrast, a large hypsochromic CT band shift of
�� = �48 nm (�ET = �3.8 kcal mol�1) is observed in
acetonitrile on going from betaine dye 1 to dye 3 with
altogether 20 electron-withdrawing fluorine substituents,
half of them in the pyridinium and half in the phenolate
part. This means that the 10 electron-withdrawing
fluorine substituents located in the phenolate part of


dye 3, causing an increase in its ionization energy, exceed
the influence of the other 10 fluorine atoms in the
pyridinium moiety of 3 on the electron affinity of that part
of the dye molecule. On going from betaine dye 1 to dye
4 with five peripheral trifluoromethyl substituents, there
is only a very small bathochromic CT band shift of
�� = �5 nm (�ET = �0.4 kcal mol�1) observed in aceto-
nitrile. Obviously, in this case the electron-withdrawing
influence of the three CF3 groups in the pyridinium part
and that of the two CF3 groups in the phenolate part are
practically equal and an electronically balanced situation
results.


������ 3+ �������� 	
 ��� ���'������&"	�	�/���,��)��"!���"��� !����� ��� ,
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In Table 1, the molar transition energies ET (3), ET (4),
and ET (5) of the new betaine dyes 3–5, measured for
up to 40 hydrogen-bond donor (HBD) and non-HBD
solvents, are also given, together with the corresponding
ET (30) values of the primary indicator dye 1. In all three
cases there is a good linear correlation between the ET


values of the new dyes 3–5 and the ET (30) values of dye
1 with correlation coefficients r 
 0.99, as shown by the
regression parameters compiled in Table 2. The slope of
all three regression lines, a 
 0.9, is slightly smaller than
unity, indicating that the new solvatochromic betaine
dyes 3–5 are less sensitive to a change in solvent polarity
than standard dye 1. The good quality of the correlation
equations in Table 2 should allow the calculation of ET


(30) values for such media, for which a direct experi-
mental determination is not possible for reasons of
limited solubility or strong acidity, in this way using the
new dyes 3–5 as tertiary standard dyes in addition to the
secondary standard dye 2.


The introduction of the electron-withdrawing fluorine
and perfluoroalkyl substituents into the peripheral phenyl
groups of dye 1 leads to a reduced basicity of the
pyridinium N-phenolate and betaine dyes 3–5 are less
prone to protonation in more acidic solvents. This can be
well seen from solutions of their protonated precursors
13, 22, and 32 (Schemes 2 and 3) in methanol: even in the
absence of bases, these solutions are already reddish
because partial ionization of the N-(4-hydroxyphenyl)-
pyridinium salts produces small amounts of the corre-
sponding betaine dyes 3–5, the solutions of which in
methanol are red (�max = 489, 521, and 562 nm, respec-
tively; Table 1). The phenolic OH group in 13, 22, and 32
is more acidic than in protonated 1 because of the strong
�I effect of the fluorine and perfluoroalkyl substituents.


The ET (30) value of 1,1,1,3,3,3-hexafluoro-2-propanol
(HFIP) is not directly measurable with dye 1 because of
the high acidity of this solvent (pKa = 9.330a). However,
the F20 betaine dye 3 is not protonated in this solvent and
the CT absorption band at �max = 443 nm can be observed
(Table 1). With the corresponding ET (3) value of
64.5 kcal mol�1 and the first correlation equation given in
Table 2, an ET (30) value of 62.1 kcal mol�1 can be
calculated for HFIP. This value is surprisingly smaller


than the already published value of 65.3 kcal mol�1.4b,13


The latter value is, however, not the result of a direct
measurement; it was obtained by extrapolation of
the �max (1) values of 2-propanol–HFIP and (n-
Bu)4N�HO�–HFIP mixtures.13 The ET (30) value of
62.1 kcal mol�1 for HFIP, which is smaller than that of
water (63.1 kcal mol�1), seems to be the more reliable
one, based directly on the solvatochromism of betaine
dye 3. As a control, the ET (30) value of 2,2,2-
trifluoroethanol (TFE) analogously calculated from ET


(3) amounts to 58.5 kcal mol�1, which is in satisfactory
agreement with the directly measured value of
59.8 kcal mol�1 (Table 1).


Using the ET (3) value of 3-chlorophenol (pKa


= 9.130b) given in Table 1, in the same way an ET (30)
value for this solvent can be calculated. The ET (30) value
of 56.2 kcal mol�1 found for 3-chlorophenol fits fairly
well into the values of a whole series of other substituted
phenols, determined in a different manner;31 however, it
is in disagreement with another published value32 for this
solvent (60.8 kcal mol�1).


With the ET (3) value of acetic anhydride given in
Table 1, an ET (30) value for this problematic solvent can
be analogously calculated. The ET (30) value found for
acetic anhydride in this way, 53.4 kcal mol�1, is higher
than the published value of 43.9 kcal mol�1.3b,4b Again,
the already published much lower value was not directly
measured, but was calculated from Kosower’s Z values33


by means of a correlation equation established by
Griffiths and Pugh [ET (30) = 0.752 Z �7.87] with 15
carefully selected solvents.34 In more acidic solvents, in
which even the new betaine dyes 3–5 are protonated, the
correlation equation introduced by Griffiths and Pugh is
still the only means to obtain calculated ET (30) values
for such solvents (e.g. carboxylic acids3b,4b), since Z
values are directly measurable in acids.


Solvatochromic dyes such as 1 and 2 can also be used
as probe molecules for the determination of the polarity
of solid surfaces35,37 and of solid materials such as
various polymers.36,37 In addition to standard dyes 1 and
2, the F20 betaine dye 3 has also stood its ‘acid test’ as a
surface polarity indicator: adsorbed on the solid material,
dye 3 has already been used for the determination of the
surface polarity of various solid acids such as bare and
functionalized silicas, aluminas, alumosilicates, titanium
dioxides37a and polysaccharides37b and, dissolved in thin,
transparent polymer films, for measurements of the
polarity of different synthetic polymers and copoly-
mers.37c For example, the ET (30) values of the surfaces
of Al2O3 (Condea) and TiO2 (Anatas; Condea) are 57.3
and 59.7 kcal mol�1, respectively.37a That is, the surface
polarity of these oxides corresponds to the polarity of
alcohols such as glycerol (57.0) and 2,2,2-trifluoroetha-
nol (59.8).


To our disappointment, it was not possible to
determine indirectly by means of the ‘fluorophilic’ new
betaine dyes 3–5 the ET (30) values of perfluoroalkanes,


'���� 0+ 3�#����	� ���������� 
	� ��� ����� �	������	��
!������ ��� -+ '1) ���"�� 	
 !����� ���� 1 1 /%, ��� ��� -+
'/2) ���"�� 	
 ��� �������� !����� ��� *2! ���	���# �	
��� �	������	� �4"��	� -+ '1) '.��� �	��/) 1 �-+ '/2)
'.��� �	��/)� !


X a b n
a


r
b


�[ET (X)]
c


3 0.926 7.04 37 0.986 1.04
4 0.961 1.38 28 0.992 0.86
5 0.902 0.22 26 0.997 0.45


a Number of solvents.
b Correlation coefficient.
c Standard deviation of the estimate in kcal mol�1.
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using the correlation equations given in Table 2. As least
polar solvents, they should have ET (30) values of less
than ca 30–31 kcal mol�1 as found for alkanes and TMS.
All three dyes 3–5 are surprisingly not soluble in solvents
such as perfluorohexane, perfluorooctane, perfluoro-
(methylcyclohexane) and perfluorodecalin. Because of
the high electronegativity of fluorine atoms and their very
small polarizability, the dispersion interactions between
perfluoroalkanes and the zwitterionic dyes are not
sufficient to break down the crystal lattice of the highly
dipolar betaine dyes. Even common organic solvents are
not miscible with perfluoroalkane solvents. Maybe the
additional introduction of sterically demanding substi-
tuents such tert-butyl or 1-adamantyl into betaine dyes 3–
5, thus weakening the strong dye–dye interactions in the
crystal lattice, can lead to solvatochromic dyes capable of
measuring empirically the polarity of perfluoroalkanes.


�(��-
�&(�


The new betaine dyes 3–5, synthesized according to
Schemes 2–4, enlarge the supply of highly solvatochro-
mic indicator dyes which can be used, in addition to the
known standard betaine dyes 1 and 2, to extend the ET


(30) scale of solvent polarity by new solvents of interest.
Dyes 3–5 are particularly useful for the indirect
determination of ET (30) values of more acidic solvents,
polymers and solid surfaces, with which 1 and 2 are
protonated. Disappointingly, in spite of the introduction
of fluorine and perfluoroalkyl substituents, they are still
not sufficiently soluble for UV–Vis spectroscopic
measurements in perfluoroalkanes, for which ET (30)
values are still lacking.


#14# &"#�'.-


$������ �����	�+ Melting-points (not corrected):
Kofler-Mikroheiztisch (Reichert). Elemental analyses:
Analytik-Servicelabor of the Department of Chemistry,
Marburg, and Mikroanalytisches Laboratorium Malissa-
Reuter, Engelskirchen-Elbach. UV–Vis spectra: U-3410
double-beam UV–Vis–NIR spectrophotometer (Hitachi)
with thermostated 1.00 cm quartz cells. IR spectra: IFS-
88 spectrophotometer (Bruker) with KBr discs. NMR
spectra: AM-300 and WM-400 spectrometers (Bruker),
with TMS and trichlorofluoromethane as internal stan-
dards. Mass spectra: MAT CH-7A spectrometer (Varian)
with electron ionization (EI, 70 eV) and MAT 711 spec-
trometer (Varian) with field desorption (FD). Column
chromatography: silica gel 60 (Merck), particle size
0.063–0.200 mm, and N-Super I and B-Super I aluminum
oxide (ICN Biomedicals). Solvents: solvents for the
solvatochromic measurements were used as supplied
commercially in the highest quality available (analytical
or spectroscopic grade) and were additionally dried and


purified by means of molecular sieves and, if necessary,
by filtration through a column of basic aluminum oxide
(B-Super I), in order to remove traces of acids. For these
measurements the solvents must be water free and
absolutely acid free. Solvents for the synthetic work
were purified according to the usual standard methods.38


��������� �� ������� 	�� / 5������ 06+ ��������	
�
�
���������������
���������
�� �7�� To an ice-cold
solution of NaOH (0.25 g, 8.25 mmol) in water (11 ml)
and ethanol (9 ml; 96%, v/v) were added acetylpenta-
fluorobenzene (6) (5.00 g, 23.8 mmol) and freshly
distilled benzaldehyde (2.78 g, 25.2 mmol). After stirring
at room temperature for 1 h, the precipitate formed was
filtered off, washed with water, dried in vacuo with
P4O10, and recrystallized from a small amount of ethanol
(96%), to give the chalcone 7 (6.50 g, 95%) as colorless
needles with m.p. 101°C (lit.20 102–103°C).


�������������	
�
��������������������	� �����
�
���� �8�� To a stirred mixture of ketone 6 (4.21 g,
20.0 mmol) and chalcone 7 (5.73 g, 20.0 mmol) was
added at 80°C dropwise and carefully aqueous perchloric
acid (70%, w/w; 6.32 g, 44.0 mmol) and then the mixture
was kept at 100°C for 2 h. After cooling to room
temperature, diethyl ether (ca 100 ml) was added, the
precipitate formed was filtered off, washed with diethyl
ether, and recrystallized from acetic acid, to give, after
drying in vacuo with KOH, the pyrylium salt 8 (7.69 g,
74%) as yellow crystals with m.p. 250°C (lit.21 249–
251°C).


�������������	
�
��������
������
�� �*2�� A solu-
tion of (bromomethyl)pentafluorobenzene 9 (13.64 g,
52.3 mmol; Aldrich; caution: lachrymator!) and diiron
nonacarbonyl (19.00 g, 52.3 mmol) in dry benzene
(200 ml) was heated under reflux under nitrogen for
3 h. After cooling to room temperature, the precipitate
formed (FeBr3) was filtered off and extracted four times
with boiling benzene. The filtrate and the four extracts
were combined and the benzene was distilled off
[caution: the benzene contains toxic Fe (CO)5!]. The
solid residue was purified by column chromatography
with neutral alumina (activity grade III) and benzene–
light petroleum (b.p. 40–60°C) (1:9) as eluent (Rf = 0.16)
and then recrystallized from n-hexane to afford the
ketone 10 (6.00 g, 63%) as fine colorless needles with
m.p. 100°C (lit.23a,b 104°C). 13C NMR (CDCl3): �
(ppm) = 35.7 (CH2), 107.4 (quaternary phenyl-C), 136.0–
147.0 (phenyl-C), 197.0 (C=O).


������
��������������	
�
���������
� �**�� To a
stirred solution of NaOH (1.28 g, 32.0 mmol) in water
(48 ml) and ethanol (112 ml; 96%, v/v) was added ketone
10 (12.08 g, 32.0 mmol) and sodium nitromalonaldehyde
monohydrate (4.56 g, 32.0 mmol)24 and the mixture was
stirred at room temperature over a period of 15 days.
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Then, the solution was acidified (pH 
 1) and some water
was added in order to complete the precipitate formation.
The precipitate formed was filtered off, washed acid free
with water, and dried with P4O10 in vacuo to afford the
nitrophenol 11 (14.40 g, 96%), which is sufficiently pure
for the next step. Analytically pure 11 was obtained by
recrystallization of a small sample from 1,2-dichloro-
benzene to give light-yellow crystals with m.p. 210°C. IR
(KBr): ���cm�1� � 3459 (OH), 1519 and 1349 (NO2).
UV–Vis (CH3OH): �max (log �) = 388 (4.29), 316 (3.96),
221 (4.27), 181 nm (3.70). 1H NMR (CD3CN): �
(ppm) = 8.09 (broad s, OH), 8.39 (s, 2 H. aromatic H).
13C NMR (CD3SOCD3): � (ppm) = 110.3 (quat. C6F5-C),
115.3 (quat. phenol-C-2), 129.1 (phenol-C-3), 137.1–
144.3 (C6F5-C and phenol-C-4), 159.3 (C–OH). 19F
NMR (CD3COCD3): � (ppm) = �139.9 (ortho-F),
�155.0 (para-F), �163.2 (meta-F). MS (FD): m/z
(%) = 471 (100) [M�]. C18H3F10NO3 (471.2): calcd C
45.88, H 0.64, N 2.97; found C 46.08, H 0.61, N 3.03%.


������
��������������	
�
���������
� �*0�� A sus-
pension of a palladium catalyst (10% Pd on charcoal, ca
100 mg) in a solution of nitrophenol 11 (4.70 g,
10.0 mmol) in ethanol (100 ml, 96%, v/v) was reduced
with dihydrogen at room temperature and normal
pressure until the necessary amount of H2 was absorbed.
Under nitrogen, the catalyst was filtered off and the
solvent was distilled off in vacuo to give 12 (4.30 g, 98%)
as a beige powder with m.p. 160–165°C, which turned
dark on air. Because of its sensitivity to oxygen, 12 was
immediately converted into the pyridinium salt 13
without detailed further characterization. 1H NMR
(CD3COCD3): � (ppm) = 3.42 (s, 2 H, NH2), 6.71 (s, 2
H, aromatic H); the OH signal was not detected.


�������������	
�
�����������������������
 ����!�
���������	
�
�����������"��������	� �����
����
�*/�� A solution of freshly prepared aminophenol 12
(4.42 g, 10.0 mmol), pyrylium salt 8 (4.31 g, 8.33 mmol)
and water-free sodium acetate (1.71 g, 20.8 mmol) in dry
ethanol (100 ml) was heated under reflux for 2.5 h. Then,
at room temperature, the solution was acidified (pH 
 1)
by addition of a few drops of aqueous HClO4 (70%, w/w)
and the product was precipitated by addition of water.
The precipitate formed was filtered off, washed acid free
with water, and dried with P4O10 in vacuo. The product
was dissolved in ethanol (96%) and precipitated by
addition of n-hexane. This procedure was repeated to
afford 13 (3.19 g, 31%) as fine brownish crystals with
m.p. 194–196°C. IR (KBr): �� �cm�1� � 3307 (OH),
1119 (ClO4). UV–Vis (CH3CN): �max (log �) = 332
(4.47), 218 nm (4.70). 1H NMR (CD3COCD3): �
(ppm) = 7.68–7.82 and 8.34 (m, 5 H, 4-phenyl-H), 7.93
(s, 2 H, phenol-3-H), 9.38 (s, 2 H, pyridinium-3-H), 9.79
(broad s, 1 H, OH). 13C NMR (CD3COCD3): �
(ppm) = 108.3 (quat. C6F5-C), 110.5 (quat. C6F5-C),
117.3 (quat. phenol-C-2), 130.3 (quat, phenyl-C-1),


130.6 (phenyl-C-2), 131.0 (phenyl-C-3), 131.1 (phenol-
C-3), 131.8 (pyridinium-C-3), 133.3 (pyridinium-C-4),
135.3 (phenyl-C-4), 140.5 (d, 1JCF = 248 Hz), 146.0
(phenol-C-4), 146.7 (d, 1JCF = 255 Hz), 147.4 (d,
1JCF = 240 Hz), 157.2 (pyridinium-C-2), 161.1 (C-OH).
19F NMR (CD3COCD3): � (ppm) = �134.6 (2 F), �141.8
(2 F), �148.3 (1 F), �154.5 (1 F), �161.0 (2 F), �163.2
(2 F). MS (FD): m/z (%) = 911 (14) [M� �HClO4], 891
(100) [M� �HClO4 �HF]. C41H10ClF20NO5�0.5H2O
(1012.0 � 9.0 = 1021.0): calcd C 48.23, H. 1.09, N 1.37;
found C 48.31, H 1.19, N 1.48%.


����������������	
�
����������������������	����
��"��������������	
�
���������
���� �/� �#$�%�&��
�����'�� To a stirred solution of perchlorate 13 (1.00 g,
0.98 mmol) in dry dichloromethane (30 ml) was added
the granulated polymer base (diethylaminomethyl)
polystyrene (Fluka; 0.84 g, base equivalent 2.52 mmol)
and the suspension was stirred for 30 min at room
temperature. Then, the polymer base was filtered off,
washed with dichloromethane and discarded. The solvent
of the combined filtrates was distilled off in vacuo to
afford betaine dye 3 (0.70 g, 77%) as fine hygroscopic
violet crystals, which on heating melted at ca 186°C and
decomposed at ca 190°C. UV–Vis (CH3CN): �max (log
�) = 579 (3.50), 325 nm (4.49). 1H NMR (CD3COCD3): �
(ppm) = 7.28 (s, 2 H, phenolate-3-H), 7.69–8.32 (m, 5 H,
phenyl-H), 9.31 (s, 2 H, pyridinium-3-H). 13C NMR
(CD3COCD3): � (ppm) = 108.4, 110.2, 117.2, 130.3,
130.5, 131.0, 131.1, 131.8, 133.3, 135.3, 137–146 (six
broad m of low intensity; pentafluorophenyl-C), 146.9,
157.2, 161.1 (C—O�). 19F NMR (CD3COCD3): �
(ppm) = �136.6 (2 F), �142.8 (2 F), �149.8 (1 F),
�158.4 (1 F), �161.9 (2 F), �165.4 (2 F). MS (FD): m/z
(%) = 911 (100) [M�]. C41H9F20NO�H2O (911.5 �
18.0 = 929.5): calcd C 52.98, H 1.19, N 1.51, F 40.88;
found C 52.87, H 1.18, N 1.55, F 41.04%.


��������� �� ������� 	�� 3 5������ /6+ ���������
�����	
�
�����������"���
���������
�� �*,�� To a
stirred solution of NaOH (5.12 g, 128 mmol) in water
(20 ml) and ethanol (20 ml; 96%, v/v) were added 4-
(trifluoromethyl)acetophenone 14 (18.82 g, 100 mmol)
and 4-(trifluoromethyl)benzaldehyde (17.42 g,
100 mmol). After stirring at room temperature for 2 h,
the precipitate formed was filtered off, washed with
water, and dried with P4O10 in vacuo, to give ketone 15
(30.97 g, 90%) as crude product, sufficiently pure for the
next reaction step. Analytically pure 15 was obtained by
sublimation at 130°C/10�3 Torr (1 Torr = 133.3 Pa) as
yellow crystals with m.p. 98–100°C. IR (KBr):
���cm�1� � 1670 (C=O). 1H NMR (CDCl3): �
(ppm) = 7.56 (d, 3J = 15.8 Hz, 1 H, CO–CH=CH),
7.51–7.81 (m, 4 H, aromatic H), 7.84 (d, 3J = 15.8 Hz,
1 H, CO–CH=CH), 8.05 and 8.12 (m, 4 H, aromatic H).
13C NMR (CDCl3): � (ppm) = 123.6 (q, 1JCF = 270 Hz,
CF3), 123.8 (q, 1JCF = 270 Hz, CF3), 125.7, 126.0, 128.6,
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128.8, 132.2 (q, 2JCF = 30.0 Hz, C–CF3), 134.3 (q,
2JCF = 30.0 Hz, C–CF3), 137.8, 140.6, 143.7 (CO–
CH=CH), 189.1 (C=O). 19F NMR (CDCl3): �
(ppm) = �63.4 (s, CF3), �63.6 (s, CF3). MS (FD): m/z
(%) = 344 (100) [M�]. C17H10F6O (344.3): calcd C
59.31, H 2.93; found C 59.22, H 2.34%.


����!�(��)��������	
�
�����������"���������!���
��
�*9�� To a refluxing suspension of sodium hydride
(6.48 g, 216 mmol; from an 80% suspension of NaH in
light petroleum) in dry benzene (100 ml) was added a
solution of chalcone 15 (29.98 g, 87.0 mmol) and 4-
(trifluoromethyl)acetophenone 14 (16.29 g, 87.0 mmol)
in dry benzene (300 ml) and the mixture was heated
under reflux for 3 h. After cooling to room temperature,
crushed ice was carefully added to the reddish brown
solution and the solution was acidified (pH 
 1) with
aqueous 2 M HCl. The organic phase was separated and
the aqueous phase was extracted four times with diethyl
ether. The combined organic extracts were washed acid
free with water and dried with MgSO4. After filtration,
the solvents were distilled off in vacuo and the solid
residue was recrystallized from light petroleum (b.p. 40–
60°C) to afford 16 (32.60 g, 70%) as brownish crystals,
which were sufficiently pure for the next reaction step.
Analytically pure, colorless 16 was obtained after further
recrystallization from cyclohexane with m.p. 120–
121°C. IR (KBr): �� �cm�1� � 1697 (C=O). 1H NMR
(CDCl3): � (ppm) = 3.47 and 3.60 (AB part of ABX
system, 3JAB = 17.3 Hz, 4 H, CH2), 4.20 (X part of ABX
system, 3JAX = 12.3 Hz, 3JBX = 1.4 Hz, 1 H, CH), 7.47
and 7.59 (AA BB, 4 H, aromatic H), 7.76 and 8.08 (AA
BB, 8 H, aromatic H). 13C NMR (CDCl3): � (ppm) = 36.5
(CH), 44.6 (CH2), 123.5 (q, 1JCF = 272 Hz, CF3), 123.8
(q, 1JCF = 273 Hz, CF3), 125.8, 127.9, 128.4, 129.3 (q,
2JCF = 32.5 Hz, C–CF3), 134.7 (q, 2JCF = 32.5 Hz, C–
CF3), 139.2, 147.3, 196.9 (C=O). 19F NMR (CDCl3): �
(ppm) = �62.7 (s, 3 F, CF3), �63.3 (s, 6 F, CF3). MS
(FD): m/z (%) = 532 (100) [M�]. C26H17F9O2 (532.4):
calcd C 58.66, H 3.22; found C 58.80, H 3.44%.


������(��)��������	
�
�����������"������	� �����
�
���� �*7�� A solution of diketone 16 (5.82 g, 11.0 mmol)
and triphenylcarbenium perchlorate (3.76 g, 11.0 mmol)
in glacial acetic acid (25 ml) was heated under reflux for
15 min. After cooling to room temperature, the pre-
cipitate formed was filtered off, washed with diethyl
ether, recrystallized from glacial acetic acid or aceto-
nitrile, and dried with KOH in vacuo, to yield the
pyrylium salt 17 (3.42 g, 51%) as shiny, yellow, plate-
like crystals with m.p. 287°C (decomp.). IR (KBr):
���cm�1� � 1067 (ClO4). 1H NMR (CD3COCD3): �
(ppm) = 8.13 and 8.80 (AA BB, 4 H, 4-phenyl-H), 8.16
and 8.93 (AA BB, 8 H, 2,6-phenyl-H). 13C NMR
(CD3COCD3): � (ppm) = 119.7 (pyrylium-C-3), 124.5
(q, 1JCF = 272 Hz, two CF3), 124.6 (q, 1JCF = 272 Hz, one
CF3), 127.6, 131.4, 131.8, 133.6, 135.9 (q, 2JCF = 32 Hz,


one C–CF3), 136.1 (q, 2JCF = 30 Hz, two C–CF3), 137.6,
167.4 (pyrylium-C-4), 171.8 (pyrylium-C-2). 19F NMR
(CD3COCD3): � (ppm) = �62.9 (s, one CF3), �63.0 (s,
two CF3). MS (FD): m/z (%) = 513 (67) [M� �ClO4].
C26H14ClF9O5 (612.8): calcd C 50.96, H 2.30; found C
50.95, H 1.98%.


��������������	
�
�����������"��
������
�� �*:�� A
solution of 4-(bromomethyl)-(trifluoromethyl)benzene
18 (9.56 g, 40.0 mmol; Aldrich; caution: lachrymator!)39


and diiron nonacarbonyl (21.84 g, 60.0 mmol) in dry n-
octane (200 ml) was heated under reflux under nitrogen
for 18 h. After cooling to room temperature, the
precipitate formed (FeBr3) was filtered off and extracted
five times with boiling toluene. The filtrate and the five
extracts were combined and the solvents were distilled
off [caution: the solvents contain toxic Fe(CO)5!]. The
solid residue was purified by column chromatography
with neutral alumina (activity grade III) and diethyl
ether–light petroleum (b.p. 40–60°C) (2:5) as eluent.
From the second fraction the solvents were distilled off to
afford ketone 19 (4.78 g, 70%) as colorless needles with
m.p. 63–67°C (lit.40 63–67°C). 1H NMR (CDCl3): �
(ppm) = 3.82 (s, 4 H, CH2), 7.26 and 7.58 (AA BB, 8 H,
aromatic H). 13C NMR (CDCl3): � (ppm) = 49.0 (CH2),
124.1 (q, 1JCF = 272 Hz, CF3), 125.7 (q, 3JCF = 3.7 Hz,
C=C–CF3), 129.7 (q, 2JCF = 33 Hz, C–CF3), 129.9
(aromatic C), 137.5 (aromatic =C–CH2), 203.4 (C=O).


������
���������������	
�
�����������"���
� �02��
To a stirred solution of NaOH (0.56 g, 14.1 mmol) in
water (9 ml) and ethanol (45 ml; 96%, v/v) were added
ketone 19 (4.87 g, 14.1 mmol) and sodium nitromalon-
aldehyde monohydrate (1.35 g, 14.2 mmol)24 and the
mixture was stirred at room temperature for 24 h. Then
the solution was acidified with aqueous 2 M HCl (pH 
 1)
and some water was added in order to complete the
formation of a precipitate (which sometimes came as an
oil). The suspension was extracted eight times with
diethyl ether (8 � 50 ml). The combined ether extracts
were washed acid free with water and dried with MgSO4.
The ether was distilled off and the residue was purified by
column chromatography with silica gel and toluene as
eluent (Rf = 0.43). Removal of the toluene from the eluate
by distillation yielded a viscous yellow oil, still contain-
ing some toluene, which was removed by drying in vacuo
at 80°C/10�3 Torr, to afford nitrophenol 20 (4.04 g, 68%)
as sand-colored microcrystals with m.p. 114–116°C. IR
(KBr): ���cm�1� � 3450 (OH), 1514 and 1325 (NO2). 1H
NMR (CDCl3): � (ppm) = 5.90 (s, 1 H, OH), 7.70 and
8.04 (AA BB, 4 H, phenyl-H), 8.32 (s, 2 H, phenol-3-H).
13C NMR (CDCl3): � (ppm) = 123.7 (q, 1JCF = 272 Hz,
CF3), 125.9 (quat. phenol-C-2), 126.2 (q, 3JCF = 3.6 Hz,
C=C–CF3), 128.4 (phenyl-C), 129.6 (phenol-C-3), 131.0
(q, 2JCF = 33 Hz, C–CF3), 138.5 (phenyl-C), 141.5
(C–NO2), 154.2 (C–OH). 19F NMR (CDCl3): �
(ppm) = �62.9 (s, CF3). MS (FD): m/z (%) = 427 (100)
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[M�]. C20H11F6NO3 (427.3): calcd C 56.22, H 2.59, N
3.28; found C 56.30, H 2.18, N 3.14%.


������
���������������	
�
�����������"���
� �0*��
A suspension of a palladium catalyst (10% Pd on
charcoal; ca 200 mg) in a solution of nitrophenol 20
(4.04 g, 9.45 mmol) in ethanol (100 ml; 96%, v/v) was
reduced with dihydrogen at room temperature and normal
pressure until the necessary amount of H2 was absorbed.
Under nitrogen, the catalyst was filtered off and the
solvent was distilled off in vacuo, to afford 21 (3.68 g,
98%) as yellow microcrystals with m.p. 158–162°C,
which turned reddish in air. Because of its sensitivity to
oxygen, 21 was immediately converted into the pyridi-
nium salt 22 without further detailed characterization. 1H
NMR (CD3COCD3): � (ppm) = 2.13 (s, 2 H, NH2), 6.74
(s, 2 H, phenol-3-H), 6.83 (s, 1 H, OH), 7.80 (AA BB, 4
H, phenyl-H).


��*��!�����������	
�
�����������"������
 ����
���+������������������	
�
�����������"��������	� ����
��
���� �00�� A solution of freshly prepared
aminophenol 21 (3.75 g, 9.44 mmol), pyrylium salt 17
(4.82 g, 7.87 mmol), and water-free sodium acetate
(1.55 g, 18.9 mmol) in dry ethanol (95 ml) was heated
under reflux for 2.5 h. Then, at room temperature, the
blue solution was acidified (pH 
 1) by addition of a few
drops of aqueous HClO4 (70%, w/w) and the product was
precipitated by addition of water. The precipitate formed
was filtered off, washed acid free with water, and dried
with P4O10 in vacuo. The product was recrystallized from
xylene, digested with diethyl ether at room temperature
for 2 h, and again dried with P4O10 in vacuo, to afford
perchlorate 22 (6.91 g, 89%) as fine colorless needles
which decomposed without melting at ca 300°C. IR
(KBr): �� �cm�1� � 3559 (OH), 1067 (ClO4). UV–Vis
(CH3CN): �max (log �) = 295 (4.61), 231 nm (4.63). 1H
NMR (CD3COCD3): � (ppm) = 7.67 (s, 2 H, phenol-3-H),
7.48 and 7.74 (AA BB, 8 H, phenyl-H), 7.90 and 7.97
(AA BB, 8 H, phenyl-H), 8.03 and 8.51 (AA BB, 4 H,
phenyl-H), 8.87 (s, 2 H, pyridinium-3-H). 13C NMR
(CD3COCD3): � (ppm) = 124.8 (q, 1JCF = 272 Hz, two
CF3), 124.9 (q, 1JCF = 272 Hz, one CF3), 125.2 (q,
1JCF = 272 Hz, two CF3), 126.2, 127.3 (q, 3JCF = 3.8 Hz,
C=C–CF3), 128.3 (phenol-C-3), 130.5, 130.6, 131.0,
132.0, 131.5 (pyridinium-C-3), 132.4 (q, 2JCF = 32 Hz,
two C–CF3), 132.5 (pyridinium-C-4), 133.7 (q,
2JCF = 32 Hz, one C–CF3), 135.2, 139.2, 141.2, (phenol-
C-2), 152.8 (phenol-C-4), 157.0 (pyridinium-C-2), 157.1
(C–OH). 19F NMR (CD3COCD3): � (ppm) = �62.2 (s, 6
F, two CF3), �62.6 (s, 6 F, two CF3), �62.7 (s, 3 F, CF3).
MS (FD): m/z (%) = 892 (33) [M� �ClO4], 513 (100).
C46H25ClF15NO5 (992.1): calcd. C 55.69, H 2.54, N 1.41,
F 28.72; found C 55.56, H 2.57, N 1.38, F 28.54%.


��*������(����������	
�
�����������"��������	����
��+���������������	
�
�����������"���
���� �3�


�#������,$��&������'�� To a stirred solution of perchlo-
rate 22 (0.96 g, 0.97 mmol) in dry dichloromethane
(40 ml) was added the granulated polymer base (diethyl-
aminomethyl)polystyrene (Fluka, 1.00 g, base equivalent
ca 3 mmol) and the suspension was stirred for 30 min at
room temperature. Then, the polymer base was filtered
off, washed with dichloromethane and discarded. The
solvent from the combined filtrates was distilled off and
the solid residue was dried with P4O10 in vacuo, to yield
betaine dye 4 (0.71 g, 82%) as fine green crystals which
melted, after a phase transition at 180–195°C, at 284°C.
UV–Vis (CH3CN): �max (log �) = 632 (3.09), 381 (3.48).
1H NMR (CD3COCD3): � (ppm) = 7.52 (s, 2H, pheno-
late-3-H), 7.45 and 7.64 (AA BB, 8 H, phenyl-H), 7.86
and 7.93 (AA BB, 8 H, phenyl-H), 8.01 and 8.50 (AA
BB, 4 H, phenyl-H), 8.85 (s, 2 H, pyridinium-3-H). 13C
NMR (CD3COCD3): � (ppm) = 124.8 (q, 1JCF = 272 Hz,
two CF3), 124.9 (q, 1JCF = 272 Hz, one CF3), 125.3 (q,
1JCF = 272 Hz, two CF3), 125.8 (q, 3JCF = 3.8 Hz, two
C=C–CF3), 126.2 (q, 3JCF = 3.8 Hz, two C=C–CF3),
127.3 (q, 3JCF = 4.5 Hz, one C=C–CF3), 128.2 (pheno-
late-C-3), 129.7 (q, 2JCF = 32 Hz, two C–CF3), 130.3,
130.4, 130.6, 130.8, 131.3 (pyridinium-C-3), 131.9,
132.3 (q, 2JCF = 32 Hz, two C–CF3), 133.7 (q,
2JCF = 32 Hz, one C–CF3), 138.3, 139.1, 142.1 (pheno-
late-C-2), 155.8 (phenolate-C-4), 156.5 (pyridinium-C-
2), 156.9 (C–O�). 19F NMR (CD3COCD3): �
(ppm) = �62.4 (s, 3 F, CF3), �63.3 (s, 6 F, two CF3),
�63.8 (s, 6 F, two CF3). MS (FD): m/z (%) = 891 (100)
[M�]. C46H24F15NO (891.7): calcd C 61.96, H 2.71, N
1.57, F 31.96; found C 56.79, H 2.30, N 1.51, F 29.44%.
Because of the high fluorine content of 4, the value found
for carbon is too low.


��������� �� ������� 	�� , 5������ 36+ ���(�������
�	
�
� ����������
���
�� �03�� In a 250 ml three-
necked round-bottomed flask with a thermometer and
reflux condenser, copper bronze (Aldrich, copper powder
99% for organic syntheses; 11.21 g, 1.76 mmol) was
dried by heating it under nitrogen. At room temperature, a
solution of 4-iodoacetophenone 23 (15.88 g, 64.5 mmol)
in water-free dimethyl sulfoxide (110 ml) was added and
the suspension was heated to 125–130°C. At this
temperature, iodine-free perfluoro-1-iodohexane
(34.54 g, 77.4 mmol) was slowly added over a period of
1–1.5 h and heating was continued for 5 h. After cooling
to room temperature, the precipitate formed (copper
bronze and copper iodide) was filtered off and washed
five times with diethyl ether. The combined filtrates were
washed DMSO free with water and dried with MgSO4.
Then, the solvent was distilled off and the residue was
purified by fractional distillation, to give ketone 24
(22.89 g, 81%) as a colourless liquid with b.p. 64–65°C/
0.008 Torr, which solidified on standing to colorless
crystals with m.p. 47–49°C (lit.25,26 b.p. 68°C/
0.039 Torr; m.p. 47–49°C). 1H NMR (CDCl3): �
(ppm) = 2.66 (s, 3 H, CH3), 7.72 and 8.09 (AA BB, 4
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H, phenyl-H). 13C NMR (CDCl3): � (ppm) = 26.8 (CH3),
127.4 (t, 3JCF = 6.5 Hz, phenyl-C-3), 128.5 (phenyl-C-2),
133.1 (t, 2JCF = 24 Hz, phenyl-C-4), 139.9 (phenyl-C-
1 = C–CO–CH3), 197.1 (C=O). 19F NMR (CDCl3): �
(ppm) = �81.3 (t, 4JFF = 10 Hz, 3 F, CF3), �111.7 (t,
4JFF = 10 Hz, 2 F, CF2-1), �121.9 (broad m, 2 F, CF2-2 or
CF2-3), �122.3 (m, 2 F, CF2-3 or CF2-2), �123.3 (m, 2 F,
CF2-4), �126.6 (m, 2 F, CF2-5). For the C numbering of
the perfluorohexyl chain, see Scheme 4.


-��� ��&�
�
&��.
��� �09�� To a stirred suspension of
4-bromobenzoic acid 25 (50.00 g, 250 mmol) and
triethyloxonium tetrafluoroborate (49.02 g, 270 mmol)27


in dry dichloromethane (300 ml) was added dropwise at
0°C ethyl diisopropylamine (32.15 g, 250 mmol) and
then stirring was continued for 24 h at room temperature.
In a separating funnel, the reaction mixture was extracted
twice with aqueous NaHCO3 solution (2 � 150 ml), and
washed subsequently with water (150 ml), aqueous 2 M


HCl and again with water. After drying with MgSO4, the
solvent was distilled off and the residue was purified by
fractional distillation, to afford the ester 26 (46.62 g,
81%) as a colorless liquid with b.p. 136°C/23 Torr (lit.41


136.8°C/17 Torr). 1H NMR (CDCl3): � (ppm) = 1.39 (q,
3J = 7.2 Hz, 3 H, CH3), 4.38 (q, 3J = 7.2 Hz, 2 H, CH2),
7.58 and 7.91 (AA BB, 4 H, phenyl-H).


-��� ���(�������	
�
� ������&��.
��� �07�� In a
250 ml three-necked round-bottomed flask with a ther-
mometer and reflux condenser, copper bronze (Aldrich,
copper powder 99% for organic syntheses; 5.21 g,
82.0 mmol) was dried by heating it under nitrogen. At
room temperature, a solution of ester 26 (6.87 g,
30.0 mmol) in water-free dimethyl sulfoxide (50 ml)
was added and the suspension was heated to 125–135°C.
At this temperature, iodine-free perfluoro-1-iodohexane
(10.05 g, 36.0 mmol) was added dropwise over a period
of ca 1 h and heating was continued for 18 h. After
cooling to room temperature and addition of diethyl ether
(50 ml), the precipitate formed (copper bronze and
copper iodide) was filtered off and washed five times
with diethyl ether. The combined filtrates were washed
DMSO free with water and dried with MgSO4. Then, the
solvent was distilled off and the solid residue was purified
by fractional distillation with a spinning band column
(50 cm), to yield the ester 27 (8.02 g, 57%) as a colorless
liquid with b.p. 92–100°C/2 Torr, which solidified on
standing to colorless crystals with m.p. 29–30°C (lit.26


b.p. 80–81°C/0.13 Torr and m.p. 29–30°C). According
to its 1H NMR spectrum, the purity of 27 was ca 94%,
still containing some starting material and side products,
which were removed during the subsequent reaction
steps. 1H NMR (CDCl3): � (ppm) = 1.42 (t, 3J = 7.2 Hz,
3H, CH3), 4.43 (q, 3J = 7.2 Hz, 2 H, CH2), 7.68 and 8.19
(AA BB, 4 H, phenyl-H).


���(�������	
�
� ������&��.�� ���

� �08�� To a


suspension of LiAlH4 (4.55 g, 120 mmol) in dry tetra-
hydrofuran (100 ml), placed in a 500 ml three-necked
round-bottomed flask with a stirrer, dropping funnel, and
reflux condenser, a solution of ester 27 (23.41 g,
47.0 mmol) in tetrahydrofuran (60 ml) was slowly added
at ca 0°C with stirring. Stirring was continued for 30 min
and then the mixture was heated under reflux for 2 h.
After cooling to ca 0°C, the mixture was hydrolyzed by
addition of ice-cold water and then acidified (pH 
 1) by
addition of dilute HCl. After addition of diethyl ether, the
organic and aqueous phase were separated and the
aqueous phase was extracted four times with diethyl
ether in a separating funnel. The combined ethereal
phases were washed with saturated aqueous NaCl
solution and dried with MgSO4. The solvent was distilled
off, to afford crude 28 (19.62 g, ca 93%) as a yellow oil,
which partly solidified on standing at room temperature.
According to its 1H NMR spectrum, the purity of 28 was
ca 95%, which was sufficient for the next reaction step.
1H NMR (CDCl3): � (ppm) = 2.06 (s, 1 H, OH), 4.78 (s, 2
H, CH2), 7.50 and 7.58 (AA BB, 4 H, phenyl-H).


���(�������	
�
� ������&��.������� �0:�� To a stir-
red suspension of pyridinium fluorochromate (12.83 g,
64.0 mmol)28 in dry dichloromethane (70 ml), placed in a
250 ml three-necked round-bottomed flask with a stirrer
and reflux condenser, a solution of alcohol 28 (19.62 g,
43.7 mmol) in dry dichloromethane (20 ml) was added at
room temperature and stirring was continued for 6 h.
Then, to the reaction mixture an equal volume of diethyl
ether was added and the solution was percolated under
vacuum through a silica gel bed placed on a sintered glass
funnel. The silica gel bed was thoroughly extracted with
diethyl ether. All filtrates were combined, the solvent was
distilled off, and the residue was purified by fractional
distillation with a packed column (30 cm), filled with
Wilson spirals, to afford the aldehyde 29 (12.94 g, 70%)
as a colorless liquid with b.p. 90°C/0.1 Torr, which
solidified to colorless crystals with m.p. 29–33°C. IR
(KBr): ���cm�1� � 1711 (C=O). 1H NMR (CDCl3): �
(ppm) = 7.79 and 8.04 (AA BB, 4 H, phenyl-H), 10.13 (s,
1 H, CHO). 13C NMR (CDCl3): � (ppm) = 110–119
(several m of low intensity, perfluorohexyl-C), 127.6 (t,
3JCF = 6.4 Hz, C=C–CF2–), 129.5 (C=C–CHO), 134.2
(t, 2JCF = 24 Hz, C–CF2–), 138.7 (C–CHO), 190.9
(CHO). 19F NMR (CDCl3): � (ppm) = �81.3 (t,
4JFF = 10 Hz, 3 F, CF3), �111.8 (t, 4JFF = 14 Hz, 2 F,
CF2-1), �121.9 (m, 2 F, CF2-2 or CF2-3), �122.2 (m, 2 F,
CF2-3 or CF2-2), �123.3 (m, 2 F, CF2-4), �126.7 (m, 2 F,
CF2-5). For the C numbering of the perfluorohexyl chain,
see Scheme 4. MS (EI; 70 eV): m/z (%) = 424 (75) [M�],
423 (66) [M� �1], 405 (20) [M� �F], 357 (4) [M�


�CF3], 305 (1) [M� �C2F5], 238 (1) [M� �C3F7], 205
(3) [M� �C4F9], 155 (100) [M� �C5F11], 127 (75)
[C6H5–CF2


�], 105 (2) [M� �C6F13], 77 (19) [C6H5
�], 50


(8) [CF2
�]. C13H5F13O (424.2): calcd C 36.81, H 1.19;


found C 36.96, H 1.05%.
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������������������	
�
� �����������"���
���������

�� �/2�� To a stirred solution of NaOH (1.02 g,
25.6 mmol) in water (20 ml) and ethanol (60 ml, 96%,
v/v) were added ketone 24 (8.76 g, 20.0 mmol) and
aldehyde 29 (8.48 g, 20.0 mmol). After stirring at room
temperature for 1 h, the precipitate formed was filtered
off, washed with water, and dried with P4O10 in vacuo, to
give chalcone 30 (16.35 g, ca 97%) as light-yellow
crystals, which were sufficiently pure for the next
reaction step. Recrystallization from 2-propanol yielded
analytically pure 30 as light-yellow crystals with m.p.
138–140°C. IR (KBr): �� �cm�1� � 1688 (C=O). 1H
NMR (CDCl3): � (ppm) = 7.58 (B part of AB system,
3J = 16 Hz, 1 H, CH–CO), 7.76 and 7.79 (AA BB, 4 H,
phenyl-H), 7.86 (A part of AB system, 3J = 16 Hz, 1 H,
CH=CH–CO), 7.67 and 8.14 (AA BB, 4 H, phenyl-H).
13C NMR (CDCl3): � (ppm) = 123.9 (CH–CO), 127.6,
128.5, 128.7, 130.8 (t, 3JCF = 49 Hz, C–C6F13), 132.9 (t,
3JCF = 49 Hz, C–C6F13), 138.1, 140.8, 143.9 (CH=CH–
CO), 189.2 (C=O). Because of their low intensity, the
13C signals of the two perfluorohexyl groups are not seen
in the spectrum. 19F NMR (CDCl3): � (ppm) = �81.2 (m,
6 F, two CF3), �111.5 (m, 2 F), �111.6 (m, 2 F), �121.9
(m, 4 F), �122.3 (m, 4 F), �123.2 (m, 4 F), �126.6 (m, 4
F) for the CF2 groups. MS (FD): m/z (%) = 844 (100)
[M�]. C27H10F26O (844.3): calcd C 38.41, H 1.19; found
C 38.25, H 1.00%.


������(��������������	
�
� �����������"������	� ����
��
���� �/*�� In a 100 ml three-necked round-bottomed
flask with a stirrer, dropping funnel, and reflux con-
denser, a mixture of chalcone 30 (4.22 g, 5.00 mmol) and
ketone 24 (2.19 g, 5.00 mmol) was heated with stirring
until a homogeneous melt was formed (bath temperature
95–100°C). Then, aqueous HClO4 (70%, w/w; 1.15 g,
8.00 mmol) was slowly added dropwise and the mixture
was held at 100°C for 1 h. After 5–10 min, the product
already separated out from the hot, red reaction mixture.
After cooling to room temperature, diethyl ether (50 ml)
was added and the precipitate formed was filtered off,
washed with diethyl ether, recrystallized from glacial
acetic acid, and dried with KOH in vacuo, to yield the
pyrylium salt 31 (1.36 g, 20%) as shiny orange crystals
with m.p. 226–229°C. IR (KBr): �� �cm�1� � 1100
(ClO4). 1H NMR (CD3COCD3): � (ppm) = 8.17 and
8.87 (AA BB, 4 H, 4-phenyl-H), 8.21 and 9.01 (AA BB, 8
H, 2- and 6-phenyl-H), 9.61 (s, 2 H, pyrylium-2-H). 13C
NMR (CD3COCD3): � (ppm) = 129.2, 131.7, 133.9,
134.6, and 137.9 (phenyl-C), 167.4 (pyrylium-C-4),
171.8 (pyrylium-C-2). Because of their low intensity,
the 13C signals of the three perfluorohexyl groups are
not seen in the spectrum. 19F NMR (CD3COCD3): �
(ppm) = �81.2 (t, 4JFF = 9 Hz, three CF3), �111.1 (m, 6
F, CF2-1), �121.4 (m, 6 F, CF2-2 or CF2-3), �121.6 (m, 6
F, CF2-3 or CF2-2), �122.9 (m, 6 F, CF2-4), �126.3 (m, 6
F, CF2-5). For the C numbering of the perfluorohexyl
chain, see Scheme 4. MS (FD): m/z (%) = 1263 (100)


[M� �ClO4]. C41H14ClF39O5 (1362.9): calcd C 36.13, H
1.04; found C 35.95, H 1.02%.


�����!��������������
 �����������������������������
�	
�
� �����������"��������	� �����
���� �/0�� A
solution of freshly prepared 4-amino-2,6-diphenylphenol
(0.65 g, 2.49 mmol),3a,19 pyrylium salt 31 (2.79 g,
2.05 mmol), and water-free sodium acetate (0.42 g,
5.12 mmol) in dry ethanol (25 ml) was heated under
reflux for 2 h. At room temperature, the solution was
acidified (pH 
 1) by addition of a few drops of HClO4


(70%, w/w) and the product was precipitated by addition
of water. After standing for ca 12 h at room temperature,
the precipitate formed was filtered off, washed acid free
with water, recrystallized from a small amount of 2-
propanol and dried with P4O10 in vacuo, to afford
perchlorate 32 (2.94 g, 89%) as yellow needles with m.p.
138–140°C. IR (KBr): �� �cm�1� � 1096 (CIO4). UV–
Vis (CH3CN): �max (1g �) = 295 nm (4.65). 1H NMR
(CDCl3): � (ppm) = 7.16 (s, 2 H, phenolate-3-H), 5.57 (s,
1 H, OH), 7.01, 7.67, 7.73, and 7.95 (four m, phenyl-H),
8.08 (s, 2 H, pyridinium-3-H). 13C NMR (CD3COCD3): �
(ppm) = 127.7, 128.3 (phenolate-C-3), 128.7, 128.8,
129.2, 130.0, 130.4, 130.6, 131.4, 130.9 (t,
2JCF = 34 Hz, two C–C6F13), 131.8 (t, 2JCF not measur-
able, one C–C6F13), 137.8, 138.4, 139.5 (phenolate-C-2),
141.8 (phenolate-C-4), 152.6 (pyridinium-C-2), 156.8
(C–OH). Because of their low intensity, the 13C signals of
the three perfluorohexyl groups are not seen in the
spectrum. 19F NMR (CD3COCD3): � (ppm) = �81.2 (9 F,
three CF3), �110.9 (6 F, CF2-1), �121.6 (12 F, CF2-2
and CF2-3), �122.9 (6 F, CF2-4), �126.3 (CF2-5). For
the C numbering of the perfluoroalkyl chain, see Scheme
4. MS (FD): m/z (%) = 1507 (100) [M� �ClO4], 1499
(21). C59H27ClF39NO5�0.5H2O (1606.2 � 9.0 = 1615.2):
calcd C 43.87, H 1.75, N 0.86; found C 43.86, H 1.84, N
0.90%.


��������������*������������������	
�
� ���������
���"��������	������+���
���� �,� �#���)�,�$���&������'��
To a solution of perchlorate 32 (2.85 g, 1.76 mmol)
in dry methanol (45 ml) sodium methanolate (0.24 g,
4.44 mmol) was added and the dark solution was heated
under reflux for 5 min. The cold solution was then poured
into aqueous NaOH (10%, w/w; 150 ml). After standing
for ca 12 h at room temperature, the precipitate formed
was filtered off, washed with water, dried with P4O10 in
vacuo, recrystallized from 2-propanol, and dried again, to
yield betaine dye 5 (2.00 g, 74%) as fine dark-green
crystals with m.p. 237–240°C (decomp.). UV–Vis
(CH3CN): �max (log �) = 691 (3.87), 380 (4.06), 290 nm
(4.42). 1H NMR (CD3COCD3): � (ppm) = 6.81 (s, 2 H,
phenolate-3-H), 7.05 and 7.37 (AA BB, 10 H, 2,6-
diphenylphenolate-H), 7.87 and 7.96 (AA BB, 8 H, 2,6-
diphenylpyridinium-H), 7.99 and 8.59 (AA BB, 4 H, 4-
phenylpyridinium-H), 8.81 (s, 2 H, pyridinium-3-H). 13C
NMR (CD3COCD3): � (ppm) = 125.4, 127.4, 127.8,
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128.6 (phenolate-C-3), 128.7, 129.5, 129.7, 129.9, 130.1,
131.1, 131.3 (pyridinium-C-3), 139.4, 140.0, 142.8
(phenolate-C-2), 152.6 (phenolate-C-4), 155.5 (pyridi-
nium-C-2), 171.2 (C–O�). Because of their low intensity,
the 13C signals of the three perfluoroalkyl groups are not
seen in the spectrum. 19F NMR (CD3COCD3): �
(ppm) = �81.2 (9 F, three CF3), �110.9 (6 F, CF2-1),
�121.6 (12 F, CF2-2 and CF2-3), �122.9 (6 F, CF2-4),
�126.3 (6 F, CF2-5). For the C numbering of the
perfluoroalkyl chain, see Scheme 4. MS (FD): m/z
(%) = 1505 (100) [M�]. C59H26F39NO�H2O (1505.8 �
18.0 = 1523.8): calcd C 46.50, H 1.85, N 0.92; found C
46.99, H 2.17, N 0.95%.


.�������	;������
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ABSTRACT: The energies of alkyl-substituted pyridines in the 2-, 3-, 4- and 2,6-positions, of their protonated forms
and of reference derivatives of benzene were calculated at the RHF/6–31G(d,p) and B3LYP/6–31G(d,p) levels. The
results were processed by isodesmic reactions, expressing the substituent effect separately for the base molecules,
their protonated forms and for the gas-phase basicity. The substituent effect is greatest in the protonated forms, and in
the uncharged bases it is approximately three times smaller. In both cases, it is stabilizing: basicity is given by the
difference. No actual steric effect was revealed, merely a stabilizing effect in the 2-position, which can be explained in
terms of polarization. This effect is almost equal in the protonated and unprotonated forms, so that it is not operative
in the basicity. In water solution, all effects are attenuated and steric inhibition of solvation appears, particularly with
2,6-di-tert-butylpyridine and 2,6-diisopropylpyridine. Copyright  2001 John Wiley & Sons, Ltd.
Additional material for this paper is available from the epoc website at http://www.wiley.com/epoc


KEYWORDS: pyridine derivatives; DFT calculations; gas-phase basicity; substituent effects
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The classical terms of steric effects and steric inhibition
of resonance were defined mostly on acidities or
basicities in solution.1,2 On the one hand, they were
loaded with unknown solvent effects, and on the other
hand, the effects in the acids (bases) could not be
separated from those in the anions (cations). We under-
took a systematic reinvestigation, based on the gas-phase
acidities (basicities) and on the gas-phase enthalpies of
formation.3 Using alkyl-substituted benzoic acids as
model compounds,4,5 we concluded that their acidity is
not controlled by classical steric effects (van der Waals
interaction) since the steric volumes of the COOH and
COO� groups are practically equal:5d increased acidity of
ortho derivatives is best described as pole–induced dipole
interaction stabilizing the anion.5,6


In this work, we used 2-substituted pyridines as
reference compounds without any possible steric inhibi-
tion to resonance and with a steric effect anticipated to be


small or negligible. These compounds were suggested as
such references by McDaniel and Brown:7 the substituent
effects in them were explained in terms of a short-range
field-inductive effect. Even when the substitution was
restricted to alkylpyridines in which the polar effects are
minute, no steric effects were revealed: the substituent
effects were explained in terms of inductive effect and
hyperconjugation, the former increasing from methyl to
tert-butyl, and the latter decreasing in the same
sequence.8 An apparent exception was found later in
2,6-di-tert-butylpyridine9 and attributed to the steric
hindrance to solvation.10 All these considerations were
based on dissociation constants in water, and only
exceptionally on pK values in other solvents.11 More
recently, the protonation was investigated also in the gas
phase12,13 and compared with the basicity in water,14,15


with the main conclusion that solvation is mainly due to
hydrogen bonding of the cation14a and steric hindrance to
solvation is operative not only in 2,6-di-tert-butylpyr-
idine but also in some other 2,6- and 2-alkyl deriva-
tives.12 Basicities in the gas phase were correlated with
substituent constants ��, �F and �R: according to these
correlations, the effect of alkyl groups should be
controlled mainly by their polarizability.13 Recent
analysis of basicities in water also rejected any
hyperconjugation of alkyl groups.16


An essential drawback of all considerations based on
basicities or acidities, even in the gas phase, is that they
interpret only differences between the energies of a
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neutral molecule and of a cation. Separation of these
energies has already been attempted17 in terms of
isodesmic reactions in which a pyridine derivative is
formally synthesized from pyridine and a monosubsti-
tuted benzene [see later, Eqn. 1]. The energies of the
species involved were calculated at lower levels, RHF/
STO-3G or 4–31G//STO-3G;17 in addition to methyl
derivatives, only polar substituents in the 3- or 4-
positions were investigated. In our previous work, we
extended and systematically applied this principle3 in
studying the steric effects in alkyl-substituted benzoic
acids,4,5,18 alkylanilines19 and methoxybenzoic acids;20


experimental enthalpies of formation were sometimes
substituted for by DFT-calculated energies.18


In the present paper, we apply the above principles to
pyridine derivatives 2–4 with the methyl, ethyl, isopropyl
and tert-butyl substituents in the 2-, 3- and 4-positions.
Since the anticipated steric effects are weak, we included
also the 2,6-bis-derivatives 5. The main problem was
whether the relative basicities are controlled essentially


by the substituent effects in the pyridinium cation or
whether the effect in the neutral base molecule is also of
importance. Further, we intended to estimate the steric
effect in the 2-position by comparison with the 4-
position, and the additivity of the effects in the 2,6-
positions as compared with one substituent in the 2-
position. Ultimately, there was the question of whether
2,6-di-tert-butylpyridine reveals any exceptional beha-
vior. Although our concept was the same as in previous
work,3,4,18–20 the concrete approach was different.
Previously the task was to determine gas-phase basicities
or acidities while the enthalpies of formation were known
from the literature. In the present case, experimental
proton affinities PA were known,12 and enthalpies of
formation were tentatively replaced either by the energies
E(RHF) or E(DFT) calculated within the framework of
the RHF and density functional theory, respectively, or
by the sums of electronic and thermal enthalpies at
298 K, �Ho


298(g), calculated from them by standard
statistical thermodynamics. The values of E(RHF),
E(DFT) and �Ho


298(g) for individual compounds are
listed in Table SI (supplementary material), and the
reaction energies derived from them for the isodesmic
reactions are given in Table 1.
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In terms of this principle,3,13 a pyridine derivative is
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Compound Substituents
�1E


(DFT)
�1Ho


calc.
�1Ho(g)


exp.b
�2E


(DFT)
�3E


(DFT)
�3Ho(g)


exp.c
Steric effects


�3Go(w)d SE7(w)SE4 SE5 SE7


2a 2-Me �7.9 �8.2 �8.6 �26.8 �18.9 �19.1 �4.1 �4.4 �0.3 �4.2 0.2
2b 2-Et �8.6e �8.8e — �31.0e �22.4e �22.4 �5.0 �5.5 �0.5 �4.2 0.2
2c 2-i-Pr �11.7 �11.9 — �36.5 �24.8 �26.4 �7.8 �7.3 �0.5 �3.5 0.9
2d 2-t-Bu �14.7 �15.0 — �42.8 �28.1 �31.7 �9.6 �8.9 �0.7 �3.1 1.2
3a 3-Me �1.1 �3.6 �1.1 �14.6 �13.5 �13.4 0 0 0 �2.7 0
3b 3-Et �1.5 �1.5 — �18.8 �17.3 �17.4 0 0 0 �2.8 0
3c 3-i-Pr �0.8 �0.7 — �21.7 �20.9 — 0 0 0 �2.9 0
3d 3-t-Bu �1.9 �1.9 — �26.5 �24.6 — 0 0 0 �3.4 0
4a 4-Me �3.8 �6.2 �3.6 �22.4 �18.6 �17.2 0 0 0 �4.4 0
4b 4-Et �3.6 �3.3 — �25.6 �22.0 �21.1 0 0 0 �4.4 0
4c 4-i-Pr �4.0 �3.7 — �29.2 �25.2 �25.7 0 0 0 �4.4 0
4d 4-t-Bu �5.1 �4.9 — �33.9 �28.8 �27.7 0 0 0 �4.3 0
5a 2,6-Me2 �16.1 �11.7 �16.0 �52.3 �36.2 �33.0 �8.6 �7.5 �1.1 �8.3 0.5
5b 2,6-Et2 �17.4 �17.6 — �59.1 �41.7 �43.3 �10.2 �8.0 �2.2 �8.0f 0.8
5c 2,6-i-Pr2 �15.0 �15.6 — �67.5 �52.5 �49.0 �7.1 �9.1 �2.0 �6.0f 2.8
5d 2,6-t-Bu2 �23.0 �24.4 — �83.0 �59.9 �52.9 �12.8 �15.2 �2.7 �4.1f 12.7


a Subscripts on � in all symbols refer to the number of the pertinent isodesmic reaction.
b Calculated from �fH


o(g) of Ref. 22.
c Ref. 23.
d Calculated from pK values in water, Ref. 8.
e Calculated with the value for a secondary minimum of the ethylbenzene molecule, see Table SI (supplementary data).
f These values were estimated from the basicities in 50% ethanol, Ref. 9; our estimates differ from those of Ref. 12.
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symbolically synthesized from a benzene derivative and
pyridine in the isodesmic reaction shown in Eqn. 1:


�1�


This reaction is not only isodesmic but also homo-
desmotic.21 Its reaction enthalpy in the gas phase,
�1Ho(g), is believed to represent the substituent effect
of the alkyl group on the heterocyclic nitrogen atom.
Experimental values of �1Ho(g) were obtained as a sum
of available enthalpies of formation in the gas phase22


and are listed in Table 1, column 5. The corresponding
calculated values were obtained from the data in Table SI
(supplementary material) and are given in columns 3 and
4, in terms of the energy �1E(DFT) or enthalpy �1Ho


298,
respectively. In the same way, Eqn. 2 expresses the
substituent effect in a pyridinium cation:


�2�


Its reaction enthalpies are directly accessible only by
calculation and are listed in Table 1, column 6, as the
energies �2E(DFT).


By combining Eqns 1 and 2, we obtain the isodesmic
equation shown in Eqn. 3, defining the relative basicity of
a pyridine derivative, related to pyridine:


�3�


Its calculated reaction energies �3E(DFT) (Table 1,
column 7), were obtained as a difference �2E(DFT)
��1E(DFT). The corresponding experimental values,
�3Ho(g), are available from the gas-phase basicities23 as
a difference of the two proton affinities PA, with a
reversed sign (Table 1, column 8).


����	�' �� ��� ������'�����


When estimating reaction enthalpies of Eqns (1)–(3),
we encountered a particular problem connected with
the conformation around the Csp2�Csp3 bond. The
rotational barrier is low and several conformations are
possible. The experimental enthalpies relate to the
thermal equilibrium of all conformers; simple calcula-
tions relate to the lowest energy conformer, although the
equilibrium can also be calculated. The problem is not in
comparison of experimental and calculated values but in


evaluating the substituent effects. When, for instance,
Eqn. 1 should represent a construction of the structure of
an alkyl pyridine from its two moieties, the conformation
of these moieties should be the same on both sides of the
equation. Of course, it is possible always to calculate
energies of similar conformers even when one of them is
not that of the lowest energy. However, energies
calculated in this way cannot be compared with
experiments.


Problems of this kind were encountered particularly
in the RHF calculations and led to irregularities in the
sequence of substituents methyl–ethyl–isopropyl–tert-
butyl. This was the main reason why we proceeded to
the higher level DFT model in which the lowest energy
conformations of corresponding molecules are mostly
the same, or at least the energy differences are minute.
The conformation of tert-butyl derivatives is now
uniform: always one methyl group is situated in the
ring plane, and always it is the more remote position
from the nitrogen atom; see the structure 2d as an
example. The lowest energy conformation of methyl
derivatives is similar: one hydrogen atom lies in the ring
plane, in the remote position from the nitrogen atom. In
isopropyl derivatives, the only hydrogen atom is in the
same position. The only problem remains with the ethyl
derivatives. In 2-ethylpyridine and ethylbenzene, the
stable conformers have the �-carbon atom in the ring
plane (see formula 2b), whereas in 2-ethylpyridinium
ion this conformer is 0.9 kJ mol�1 less stable than the
conformer with the methyl group perpendicular to the
ring plane (formula 2bH�). When we calculated the
substituent effect �1Ho from equal conformations
(Table 1, footnote e), the corresponding relative acidity
�3Ho should be 22.4 kJ mol�1. The calculated energy
difference between molecules in the lowest energy
conformation is 23.3 kJ mol�1, and that between the
equilibrium mixtures of conformers is 23.5 kJ mol�1.
The differences are minute and cannot influence com-
parison with the experimental quantities since they are
within the limits of experimental uncertainty. In 2,6-
diethylpyridine and in 1,3-dimethylbenzene, the stable
conformations are again those with the �-carbon atoms
perpendicular to the ring plane, one below and one
above. In the 2,6-diethylpyridinium ion this conforma-
tion also has the lowest energy but is only 0.1 kJ mol�1


more stable that another conformation with these carbon
atoms in the ring plane in the direction toward the
nitrogen atom. The consequences for the energy are
negligible.
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There are two possibilities of comparison with experi-
mental results, at least for some compounds. Reaction
enthalpies �1Ho(g) of Eqn. 1 are available from the
experimental enthalpies of formation,22 �fH


o(g), in the
case of four derivatives; see Table 1, column 5. They can
be compared with the calculated electronic energies
�1E(RHF) or �1E(DFT) or with the corresponding
enthalpies �1Ho


298. An evidently better agreement was
found with �1E(DFT) than with �1Ho


298 (Table 1,
columns 3 and 4, respectively); at the RHF level the
agreement was still worse. This result may seem
surprising. Generally it is assumed (and sometimes
confirmed25) that the contributions from the partition
functions approximately cancel in an isodesmic reaction;
hence correlation with �1E(DFT) and with �1Ho


298


should be equally good. We cannot draw any conclusion
from a few data, taking into account also the experi-
mental uncertainty of the enthalpies of formation which
may amount several kJ mol�1. Nevertheless, some im-
perfection in the calculation of �1Ho


298 within the
framework of B3LYP theory may be suspected.


The second possibility is comparison of �3Ho with the
experimental relative proton affinities �PA (enthalpies of
protonation in the gas phase). We used the values
recalculated in a critical review23 (Table 1, column 8);
they sometimes differ appreciably from the original
literature.12 The agreement is very good for both
�3E(DFT) and �3Ho


298, and it is impossible to decide
which of the two is better: the correlation coefficients,
0.9891 and 0.9897, are not significantly different. We
chose the electronic energy E(DFT) for calculating all
derived quantities but this choice has no consequence for
further conclusions. In general, we believe that our
calculations are well supported by experiments and all
conclusions can be based on the calculated values
without combination with experimental values; the latter
approach was used in some previous cases.19


$)�����)��� ������� �� ��� ���� �� �� ��� ������


As expected, all substituent effects are stabilizing, both in
the base molecules and in the protonated forms (Table 1,
columns 3 and 6, respectively); they increase regularly
with the size of the alkyl group according to the
inductive, not the hyperconjugative, order. In Fig. 1 the
substituent effects in the base, �1E(DFT), and in the
cation, �2E(DFT), are plotted. The effects in the cations
are greater and are deciding for the basicity as found
already on a different set of heterocyclic compounds.17


Effects in the base molecules are not only smaller but also
less regular. Between the two there are only rough
relationships, separate for the individual positions. All
this would be compatible with the inductive effect or with


the polarizability effect. No evident steric effects are
observed; even 2,6-di-tert-butyl pyridine does not show
any exceptional behavior.


Gas-phase basicities of substituted pyridines were
expressed by a correlation equation giving comparable
importance to inductive effect and resonance and less
importance to polarizability.13 For alkyl substituents, the
inductive effect equals zero. We hold the interpretation
by polarizability to be most appropriate but we have not
found any confirmation of resonance (hyperconjugation).
In particular, no significant changes of the geometric
parameters were observed (Table SII, supplementary
material). It is true that the bonds C-2—C-3 and
C-5—C-6 in 4-alkyl derivatives are slightly shortened,
as would be required by the hyperconjugation formulas,
in the cations somewhat more than in the base molecules.
However, there is not the anticipated decrease in this
effect from the methyl derivatives to the higher alkyls. In
2-alkyl derivatives this effect is weaker. The exocyclic
bonds, Car—Cal, are slightly shorter than in the
corresponding derivatives of benzene but do not reveal
the anticipated differences between 3- and 4-derivatives.
The most significant feature is the stretched Car—Cal


bond in all tert-butyl derivatives, that has obvious steric
reasons. In our opinion, the cited correlation equation13


was supported mainly by polar substituents and does not
fit well to alkyl groups: all basicities are underestimated
by 5 kJ mol�1 on average. There are further defects of
this equation: it assigns the same resonance contribution
to all alkyl groups and assumes a stronger resonance in
the 3- than in the 4-position.


Concerning the steric effects, we previously attempted
their separation in various aromatic compounds, based on
the assumption that polar effects are equal in the ortho
and para positions.4,5 This approximation is common and
has been applied even in the case of pyridine deriva-
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tives,10 although the polar effects in the ortho position of
benzene derivatives were also claimed27 to be greater or
smaller than those in the para position. When the
approximation is accepted, the steric effect SE in a 2-
alkyl derivative is expressed by �4H of the simple
isomerization reaction, Eqn. 4, and in the pyridinium
cation by Eqn. 5:


SE4 � �4H�(g)


SE5 � �5H�(g)


For 2,6-bis derivatives, the reactions are more com-
plex, as shown in Eqns (4a) and (5a), respectively:


SE4 � �4H�(g)


SE5 � �5H�(g)


The values of SE calculated according to these
equations (Table 1, columns 9 and 10, respectively)
differ sharply from those obtained previously in the case
of 2-alkylbenzoic acids4,5 or 2-alkylanilines19 in that they
are negative (stabilizing). Such an interaction cannot be
denoted as a steric effect: a suitable indifferent term
would be ortho effect. In the case of cations, Eqns 5 and
(5a), the most suitable interpretation is through pole–
induced dipole interaction.5,6 In a correct form,5b this
interaction may be expressed as function of the polariz-
ability � of the alkyl group, charge of the pole q, its


distance r and effective relative permittivity �ef (in the gas
phase a value between 1 and 2):


�E � ��q2�32�2�0
2�ef


2r4 �6�


Actual calculations according to this equation are not
feasible owing to the sensitivity to r and to the poorly
defined position of the charge. Nevertheless, Eqn. 6
explains qualitatively the strong dependence on the
distance r and strong attenuation in the solvents with a
greater �ef. The ortho effect in the neutral molecules,
Eqns 4 and (4a), must be explained within the framework
of the same theory, assuming either fractional charges or
point dipoles in the pyridine ring; in the latter case the
effect would decrease still more steeply with the distance
(with r6).


The steric effect on the basicity SE7 is given by the
difference, Eqn. 7:


SE7 � SE5 � SE4 �7�


The values given in Table 1, column 11 reveal that SE7 is
a difference of two almost equal numbers. It is virtually
equal to zero for all 2-derivatives; even for 2,6-bis
derivatives it does not exceed significantly the uncer-
tainty included in the approach. Moreover, some of the
values are positive and some negative. Even 2,6-di-tert-
butylpyridine does not show any steric effect.


&����� �������� �� ��� �)��������+ ������


These concepts have significance only in the case of 2,6-bis
derivatives. Additivity requires in this simple case that the
substituent effects are double as in 2-derivatives. This is
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fulfilled fairly well both for the base molecules and for the
cations (Fig. 2). What is most important, 2,6-di-tert-
butylpyridine does not show any deviation even in this plot.


The buttressing effect was originally defined as an
additional steric effect of a further adjoining group, in
aromatic compound typically in 2,3-bis derivatives.28


The term was redefined to hold for any trisubstituted
compound in relation to all pertinent bis derivatives.29


The definition can also be represented by an isodesmic
reaction which is relatively complex. In the case of a 2,6-
dialkylpyridine, its energy is compared with the energies
of the pertinent 2-alkylpyridine (taken twice) and of 1,3-
dialkylbenzene. In this particular case, the difference
against the additivity principle is negligible and the
buttressing effect is also zero within experimental
uncertainty for all compounds investigated. Even in this
case, 2,6-bis-tert-butylpyridine does not represent any
exceptional case.


$)�����)��� ������� �� ,���� ��	)����


All the above isodesmic reactions can in principle be
defined also for water solution. This is simplest with Eqn.
3, in which �3Go(w) means relative basicity in water. The
values in Table 1, column 12, were obtained from the
published pK values, as far as possible taken from one
source.8,9 When they are compared with the basicities in
the gas phase, column 8, the attenuation effect of the
solvent is evident, although the attenuation is weaker than
in many other classes of compounds.15 The main part of
the attenuation is ascribed to the absence of polarizability
effects.13 We tried to isolate the possible substituent
steric effect in the same way as in the gas phase, by
comparing 2- and 4-derivatives, Eqn. 7. The steric effects
in water, SE7(w), are listed in Table 1, last column. In
contrast to the effects in the gas phase, SE7(g), they are
not negligible; particularly the value for 2,6-di-tert-
butylpyridine 5d is striking. The interpretation of Meot-
Ner and Sieck,12 based on a graphical representation, is
thus confirmed: the low basicity of this compound is due
to strong steric inhibition of solvation. This inhibition
must take place in the protonated form and probably
belongs to the entropy.14b We can also observe a weaker
hindrance to solvation with 2,6-diisopropylpyridine and
2-tert-butylpyridine, in contradistinction to Meot-Ner
and Sieck12 not with 2-ethylpyridine. Note that the
experimental basicity of 5d is not completely reliable and
its direct determination met with difficulties.14c Our
estimate in Table 1 (4.1 kJ mol�1) is based on a close
correlation of pKs in 50% ethanol9 and in water. It differs
only slightly from another estimate12 but more from a
titration in water (1.3 kJ mol�1). However, this disagree-
ment does not affect the qualitative conclusions.


It is not feasible at present to estimate substituent
effects in water separately for unprotonated and proto-
nated forms. It would be necessary to transform Eqn. 1


for water solution by adding the enthalpies or Gibbs
energies of solvation, �Ho


g→w, or �Go
g→w for all


molecules involved. The easiest way is to assume that
�1Ho(g) and �1Go(g) are equal;3 then one can proceed to
�1Go(w) by adding the experimental Gibbs energies of
solvation, �Go


g→w. The latter values were determined
experimentally only for some methylpyridines and the
conclusion was drawn that the solvent effects on basicity
are caused by one quarter by the hydration of pyridine
bases and by three quarters to hydration of the cations.14a


More data are available14b for �Ho
g→w, particularly for


larger alkyls. When we added these values to Eqn. 1, we
obtained a zero substituent effect in water, �1Ho(w), in
5d: basicity in water is thus given exclusively by the
effect in the protonated form.


#��#%"$���$


The approach used in this paper differs from the previous
ones mainly by consequent separation of substituent
effects in the base and in its protonated forms. This
approach is satisfactory for the isolated molecules, i.e. in
the gas phase. Under these conditions, the separated
substituent effects are described in a simpler way than the
basicity, which is a difference between two, sometimes
fairly similar, quantities. In water solution, the separation
is less easy since the necessary energies of solvation are
difficult to determine and often not sufficiently precise.
Discussion restricted to the basicity and operating only
with solution data are generally less trustworthy. Our
approach, somewhat more precise, essentially supported
the previous concepts: absence of steric effects in alkyl-
substituted pyridines in the gas phase and the steric
hindrance to solvation in solution.


#&%#"%& ���$


Calculations were performed at the levels RHF/6–
31G(d,p) and B3LYP/6–31G(d,p) (according to Becke30)
by means of the Gaussian 98 program.31 Vibrational
analyses were carried out in all cases; even the less stable
conformers represented local minima at the potential-
energy surface. Sums of electronic and vibrational
energies at 298 K, �Ho


298(g), were calculated with the
same program. The results are listed in Table SI
(supplementary material) and the reaction energies of
the isodesmic reactions, Eqs 1 and 2, are given in Table 1.
Some important geometric parameters are given in Table
SII (supplementary material).
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Decouzon M, Gal J-F, Maria P-C, Exner O. Collect. Czech. Chem.
Commun. 1999; 64: 1295; (d) Böhm S, Exner O. Chem. Eur. J.
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ABSTRACT: Rate constants and product selectivities (S) for solvolyses of ethyl phenylphosphonochloridate
[PhP(=O)OEtCl] in aqueous ethanol and methanol at 0°C are reported; S = ([ester product]/[acid product]) �
([water]/[alcohol solvent]). The results show trends very similar to those previously reported for solvolyses of
diphenyl phosphorochloridate [(PhO)2P(=O)Cl] and p,p�-dichlorodiphenyl phosphorochloridate, much more
hydrophobic substrates. Implications of these results are as follows: (i) as S increases about threefold from 99.8 to
90% alcohol–water and only about the same amount from 90 to 40% alcohol–water, the main cause of variations in S
does not appear to be medium effects of the solvents; (ii) contrary to the general trend to increase, values of S may
decrease slightly (ca 15%) in highly aqueous alcohol–water mixtures, even when (as in this case) there is no evidence
for mechanistic changes; (iii) the deviations from expected third-order rate product correlations previously reported
for solvolyses of diphenyl phosphorochloridate and the p,p�-dichloro derivative do not appear to be due solely to their
high hydrophobicity. Copyright  2001 John Wiley & Sons, Ltd.


KEYWORDS: phosphonochloridate; acid choride; kinetics; solvolysis; selectivity
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Studies of rates and products of solvolyses in alcohol–
water mixtures can provide useful insights into solvo-
lyses,1,2 and recent progress has been made particularly
for reactions of acid halides. Reactions proceeding via
cationic intermediates may be ca 107 times slower in
ethanol than in water (based on solvolysis rates for 1-
adamantyl chloride, a model compound for SN1 reactions
used to define the YCl scale of solvent ionizing power).3


Consequently, an alternative mechanism may be
favoured in ethanol and in other less aqueous media,
e.g. evidence for a mechanistic change can be seen from
the two distinct linear regions of the rate-rate profiles
observed by comparing rates of solvolyses of p-
dimethylaminobenzoyl fluoride in ethanol–water mix-
tures with YCl.


4


Because evidence for mechanistic changes from
‘breaks’ in rate rate profiles for solvolyses of other acid
chlorides in ethanol–water mixtures may not always be


clear,5 additional evidence was obtained from kinetic
studies in a wider range of solvents6–8 and/or by studies
of product selectivities [S, Eqn. (1)].8 Rates of solvolyses
of benzoyl chloride can be explained by two competing
mechanisms, and substituents (e.g. p-Cl and p-Me) alter
the solvent composition at which the mechanistic change
occurs. Independent supporting evidence is provided by
values of S [Eqn. (1)] in alcohol–water mixtures, which
reach maxima for the solvent compositions very close to
those predicted from rate-rate profiles as the positions of
mechanistic change.8


S � ([ester product]/[acid product])
� ([water]/[alcohol solvent]) �1�


Solvolyses of electron-rich benzenesulfonyl chlorides
were interpreted similarly in terms of two competing
mechanisms,9–11 but the effect of substituents is smaller
than for benzoyl chlorides. There appears to be general
agreement that less electron-rich sulfonyl chlorides
including p-methylbenzenesulfonyl chloride solvolyse
via a single reaction channel, probably via an SN2
mechanism.10,12–15 However, recent alternative propo-
sals for solvolyses of electron-rich sulfonyl chlorides are
(i) that there is only one mechanism, and the non-linear
rate–rate profiles10 {and by implication possibly also the
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decrease in S [Eqn. (1)] in more aqueous alcohols} is due
to a non-linear dependence of solvent nucleophilicity on
YCl;


14 and (ii) that solvolyses occur by SN2 mechanisms
with ‘exploded’ transition states having both bond
formation to the incoming nucleophile and extensive
cleavage of the S—Cl bond.16,17


Solvolyses of the chlorophosphate diphenyl phosphor-
ochloridate [(PhO)2P(=O)Cl] in alcohol–water mixtures
react via an SN2(P) mechanism;18 although there is no
evidence for mechanistic changes, S decreases slightly
for solvolyses in 30% methanol–or ethanol–water and
‘pure’ water.18 However, the diphenyl substrate is not
readily soluble in highly aqueous mixtures, and values of
S are dependent on the efficiency of mixing.5,18 To
investigate this problem further, and also aspects of our
third-order treatment18 of observed first-order rate
constants (see Discussion), we now report rate and
product data for solvolyses of ethyl phenylphosphono-
chloridate (1) in ethanol–and methanol–water mixtures.


 �$"%�$


The substrate 1, prepared by reacting phenylphosphonic
dichloride with 1.1 equiv. of ethanol at 0°C,19 was further
solvolysed in alcohol and in alcohol–water mixtures at
0°C to give an ester (2) and an acid (3) as shown in
Scheme 1. Reaction rates were monitored from the
change in conductivity due to 3 and to the HCl by-
product, and first-order rate constants were calculated by
standard methods (Table 1).


Product ratios were determined using freshly distilled
substrate 1 by ion pair reversed-phase high-performance
liquid chromatography (HPLC) as before,18 except that
instead of acetic acid in the eluent, triethylamine and a
higher concentration of ion-pairing reagent were added to
the eluent to give pH �10. Corrections were made for the
small percentage of ester (2) in the starting material, and
control experiments showed that the products were stable
under the acidic reaction conditions and under the basic


chromatographic conditions.20 Product selectivities (S)
are given in Table 2; because values of S are low, and the
HPLC conditions were investigated in detail, it was
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k (10�3 s�1)


Solvent (%, v/v) Ethanol Methanol


100 0.86 � 0.03 5.65 � 0.15
90 6.00 � 0.02 17.9 � 0.3
80 10.1 � 0.1 31.0 � 1.0
70 13.0 � 0.1 41.4 � 0.8
60 18.6 � 0.3 55.3 � 1.1
50 27.0 � 0.2 76.2 � 0.2
40 51.7 � 0.2 117 � 3
30 123 � 1 183 � 4
20 220 � 4 244 � 3
10 350 � 4 363 � 2


Water 430 � 10 430 � 10


a Determined conductimetrically at least in duplicate; errors
shown are average deviations.
b Injected 3–15 �l of freshly prepared 1% solutions of ethyl
phenylphosphonochloridate in acetonitrile into 5 ml of solvent.
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S


Solvent (%, v/v) Ethanol Methanol


99.8 0.052b, 0.048c 0.129b, 0.151c


99.5 0.063b, 0.058c 0.193b, 0.190c


99 0.066b, 0.065c 0.197b, 0.211c


98 0.089b, 0.084c 0.229b, 0.229c


95 0.135b, 0.131c 0.313b, 0.301c


92 0.179b, 0.174c 0.434b, 0.411c


90 0.19b, 0.19c, 0.21d 0.44b, 0.43c, 0.44d


80 0.33d 0.68d


70 0.44d 0.88d


60 0.57d 1.07d


50 0.68d 1.21d


40 0.72d 1.28d


30 0.7d,e 1.15d


20 0.6d,e 1.11d


10 —e 1.10d


a All values calculated from the ester:acid molar product ratio
determined by duplicate HPLC analyses on at least two
independent samples. Typical errors 1–5%. Exact concentra-
tions of water in 95–99.8% alcohol were determined by Karl
Fischer titration.
b Typical injection: 2 �l of neat ethyl phenylphosphonochlor-
idate into rapidly stirred solvent (5 ml).
c Solvolyses repeated using the same conditions as in footnote
b.
d Typical injection: 20 �l of a 5% solution in acetonitrile into
rapidly stirred solvent (5 ml).
e Additional experimental uncertainty due to the presence of
diester (2) in the starting phosphonochloridate (1).
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possible to obtain reliable values of S for 99.5% alcohol–
water mixtures, and even for 99.8% ethanol–water.


��$#"$$�!�


The substrate 1 was selected because it contained one
aromatic ring, a suitable chromophore for UV detection
in HPLC, and reacted by a single nucleophilic substitu-
tion mechanism at a convenient rate.19 Preliminary
conductimetric measurements in 95% (v/v) acetone–
water at 0°C gave a rate constant of (7.63 � 0.14) � 10�4


s�1, in only fair agreement with the published titrimetric
value of 9.9 � 10�4 s�1.19 Solvolyses of phosphono-
chloridates having OMe, OEt or OPh groups occur at
very similar rates in 95% (v/v) acetone–water at 0°C
(within a factor of two),19 and in general are much less
sensitive to substituent effects than solvolyses of
corresponding carbonyl compounds.19,21 Even replacing
an alkyl group by an O-alkyl group only results in a ca
15-fold rate decrease, whereas ethyl chloroformate
(EtOCOCl) solvolyses about 104 times more slowly than
acetyl chloride.21


Rate constants for solvolyses of the chlorophosphonate
1 (Table 1) are close to 10-fold faster than those for
corresponding solvolyses of [(PhO)2P(=O)Cl]18 over the
full range of alcohol–water mixtures. Hence, there is no
evidence for significant differences in initial state or other
effects for solvolyses of the more hydrophobic diphenyl
ester in more aqueous solvents.18 The additional O-aryl
group in the phosphorochloridate [(PhO)2P(=O)Cl] is
the main factor lowering the reactivity.19,21


Product selectivities for 1 (Table 2) are greater than but
very similar to (within a factor of two) those for
[(PhO)2P(=O)Cl].17 For both substrates, S increases
about three fold from 99.8 to 90% alcohol–water and
only about the same amount from 90 to 40% alcohol–
water. Consequently, the main cause of variations in S
does not appear to be medium effects of the solvents,
because medium effects usually change more gradually
with variations in solvent composition.3 The similar
trends for both substrates also confirm that S may
decrease slightly in more aqueous media (from ca 40%
alcohol–water towards water), even when there is no
evidence for mechanistic changes.19


An explanation of the ca 10-fold increase in S from
99.8% alcohol to 10% alcohol–water solvents (Table 2)
cannot be achieved if the reactions simply involved
second-order reactions, in which either alcohol or water
attacked the substrate, because S would then be expected
to be constant.2 The results can be explained by third-
order processes, in which one molecule of solvent acts as
a nucleophile and the other acts as a general base.
According to this theory, S should reach a maximum
(plateau) value in highly aqueous media, when water
dominates as the general base;22 another factor such as
mechanistic change was previously thought to be


required to explain any decrease in S in highly aqueous
media.23


Selectivities for carboxylic acid chorides are compli-
cated by mechanistic changes,8,23 but solvolyses of p-
nitrobenzenesulfonyl chloride strongly support the theory
that values of S may reach a plateau in highly aqueous
media.24 Selectivities for p-nitrobenzoyl chloroformate
in methanol–water also increase as water is added, but in
ethanol–water there is a decrease from 5.2 in 40% to 4.7
in 10% ethanol–water.25 Solvolyses of 1 (Table 2) and
(PhO)2P(=O)Cl18 confirm that S values may decrease
slightly (ca 15%) in highly aqueous media, even when a
mechanistic change is unlikely.


To analyse the results (Tables 1 and 2) in more detail,
we follow previous work18,22–25 and assume that the
pseudo-first-order reactions occur by a combination of
four third-order processes in which one molecule of
solvent (water, w, or alcohol, a) acts as a nucleophile and
the other acts as a general base: see Eqn. (2), in which the
first letter of the subscript denotes the nucleophile and the
second letter denotes the general base:


kobs � kww�water	2 
 �kaw 
 kwa���alcohol	�water	

 kaa�alcohol	2� �2�


The third-order rate constant for hydrolysis, kww and kaa,
can be calculated from the rate constants in pure solvents,
and the other two rate constants can be obtained from the
product selectivities as described below.


When the kaa term (kaa[alcohol]2) is unimportant, S
[Eqn. (1)] simplifies to Eqn. (3), and when kww[water]2 is
negligible S is given by Eqn. (4):23


1�S � �kwa�kaw���alcohol	��water	� 
 kww�kaw �3�
S � �kaw�kwa���water	��alcohol	� 
 kaa�kwa �4�


Two independent measurements of the ratios of the


��
	 (� ,��	� ���-��� ������ 
�	� *-� ��� � ��	�� '(#�� !."
��� !/"+ 
	� �	��	����� 	
 ����� ��������	���	�	 ��	�����
!&" � �� 	�	�0����� �1�$���


Plot Solvent range Slope kaw/kwa


1/Sa 30–80% EtOH 1.61 � 0.07 0.62 � 0.03
Sb 98–99.8% EtOH 0.60 � 0.04 0.60 � 0.04
1/Sc 40–80% MeOH 0.47 � 0.01 2.13 � 0.05
Sd 92–99.8% MeOH 1.24 � 0.06 1.24 � 0.06


a Eqn. (3): slope = 1.606 � 0.070, intercept = 1.053 � 0.044,
r = 0.996.
b Eqn. (4): slope = 0.601 � 0.042, intercept = 0.047 � 0.002,
r = 0.995.
c Eqn. (3): slope = 0.474 � 0.012, intercept = 0.631 � 0.012,
r = 0.999.
d Eqn. (4): slope = 1.235 � 0.056, intercept = 0.173 � 0.006,
r = 0.997.


Copyright  2001 John Wiley & Sons, Ltd. J. Phys. Org. Chem. 2001; 14: 759–763


SOLVOLYSES OF ETHYL PHENYLPHOSPHONOCHLORIDATE 761







third-order rate constants kaw/kwa can been obtained from
the slopes of 1/S plots [Eqn. (3)] and S plots [Eqn. (4)].
The two measurements of the ratios of kaw/kwa show
excellent agreement for solvolyses in ethanol–water
(kaw/kwa = 0.61 � 0.01) (see Table 3); this is the best
agreement obtained so far for investigations of this
type.18,23–25 The ratio for methanol–water mixtures
covers a larger range (kaw/kwa = 1.7 � 0.4), continuing a
general trend that there is better agreement of these ratios
in ethanol–water than in methanol–water (possibly the
kaw/kwa ratios are slightly solvent dependent in methanol–
water mixtures24).


Absolute values for each of the third-order rate
constants, kww, kwa, kaw and kaa, are listed in Table 4;
the third-order rate constants kwa and kaw calculated from
1/S plots [Eqn. (3)] are approximately 2–3-fold larger
than those calculated from S plots [Eqn. (4)]. This
difference is very similar to that for (PhO)2P(=O)Cl
where the kaw and kwa values calculated from the 1/S and
S plots vary by 2–4-fold.18 Substitution of the values of
third-order rate constants (Table 4) into Eqn. (2) leads
erroneously high predictions for observed first-order rate
constants,20 suggesting that solvolyses of ethyl phenyl-
phosphonochloridate (1) may be affected by additional
solvation effects such as variations in ground-state
stabilization in aqueous organic solvents.18


Solvation effects might also explain the sinuosoidal
plots of logk vs YCl for solvolyses of (PhO)2P(=O)Cl
[see Figs 1 and 2 of Ref. 18; plots for solvolyses of
ethyl phenylphosphonochloridate (1) are very similar20].
Consequently, a non-linear plot of logk vs YCl is not
‘proof’ of a mechanistic change, and (as usual) evidence
should ideally be based on several criteria, e.g. (i) for
solvolyses of benzoyl chlorides and substituted deriva-
tives, breaks in rate–rate profiles such as plots of logk vs
YCl, marked maxima in S and a clear dependence on
substituents strongly support the case for mechanistic
changes;8 (ii) in contrast, solvolyses of p-toluenesulfonyl
chloride do not show breaks in plots of logk vs YCl, or
clear maxima in S,10 consistent with the absence of
mechanistic changes.


#!�#%"$�!�$


For solvolyses of phosphorochloridates and phosphono-
chloridates, values of S [Eqn. (1)] decrease slightly (ca
15%) in highly aqueous media (see Ref. 18 and Table 2),
for reasons unlikely to be due to mechanistic changes.
Consequently, the decrease in S observed for solvolyses
of electron-rich sulfonyl chlorides is not necessarily
associated with mechanistic changes (as originally
proposed10). However, electron-rich sulfonyl chlorides
show larger (ca 50%) changes in S than the phosphorus
substrates, and the solvent composition for a maximum in
S depends on the structure of the sulfonyl chloride.10 If
there are two reaction channels, both are expected to be
nucleophilically assisted16,17 and they may respond
similarly to changes in solvent nucleophilicity.14


�)�� �*���+%


���������	 Ethyl phenylphosphonochloridate (1), pre-
pared from phenylphosphonic dichloride (Lancaster) and
ethanol (1.1 equiv.) in diethylether at 0°C in the presence
of triethylamine (1.1 equiv.),19 was distilled prior to use
(b.p. 82°C at 0.01 mmHg; lit.19 103°C at 0.3 mmHg and
lit.26 120°C at 2 mmHg), and was shown by HPLC
analysis of the ethanolysis product to contain �0.1% of
acid (3), 2.4% of diester (2) and 1% of the dichloride
starting material. Standard solutions for response calibra-
tion of the HPLC system were obtained by reaction of the
acid chloride (1) at 0°C for 10 half-lives with ethanol to
give the diester (2) or with acetonitrile–water to give the
acid (3); acid/ester peak areas were 0.48 � 0.03;
similarly, methanolysis of 1 gave a methyl ester with
acid/ester peak area = 0.51 � 0.01.


Solvents for kinetics were dried and distilled and
solvolysis media were prepared as described elsewhere.27


The accurate water contents of the low-percentage water–
alcohol mixtures, determined by Karl Fischer titration
using a Mettler Toledo DL18 apparatus and Hydranal
titrant (2), were usually within �0.2% of the nominal
values given in Table 2 (except the 98% methanol–water
was actually 97.52%); the more exact compositions were
used for calculations.


Materials for chromatography were AR grade metha-
nol and acetic acid, distilled water and tetrabutylammo-
nium bromide (TBAB), (Lancaster).



������ ������	 Conductimetric measurements were
made by the rapid injection method,23 and calculations
were performed on a PC version of LSKIN.


���������� ������	 Four sets of HPLC conditions were
used for product studies; separate methods were used for
solvolyses in aqueous ethanol and methanol. All chroma-
tography was performed on 10 �l aliquots using a
15 cm � 1/4 in Spherisorb ODS 2 column, eluted at a


��
	 ,� ��� $����� ����2	���� ����  	������� !3�� ��4 ��*"

	� �	��	����� 	
 ����� ��������	���	�	 ��	����� !&" �
�� 	�	�0����� �1�$��� �� %°�


Rate
constant


Ethanol–water Methanol–water


1/S,
Eqn. (3)


S,
Eqn. (4)


1/S,
Eqn. (3)


S,
Eqn. (4)


kww
a 1.4 � 10�4 1.4 � 10�4 1.4 � 10�4 1.4 � 10�4


kwa 2.1 � 10�4 6.3 � 10�5 1.1 � 10�4 5.4 � 10�5


kaw 1.3 � 10�4 3.8 � 10�5 2.2 � 10�4 6.6 � 10�5


kaa
b 3.0 � 10�6 3.0 � 10�6 9.3 � 10�6 9.3 � 10�6


a From kobs/[H2O]2.
b From kobs/[ROH]2.
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flow-rate of 1 ml min�1, with UV detection at 265 nm.
For solvolysis mixtures containing up to 90% ethanol–
water, the absorbance range (AUFS) was 0.01, and the
eluent, 40% (v/v) methanol–water, contained 0.07 M


TBAB and 0.15% (v/v) triethylamine; corresponding
figures for solvolyses up to 90% methanol were 0.03 M


TBAB and 0.1% (v/v) triethylamine. Solvolyses in more
alcoholic media were analysed using 30% methanol–
water as eluent with AUFS = 0.05.20 The HPLC equip-
ment was as described earlier.18


+�-���
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ABSTRACT: Analysis of the molecular geometry of three experimental model compounds, 2,3-dimethyl-p-
anisaldehyde, 2,5-dimethyl-p-anisaldoxime and 2,3-dimethyl-p-anisaldoxime, and eight compounds (p-nitrosoani-
line, p-nitroanisole and two conformers each of p-nitrosoanisole, p-anisaldehyde and p-anisaldimide) whose
molecular geometry was obtained by optimization at the B3LYP/6–311G** level of theory, where both the AGIBA
and through resonance effects were present, led to the conclusion that the competition between these effects does not
reduce any of them significantly. Copyright  2001 John Wiley & Sons, Ltd.


KEYWORDS: substituent effect; AGIBA effect; ab initio DFT; x-ray
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Angular groups substituted on monocyclic �-electron
systems cause substantial structural consequences1–4


known as angular group induced bond alternation
(AGIBA).5–7 These effects are illustrated in Scheme 1:
the single- and double-bonded groups cause a shortening
and a lengthening, respectively, of the cis-CC bond in the
benzene ring.


The local structural changes are then propagated over
the whole aromatic rings such as benzene or s-triazine
and even non-aromatic rings such as borazine and
boraxine.8,9 However, in many cases the �-electron ring
may be substituted by various groups which in addition to
the AGIBA-like interactions also exhibit the usual
electronic effects, which may be typically described by


the Hammett substituent constants, �.10 In the case of a
through resonance between the substituent and the group
in question (often named the reaction site), their
modifications, �� or ��, have to be used (for reviews,
see Ref. 11). A typical representation of these two kinds
of substituent effects may be given by canonical
structures K1, K2 and Q as shown in Scheme 2, where
D and A denote the electron-donating and accepting
substituents, respectively.


For weakly interacting A and D substituents, the
weight of the canonical structure Q is low. It increases
when through resonance operates in a system, as it was
observed, e.g., in VB computations for p-nitrophenol and
p-nitroaniline.12 A similar picture13 was also found for
these cases if the empirical model HOSE14 was applied.
The AGIBA effect leads to a substantial imbalance of the
weights of K1 and K2, whereas the through resonance
causes an increase of the weight of Q. The consequences
of the joint action of the two effects are unknown. Some
preliminary results have been obtained in this regard by
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analysis of the geometry in 3,4-dimethoxybenzalde-
hyde(4-methylphenyl)sulphonythydrazone.15 Depending
on the conformation of the C=N group in the para-
position to one of the two-methoxy groups, a substantial
difference in imbalance between K1 and K2 appeared,
while the weight of Q was practically unchanged.


The aim of this paper is to show how the competition
between the AGIBA and the through resonance sub-
stituent effects can interfere with each other. In order to
do so, experimental geometries of 2,3-dimethyl-p-
anisaldehyde (1), 2,5-dimethyl-p-anisaldoxime (2) and
2,3-dimethyl-p-anisaldoxime (3) were determined by
x-ray diffraction and in order to extend the field of study
a collection of eight p-disubstituted benzene derivatives
were optimized by ab initio computation at the B3LYP/
6–311G** level of theory. Substituents of these systems
were chosen in order to follow the AGIBA effect and to
exhibit a varying scale of the through resonance effect.


�2��'�%�,#�3


����������	
� For 2,3-dimethyl-p-anisaldehyde (1), a


crystal of the commercially available compound (Al-
drich) was used. The oximes 2 and 3 were prepared
according to the general procedure16 for conversion of
aldehydes insoluble in water from 2,5-dimethyl-p-
anisaladehyde and 2,3-dimethyl-p-anisaladehyde, re-
spectively. A mixture of 0.5 g of an aldehyde, 0.5 g of
hydroxylamine hydrochloride and 5 cm3 of pyridine in
10 cm3 of ethanol was refluxed for 0.5 h. After evapora-
tion of the solvent the solid residue was mixed thoroughly
with 5 cm3 of water, filtered and washed on the filter with
an additional portion of water. The crude product was
recrystallized twice from 95% ethyl alcohol. By this
method both 2,5-dimethyl-p-anisaldoxime (2) and 2,3-
dimethyl-p-anisaldoxime (3) were obtained with �90%
yields as colourless crystals, m.p. 137–138.5 and 116–
117°C, respectively.


��
��� 
�������� �������	����	� Crystal data regarding
the structures of 1–3 are given in Table 1, together with
refinement details. All measurements of the crystals were
performed on a Kuma (Wroc�aw, Poland) KM4CCD �-
axis diffractometer with graphite-monochromated Mo
K� radiation. The crystal was positioned at 65 mm from


#��� 0� ������� ���� ��� ��������� ��������� 	
 ��� ������� � ����������� !0"� ��# ������� � ������	$�� !1" ��� ��� 
������� � ������	$�� !4"


1 2 3


Empirical formula C10H12O2 C10H13NO2 C10H13NO2
Formula weight 164.20 179.21 179.21
Temperature (K) 293(2) 293(2) 100(2)
Wavelength (Å) 0.71073 0.71073 0.71073
Crystal system, space group Monoclinic, P21/c Monoclinic, P21/c Triclinic, P-1
Unit cell dimensions a = 7.1480(10) Å a = 6.8400(14) Å a = 7.4494(15) Å


b = 8.039(2) Å b = 8.0100(16) Å b = 7.7594(16) Å
c = 15.257(3) Å c = 17.800(4) Å c = 9.0504(18) Å
� = 90.0° � = 90.0° � = 82.64(3)°
� = 102.39(3)° � = 99.00(3)° � = 69.10(3)°
� = 90.0° � = 90.0° � = 70.59(3)°


Volume, V (Å3) 856.3(3) 963.2(3) 460.9(2)
Z 4 4 2
Calculated density (mg m�3) 1.274 1.236 1.291
Absorption coefficient (mm�1) 0.088 0.086 0.090
F(000) 352 384 192
Crystal size (mm) 0.2 � 0.2 � 0.25 0.2 � 0.22 � 0.25 0.25 � 0.25 � 0.3
Theta range for data (°) collection 3.87–22.48 3.44–19.99 3.45–20.00
Index ranges �9 � h � 9, �6 � h � 6, �7 � h � 7,


�10 � k � 10, �7 � k � 7, �7 � k � 7,
�20 � l � 20 �17 � l � 17 �8 � l � 8


Reflections collected/unique 10540/1120 8895/896 4362/851
[R(int) = 0.0462] [R(int) = 0.0730] [R(int) = 0.0350]


Refinement method Full-matrix least-squares on F2


Data/restraints/parameters 1119/0/158 896/0/171 851/0/171
Goodness-of-fit on F2 1.050 1.083 1.092
Final R indices [I �2sigma(I)] R1 = 0.0362, R1 = 0.0537, R1 = 0.0346,


wR2 = 0.0950 wR2 = 0.1524 wR2 = 0.0878
R indices (all data) R1 = 0.0381, R1 = 0.0604, R1 = 0.0366,


wR2 = 0.0979 wR2 = 0.1640 wR2 = 0.0909
Extinction coefficient 0.029(6) 0.013(9) 0.024(8)
Largest diff. peak and hole (e Å�3) 0.187 and �0.180 0.175 and �0.181 0.241 and �0.167
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the KM4CCD camera and 888 (1), 796 (2) or 708 (3)
frames were measured at 1.5° (1), 1.6° (2) or 1.8° (3)
intervals with a counting time of 15 s. The data were
corrected for Lorentz and polarization effects. No
absorption correction was applied. Data reduction and
analysis were carried out with the Kuma Diffraction
programs.


The structure was solved by direct methods17 and
refined using SHELXL.18 The refinement was based on
F2 for all reflections except those with very negative F2.
The weighted R factors wR and all goodness-of-fit S
values are based on F2. Conventional R factors are based
on F with F set to zero for negative F2. The F0


2 �2s(F0
2)


criterion was used only for calculating R factors and is
not relevant to the choice of reflections for the
refinement. The R factors based on F2 are about twice
as large as those based on F. All hydrogen atoms were
located from a differential map and refined isotropically.
Scattering factors were taken from Tables 6.1.1.4 and
4.2.4.2 in Ref. 19.


Crystallographic data (excluding structural factors) for
the structure reported in this paper have been deposited
with the Cambridge Crystallographic Data Centre and
allocated the deposition numbers CCDC 161453 (1),
CCDC 161454 (2) and CCDC 161452 (3). Copies of the
data can be obtained free of charge on application to
CCDC (E-mail: deposit@ccdc.cam.ac.uk).


����������	
� All optimizations were carried out at the
B3LYP/6–311G** level of theory by use of Gaussian
94.20


'�/.3#/ �,- -�/�.//�),


Structural deformations due to the AGIBA effects are
similar to some extent to those observed for benzene
rings anneleated with small rings and underlying the
Mills–Nixon effects.21 Undoubtedly one of the compo-
nents operating in the AGIBA effect is that due to the
rehybridization,4–6 which is the main factor causing


deformations in typical Mills–Nixon affected sys-
tems.21,22 It is worth noting that the AGIBA effect
depends clearly on the conformation of substituents;23 on
varying the conformation, say, from cis to trans, one
changes the AGIBA effect from a maximum to a
minimum (or conversely depending on the nature of the
angular substituents), whereas the electronic substituent
effects remain practically unchanged in both cases.


�5	�
����� ����� 


The molecular geometry of 1–3 (Scheme 3; for labelling
of the geometrical parameters, see Scheme 4; for all data,
see Table 2) allowed us to estimate canonical structure
weights by use of the HOSE model,14 which led to the
conclusion that in two cases (1 and 3) when the methoxy
and C==N groups act one against another in a cis
orientation, the imbalance of K1 and K2 is small,
30.1:34.0% and 32.6:31.5%, respectively, with the high-
est weights for the quinoid structure, Q, 35.9 and 36.0%,
respectively. In the case of 2, where both substituents
work in line, the imbalance K1:K2 becomes large
(26.6:41.4) with a reduction of the Q value to 32.07%.
Locally, these global effects are not so clearly observed:
the cis bonds in the ring are always shorter for the
methoxy group, but the effects due to the double bonded


/��� 4
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groups, C=O or C=N, are not always in line with
expectations. This is probably due to a steric effect
caused by the methyl group introduced in order to obtain
a proper conformation. These might affect in some way
the picture leading to the above-mentioned irregularities
observed in the local picture. Therefore, in the next
section the optimized geometry of some model molecules
is subjected to deeper analysis.


If there is one angular group attached to the ring in K1
in Scheme 2, the cis CC bond in the ring is a single bond.
If there are two such groups, and one of them is double
bonded in K1, the cis-CC bond to this group is a single
bond. All weights were calculated applying the HOSE14


model only to the ring CC bonds.


�� 
�
�
� �	�
�
$� ����� 


Systematic analysis of the joint action of the through
resonance and AGIBA effects was carried out in two
series since two kinds of AGIBA substituents have to be
taken into account: single- and double-bonded, X—Y and
X=Y. As a typical angular substituent with a single
bond, the methoxy group was chosen. It exhibits a large
structural effect6 and is assumed to represent only one
mechanism of interactions, the rehybridization at the ipso
carbon atom. The other kind of the angular substituents,
those with a double bond, X=Y, are assumed to interact
with the ring via a mechanism composed of two
effects:4,5 the rehybridization and a through space �-


#��� 1� ���	���� ��������� ��%��� ��� ������� ��� �	��	� ��%��� 
	� �	������� 0� 1 ��� 4 !
	� ��&����%� ��� '����� ("


Compound K1 (%) K2 (%) Q (%) �1 (°) �2 (°) �3 (°) �4 (°) � (°) � (°) �1 (°) �2 (°) T1 (°) T2 (°)


1 30.14 33.98 35.88 122.9 115.7 121.9 118.3 121.3 119.8 117.6 124.2 �6.2 7.2
2 26.57 41.36 32.07 124.4 115.4 121.5 120.4 120.2 118.1 117.5 123.3 1.7 0.1
3 32.58 31.47 35.95 121.0 116.0 118.2 120.1 123.0 121.7 117.9 121.8 �4.9 �1.0
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electron effect. For this group of AGIBA substituents we
chose the nitroso, formyl and imino groups, which are
also known as strongly electron-accepting groups. Some
strong electron-donating and accepting substituents
which do not cause the AGIBA effect were used as
references.


Scheme 5 and Table 3 present molecular geometries
and canonical structure weights for nitrosobenzene (17)
and anisole (16) and their para-substituted derivatives.


In order to study the resonance effects in the para
position of nitrosobenzene, derivatives with typical
electron-donating groups (O�, NH�, NH2, OMe) were
chosen. Of those, the methoxy group was studied in two
conformations with respect to the nitroso group. In the
case of strongly electron-donating substituents (O� and
NH�), for molecules 4 and 5 the nitroso group exhibits
unusual behaviour as it becomes linear and not angular
with a substantial shortening of the CN and NO bonds,
respectively. In these cases no AGIBA effect is expected,
although in the case of the angular NH� group a slight
AGIBA effect is observed just from this substituent; the
imbalance is 5.45:5.09%. In the case of a weaker
electron-donating substituent, the amino group (6), the
imbalance of K1 and K2 is substantial (32.1:26.8%),
indicating that the through resonance (41.1% of the Q
structure) affects the AGIBA effect only slightly. This is
supported by the value of the imbalance that resembles
the case of unsubstituted nitrosobenzene (17),
36.4:30.8%. This similarity is even clearer if we compare
the differences between K1 and K2: they are 5.3 and 5.6%
for 6 and 17, respectively. The p-methoxynitrosobenzene
is presented in two conformations. In molecule 7 where
both groups are in cis-positions the substituents act one
against another, and the AGIBA effect may be cancelled
out. The observed imbalance of the canonical structure is
very small here (30.8:31.6%), in line with our expecta-
tions. For the trans conformer (8), where the AGIBA
effects from both substituents sum up, the imbalance is


substantial: K1:K2 = 37.8:25.6%. In both cases (7 and 8)
the weight for Q is similar: 37.6 and 36.6%.


This last kind of case was studied with para derivatives
with two angular substituents, formyl and imino groups.
In both cases the trans conformers (9 and 11) exhibit a
substantial and similar imbalance, 37.7:26.7% and
37.8:27.3%, respectively. Both cis conformers (10 and
12) do not exhibit clear structural trends. For all four
cases (9–12), the weight for the quinoid structure, Q, is
almost unchanged, between 34.8% (for 9) and 36.6% (for
10).


All the above results were obtained for planar or
almost planar systems, with torsion angles (T in Table 3)
below 10°, except 6, where this angle for the amino group
is greater (17.6°), owing to the known non-planar
structure of the amino group.


�),�3./�),


AGIBA effects, despite their low energetic conse-
quences,24 are observed when competition with through
resonance is present. However, the competition between
these effects does not reduce any of them significantly.


��!����������
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ABSTRACT: Relative energies were calculated at different semi-empirical (CNDO, INDO, MINDO/3, MNDO,
AM1, and PM3) and ab initio levels (RHF/STO-3G//STO-3G, RHF/STO-4G//STO-4G, RHF/3-21G//3-21G, RHF/6-
31G//6-31G, RHF/6-31G*//6-31G, RHF/6-31G*//6-31G*, RHF/6-31 �� G**//6-31G*, RHF/6-311 �� G**/6-
31G*, RHF/6-31G**//6-31G**, RHF/31 �� G**//6-31 �� G**, MP2/6-31G*//6-31G* and MP2/6-31G**//6-
31G**) for so-called ‘essential’ (trans) and ‘scorpio’ (gauche) conformations of the neutral and monoprotonated
histamine tautomers. For the monocationic forms, the polarizable continuous model was applied to geometries
optimized at the RHF/6-31G* level. The comparison shows that, generally, both types of calculation (semi-empirical
and ab initio) predict the same tautomeric preference for the conformations of histamine and its monoprotonated
cation when not interacting with the environment, i.e. for conditions corresponding to the gas phase. For the
monocation, the ring N-aza protonated form (ImH�) is favoured in the gas phase for both conformations (trans and
gauche); this is contrary to water solution, where the chain N-amino (AmH�-T1) predominates. This difference results
mainly from the high polarizability of the imidazole ring in the gas phase which is strongly reduced in solution. Some
‘discrepancies’ are only observed for neutral histamine, for which the relative energy is close to zero. Good agreement
of results predicted by various methods can result from the fact that in histamine the proton is transferred between
atoms of the same element (nitrogen). Copyright  2001 John Wiley & Sons, Ltd.


KEYWORDS: histamine; tautomerism; relative energies; semi-empirical and ab initio calculations
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Histamine—a biogenic amine, synthesized locally from
L-histidine by the L-histidine decarboxylase (EC
4.1.1.22)—exhibits a very complex physiological ac-
tivity. As with adrenaline and acetylcholine, it acts at the
central nervous system level and in the regulation of
sleep.1 It is also responsible for concentration of the
smooth muscle of the gut, intestine and bronchi, as well
as for strong depressive action and allergic reactions.2,3


Other functions are related to blood pressure, heart
stimulation, vasodilation, gastric juice secretion, immu-
nological reactions, etc.1,4 All these biological effects are
related to interactions of histamine with different types of
specific receptor (H1, H2, H3 and H4).1,4–8


Although numerous studies for histamine, its analo-
gues, agonists and antagonists have been realized, and
there are more than 50000 references in the National
Center for Biotechnology Information (NCBI) database,9


the relations between the structure and biological activity
of histamine are not yet established. The reasons are as
follows. Histamine is a very complicated system of
different protonated, tautomeric and conformational
states (Fig. 1) and thus investigations on its structure
are very difficult. Many IR, Raman and NMR spectra
have been reported in the literature, but their interpreta-
tions have not led to common conclusions.10–17 Even in
the gas phase, high-level ab initio calculations performed
for ten selected conformations did not reproduce well the
experimental results for the neutral molecule.18,19 Only in
the solid state was the structure of histamine species well
resolved.20,21


Attracted by this dynamic molecule and its interesting
biological activity, we have undertaken investigations on
its structure in different environments. We started from
the gas phase in order to understand better the internal
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effects possible in histamine species and to be able to
distinguish external effects possible in solution. In this
paper, we concentrate our attention on the prototropic
tautomerism possible in the neutral (HA-T1 and HA-T2)
and monoprotonated forms (AmH�-T1, AmH�-T2 and
ImH�).


These processes play an important role in the
interactions of histamine with specific receptors.4–7,22,23


Many researchers have studied the tautomeric prefer-
ences in histamine by computational methods (developed
in the last two decades); however, their results are
incomplete.24 Most of them considered only two (instead
of three) of the monoprotonated forms, AmH�-T1 and
AmH�-T2, that are preferred in solution.22,23,25–29 Recent
gas-phase basicity measurements for free histamine
indicated that the ImH� form cannot be omitted; what
is more, it should be considered as favoured in the
gas phase.30,31 For these reasons, calculations for the
histamine species given in Fig. 1 need re-examination.


Owing to the flexibility of the alkylamino side chain
more than 100 conformations can be considered for one
form of histamine.24,26 Investigations for such a large
number of structures need many computational hours.
Therefore, a choice of one optimal computational method
is very important. In this paper we test semi-empirical
and ab initio methods on isolated molecules of the neutral
and monoprotonated forms of histamine. For calcula-
tions, we chose two conformations: one called the
‘essential’ (trans) conformation, identified in the solid


state;20,21 the other called the ‘scorpio’ (gauche)
conformation, preferred in the gas phase.18,19,30 Relative
energies between individual tautomers having the same
conformations were calculated, and tautomeric prefer-
ences in histamine species discussed. We took into
account all computational data reported previously for
selected conformations. For the histamine monocation,
relative energies were also estimated in water solution
using the polarizable continuum model (PCM) and the
geometries optimized at the RHF/6-31G* level.


#��,)�-


Relative energies between individual tautomers [�E =
E(Ti)�E(Tj)] were calculated for the trans and gauche
conformations of the neutral (Fig. 2) and monoprotonated
histamine (Fig. 3). Semi-empirical calculations were
performed at the complete neglect of differential overlap
(CNDO),32 intermediate neglect of differential overlap
(INDO),32 modified INDO (MINDO/3),33 modified
neglect of diatomic overlap (MNDO),34 Austin model 1
(AM1),35 and parametric method 3 levels (PM3)36 using
the HYPERCHEM program.37 Ab initio calculations38 were
performed at the RHF/STO-3G//STO-3G, RHF/STO-
4G//STO-4G (with Gaussian expansions of Slater-type
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atomic orbitals), RHF/3-21G//3-21G (with small split
valence basis set), RHF/6-31G//6-31G (with extended
Gaussian-type basis), RHF/6-31G*//6-31G, RHF/6-
31G*//6-31G*, RHF/31G**//6-31G** (split valence ba-
sis set with polarization functions), RHF/6-31 �� G**//
6-31G*, RHF/6-311 �� G**/6-31G*, RHF/6-31G**//6-
31G**, RHF/31 �� G**//6-31 �� G** (basic set sup-
plemented with diffuse functions), MP2/6-31G*//6-31G*
and/or MP2/6-31G**//6-31G** (second-order Möller–
Plesset perturbation)39 using the GAMESS 99 program.40


For the monocationic forms, the effect of solute–solvent
interactions in an aqueous solution was studied using the
PCM41–46 and the geometries optimized at the RHF/6-
31G* level.


��-*/�- 0(� �'-+*--')(


Semi-empirical and ab initio calculations were carried
out for two selected conformations (trans and gauche) of
the neutral (Fig. 2) and monoprotonated histamine (Fig.
3). Selected geometrical parameters (Φ1, corresponding
to the dihedral N—C—C—C, and Φ2 angles given
in Fig. 2) obtained after geometry optimization at
each level of calculation, together with the literature
data18,23,28–30,47–51 are listed in Tables 1 and 2. Compari-
son indicates that, generally, the Φ2 angle varies little
when going from the semi-empirical to the ab initio
methods. It is close to 180° and 60° in the trans and
gauche conformations respectively. Larger changes are


observed for the Φ1 angle, which varies from about �30
to �130° in the trans conformation, and from �30 to
�150° in the gauche conformation. This variation,
however, has no significant influence on the tautomeric
preferences in histamine species.


Relative energies between individual tautomers de-
rived from the total energies of individual tautomers
[�E = E(Ti)�E(Tj)/kcal mol�1, 1 cal = 4.184 J] calcu-
lated at different semi-empirical and ab initio levels
for the neutral and monoprotonated forms of histamine
are summarized in Tables 3 and 4, respectively. For
comparison, the literature semi-empirical and ab initio
results are also given in these tables.18,19,23,26–30,47–53


Generally, the semi-empirical and ab initio methods
predict the same tautomeric preferences in histamine
species, particularly for the monocation (Table 4). High-
level ab initio calculations predict the �E(1 � 2) values
between tautomers AmH�-T1 and AmH�-T2 close to
�12 kcal mol�1 and �20 kcal mol�1 for the trans (mean
value �11.9 � 0.5 kcal mol�1) and gauche (mean value
�20.5 � 0.8 kcal mol�1) conformations respectively.
The �E(1 � 2) values obtained by the semi-empirical
methods are lower in the negative scale by about 5–
10 kcal mol�1 than the ab initio ones. For the transfer of a
proton between the chain N-amino (AmH�-T1) and the
ring N-aza protonated forms (ImH�), all calculated
�E(1 � 3) values are positive for both the trans and
gauche conformations, indicating that the ImH� form is
favoured in the gas phase. However, the variation of the
�E(1 � 3) values is larger than that of the �E(1 � 2)
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Method


trans gauche


HA-T1 HA-T2 HA-T1 HA-T2


Φ1 Φ2 Φ1 Φ2 Φ1 Φ2 Φ1 Φ2


CNDOa �66.4 179.7 62.4 179.8 59.9 �51.8 30.5 �52.8
INDOa �61.5 179.5 58.6 179.9 54.9 �42.6 26.1 �51.5
MINDO/3a �78.8 �177.6 82.7 176.3 91.1 �62.9 100.0 �57.4
MNDOa �88.3 179.8 87.0 177.1 74.7 �74.6 88.9 �67.6
AM1a �66.5 �179.7 58.4 176.3 65.4 �60.3 40.2 �70.9
PM3a �116.7 �178.4 73.9 177.4 99.3 �69.0 58.4 �74.8
STO-3Gb 58.7 182.2 75.2 183.8 56.3 �66.6 37.9 �61.3
3-21Gc 60.3 181.7 71.8 179.5 �53.4 68.3 �38.6 66.1
6-31Gd 58.9 180.2 73.8 181.0 �58.7 69.4 �43.6 67.4
6-31G*a,e 66.9 177.5 �72.6 177.7 �63.8 68.1 �46.6 67.7
6-31G**a,f �66.0 177.6 69.4 �179.9 �63.5 68.3 �46.5 67.6
MP2/6-31Gg 55.1 179.8 72.5 180.0 55.9 68.1 41.7 65.9
MP2/6-31G**h –i –i –i –i �62.2 66.9 43.4 66.2


a This work.
b Ref. 23.
c Ref. 18.
d Refs 30 and 47.
e Ref. 28.
f Ref. 48.
g Ref. 47.
h Ref. 49.
i Not reported.
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Method


trans gauche


AmH�-T1 AmH�-T2 ImH� AmH�-T1 AmH�-T2 ImH�


Φ1 Φ2 Φ1 Φ2 Φ1 Φ2 Φ1 Φ2 Φ1 Φ2 Φ1 Φ2


CNDOa �43.4 175.4 �92.2b �178.9b �69.9 180.0 29.3 �49.3 �116.5 13.7 29.3 �49.3
INDOa �35.7 174.0 �90.7b �179.1b �67.3 179.7 28.0 �48.8 �93.7 �40.5 28.0 �48.8
MINDO/3a �71.2 178.2 �91.4 �174.4 �89.2 �176.7 47.3 �68.4 �128.9 63.6 101.3 �58.0
MNDOa �38.4 179.0 �98.0 �174.0 �88.6 �177.8 37.0 �62.8 �123.7 55.6 76.0 �61.6
AM1a �32.1 �178.1 �101.9 �172.4 �57.6 �176.8 35.1 �61.6 �146.6 49.3 37.8 �62.2
PM3a �48.2 164.9 �117.8 �169.0 �70.3 �178.1 31.3 �52.6 �151.8 53.6 31.3 �52.6
STO-3Ga,c �40.1 169.4 99.5 175.6 �71.6 179.8 30.8 �49.9 �151.0 50.1 31.2 �49.9
STO-4Ga �40.5 169.5 �98.3 �176.1 �71.6 180.0 30.6 �49.9 �148.8 48.1 31.2 �50.0
3-21Ga,d �41.2 168.7 �80.5 181.7 �73.6 �178.9 37.5 �59.0 �151.4 56.9 36.3 �59.4
6-31Ga,e �44.8 168.5 �87.9 182.2 �72.7 179.7 36.8 �59.5 �150.8 56.7 38.1 �61.0
6-31G*a,f �49.9 169.6 �86.7 �177.9 �68.6 �180.0 40.6 �62.9 �151.6 57.0 40.5 �62.2
6-31G**a,g �49.3 170.5 �86.6 182.2 �73.2 175.5 40.2 �62.2 �151.8 56.7 �40.7 62.1
6-31 �� G**a �49.6 170.3 �86.8 �177.6 �68.8 179.9 40.2 �62.2 �151.8 56.7 39.7 �61.9
MP2/6-31Gh 40.2 190.8 126.1 176.4 –j –j 36.6 59.5 –j –j 36.0 59.2
MP2/6-
31G**i


�46.6 169.1 �95.0 183.0 �74.3 174.8 �38.6 60.0 –j –j �37.3 60.1


a This work.
b Fixed AM1 geometry.
c Ref. 23.
d Ref. 29.
e Ref. 30.
f Ref. 28.
g Refs. 48, 50 and 51.
h Ref. 47.
i Refs. 49–51.
j Not reported.
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Method


trans gauche


�Ea Ref. �Ea Ref.


CNDO 2.1 –b 2.0 –b


INDO 0.8, 1.9 26, –b 1.8 26, –b


MINDO/3 0.3 –b 1.4 –b


MNDO �0.4 –b 0.1 –b


AM1 0.5 –b �0.4 –b


PM3 0.5 –b �0.2 –b


STO-3G//STO-3G 0.6, 1.0 23, 27 2.7 –b


LP-3G//STO-3G 1.8 23 –c –c


3-21G//3-21G �0.6 18, 28 3.5 18, 28
6-31G//6-31G �1.1, �0.7 18, 47 2.5 18, 30, 47
6-31G*//6-31G* �0.3 28 2.3 28
6-31G**//6-31G** �0.8 –b 2.2 48
6-311 �� G**//6-31G* �0.5 28 2.0 28
6-31 �� G**//6-31 �� G** �0.5 47 2.2 47
MP2/6-31G*//6-31G* �0.9 28 2.6 28
MP2/6-31G**//6-31G** �0.6 –b 2.4 49
MP2/6-311 �� G**//6-31G* �0.9 28 2.5 28
MP4SDQ/6-31G*//6-31G* �0.8 28 2.4 28
QCID/6-31G*//6-31G* �0.8 28 2.4 28
MP2/6-31G//MP2/6-31G �1.1 47 2.6 47
MP2/6-31G**//MP2/6-31G** –c –c 2.5 49
MP2/6-311 �� G**//MP2/6-31G** �1.3 19 2.6 19


a �E = E(HA-T1) � E(HA-T2) calculated according to data from references given.
b This work.
c Not determined and not reported.
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observed for the transfer of a proton between the T1 and
T2 tautomers of the chain N-amino protonated histamine
(AmH�). For example, the differences between the
�E values calculated at the RHF/6-31G**//6-31G**
and MP2/6-31G**//MP2/6-31G** levels are close to
3.5 kcal mol�1 for both conformations. Some semi-
empirical methods (CNDO, INDO, and MINDO/3)
predict the �E values for trans conformation larger by
18 kcal mol�1 than the MP2 ones. These differences in
�E(1 � 3) observed for both the trans and gauche
conformations cannot be attributed to intramolecular
interactions possible in the gas phase for isolated
molecules, because intramolecular hydrogen-bonds be-
tween the protonated and free basic functional groups can
take place only in the gauche conformations. They are
not possible in the trans conformations. Therefore, these
differences in �E(1 � 3) can be explained by different
charge distributions in the differently protonated species,
the chain N-amino (AmH�-T1) and the ring N-aza
protonated histamine (ImH�) calculated at different
semi-empirical and ab initio levels. There is no experi-
mental evidence on the gas-phase conformation of the
histamine monocation. However, the exceptionally high
gas-phase basicity measured for free histamine30,31 can
only be explained by the chelation effect of the proton by
two basic nitrogen atoms (the ring N-aza and the chain N-
amino), among which the N-aza is favoured.30,53–55 This


is possible in the gauche conformation of the monoca-
tion. Such types of conformation and chelation effect
were also observed for some metal–histamine systems in
the solid state.24,56–58 Another explanation of the
variation of the �E(1 � 3) may be the differences in
thermal corrections at 298.15 K. The thermal corrections
to the enthalpy calculated at the RHF/6-31G*//6-31G*
level (Table 5) are close to zero (smaller than
0.1 kcal mol�1) for the proton-transfer process between
the AmH�-T1 and AmH�-T2, whereas for the proton
transfer between the AmH�-T1 and ImH� they are
considerably larger (1.1 kcal mol�1 for the trans and
0.7 kcal mol�1 for the gauche conformation).


It is interesting to mention that the position of
tautomeric equilibria in the histamine monocation
depend strongly on the environment. To study the effect
of solute–solvent interactions in an aqueous solution
(conditions close to physiological ones) we chose the
PCM.41–46 For estimation of the relative stability of
tautomers (�E), the geometries optimized at the RHF/6-
31G* level were used. Contrary to the gas phase, the
PCM predicts the AmH�-T1 form as favoured in aqueous
solution (Table 5). This is in good agreement with
estimations based on the acidity–basicity method.24


According to recent FT-IR and Raman experiments of
Collado et al.17 the trans conformation has been proposed
for the AmH�-T1 in water solution. However, both
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Method


trans gauche


�E(1 � 2)a Ref. �E(1 � 3)b Ref. �E(1 � 2)a Ref. �E(1 � 3)b Ref.


CNDO �5.8, �4.9 25, –c 27.8 –c �12.1 –c 0.0 –c


INDO �5.4, �5.6 26, –c 29.6 –c �31.2 –c 0.0 –c


MINDO/3 �3.5 –c 20.9 –c �5.0 –c 20.8 –c


MNDO �8.5 –c 5.9 –c �13.4 –c 6.1 –c


AM1 �8.1 29, –c 4.5 –c �12.7 –c 2.3 –c


PM3 �7.9 –c 4.1 –c �16.0 –c 0.0 –c


STO-3G//STO-3G �12.1, �10.4, �14.9 27, 23, 52 7.6 –c �37.8 –c 0.0 –c


STO-4G//STO-4G �10.3 –c 7.4 53, –c �38.5 –c 0.0 –c


LP-3G//STO-3G �9.8 23 –d –d –d –d –d –d


3-21G//3-21G �12.8 28, 29 6.1 –c �26.8 28, –c 2.5 –c


6-31G//6-31G �13.3, �13.2 30, 47 10.4 30 �24.6 –c 5.8 30, 47
6-31G*//6-31G �11.5 29 2.6 –c �19.3 –c 3.2 –c


6-31G*//6-31G* �11.5 28 3.6 –c �19.7 28 3.2 –c


6-31G**//6-31G** �11.6 48, 50 6.1 51 �19.9 –c 3.7 48, 51
6-311 �� G**//6-31G* �11.7 28 3.9 –c �19.4 28 2.9 –c


6-31 �� G**//6-31 �� G** �11.8 47, –c 4.6 –c �19.9 –c 3.2 47, –c


MP2/6-31G*//6-31G* �12.0 28 3.6 –c �21.5 28 3.2 –c


MP2/6-31G**//6-31G** �12.0 49, 50 2.6 49, 51 �19.9 –c 0.2 51
MP2/6-311 �� G**//6-31G* �11.9 28 –d –d �20.4 28 –d –d


MP4SDQ/6-31G*//6-31G* �11.9 28 –d –d �21.1 28 –d –d


QCID/6-31G*//6-31G* �11.8 28 –d –d �21.0 28 –d –d


MP2/6-31G//MP2/6-31G �13.6 47 –d –d –d –d 0.5 47
MP2/6-31G**//MP2/6-31G** �12.0 49, 50 2.7 49, 51 –d –d 0.2 51


a �E(1 � 2) = E(AmH�-T1) � E(AmH�-T2) calculated according to data from references given.
b �E(1 � 3) = E(AmH�-T1) � E(ImH�) calculated according to data from references given.
c This work.
d Not determined and not reported.
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conformations (trans and gauche) have been observed in
NMR spectra.10–16 The PCM predicts a lower energy for
the gauche than the trans conformation of the AmH�-T1


by ca 3 kcal mol�1. The preference of the AmH�-T1 may
result from the fact that, in water solution, the polariz-
ability of the imidazole ring is strongly reduced, and the
ring N-aza group is less basic than the chain N-amino.54


A higher stability of the AmH�-T1 than AmH�-T2 in
water solution is also in good agreement with a general
rule found for 4(5)-substituted imidazoles, i.e. that
the stronger electron-accepting substituent (such as
CH2CH2NH3


�) is near the N-aza group in the ring, i.e.
in the 4-position in the preferred tautomer.


Weinstein et al.22 showed additionally that the relative
stability of the AmH�-T1 and AmH�-T2 mixture depends
on some kind of interaction of the monocation with a
negatively charged group (e.g. OH�) that may be present
in an active site of the receptor. Neutralization of the
positively charged aminoalkyl side chain by the OH�


leads to a change in the tautomeric preference in the
mixture, and in this case the T2 tautomer is favoured as in
the case for the neutral histamine.20,24 The rapidity of the
proton-transfer reactions, and the high flexibility and
plurality of histamine forms, together with the variability
of histamine receptors (H1, H2, H3 and H4), make it
difficult to select and interpret its principal behaviour in
living organisms. However, more complex studies in the
presence of dipolar or hydrogen-bonding solvents or
groups and anionic species may shed new light on the


problem of histamine action. This question will be the
subject of our future investigations.


Particular ‘discrepancies’ in calculated relative en-
ergies are observed for the neutral histamine in the trans
conformation (Table 3). The semi-empirical (except
MNDO), RHF/STO-3G//STO-3G and RHF/LP-3G//
STO-3G methods predict the T2 tautomer as favoured
in the gas phase (positive �E values); this is contrary to
the MNDO and other ab initio methods, which indicate
that the T1 tautomer predominates in the tautomeric
mixture (negative �E values). These differences may
result from the fact that the relative energy between
individual tautomers T1 and T2 in the trans conformation
is close to zero, and thus differences in calculation errors
and zero-point energies (ZPEs) [which usually are close
to zero for simple 4(5)-substituted imidazoles59 and can
be neglected60 for ��E� �0] may influence the relative
energies calculated at different levels in the case of trans
neutral histamine. Godfrey and Brown19 showed that
for some conformations the differences between the
ZPEs of individual tautomers can differ even by 0.5–
1 kcal mol�1. However, for the trans conformation
considered here, the difference between the ZPEs of the
neutral T1 and T2 tautomers calculated at the MP2/6-
311 �� G**//MP2/6-31G** level19 is not higher than
0.05 kcal mol�1. In this case, calculation errors should
not be very large because the proton is transferred
between atoms of the same element, from the amino to
the imino nitrogen atom in the imidazole ring for the
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Method Phase Property


Conformation


trans gauche


RHF/6-31G*//6-31G* Gasa �E(1 � 2)b �11.5 �19.7
�Hc(1 � 2)b,c 0.1 0.0


T�Sc(1 � 2)b,d �0.5 �0.6
�G(1 � 2)b �10.9 �19.0
�E(1 � 3)e 3.6 3.2
�Hc(1 � 3)c,e 1.1 0.7


T�Sc(1 � 3)d,e 0.2 0.0
�G(1 � 3)e 4.5 3.8


PCM (6-31G*) Waterf �E(1 � 2)b �1.3 �5.2
�E(1 � 3)e �2.0 �1.6


Acidity–basicityg Water �G(1 � 2)h �1.0
�G(1 � 3)i �3.6


a Dipole moments (debye) for the AmH�-T1-trans, AmH�-T2-trans, ImH�-trans, AmH�-T1-gauche, AmH�-T2-gauche and ImH�-gauche are
respectively: 9.79, 15.62, 7.16, 4.70, 10.70, 3.20.
b �Q(1 � 2) = Q(AmH�-T1) � Q(AmH�-T2), where Q is the corresponding physicochemical property: E, total energy; H, enthalpy; S, entropy; G,
Gibbs free energy.
c HC is a thermal correction to the enthaply at 298.15 K.
d SC is a thermal correction to the entropy at 298.15 K.
e �Q(1 � 3) = Q(AmH�-T1) � Q(ImH�); Q is as in footnote (b).
f Dipole moments (debye) for the AmH�-T1-trans, AmH�-T2-trans, ImH�-trans, AmH�-T1-gauche, AmH�-T2-gauche and ImH�-gauche are
respectively: 11.11, 18.40, 8.39, 5.48, 12.72, 3.89.
g Ref. 24.
h �G(1 � 2) = 1.3643pKT(1 � 2).
i �G(1 � 3) = 1.3643pKT(1 � 3).
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same conformation of the aminoethyl group. Therefore,
the variability of the calculated �E is not very large
(mean value �0.05 � 1 kcal mol�1). High-level ab initio
calculations predict almost the same �E value as those
with small (3-21G) and extended Gaussian-type basis sets
(6-31 G) without polarization and diffuse functions.


For the most stable gauche conformation of the neutral
histamine, which can be stabilized by intramolecular
hydrogen bonds between the functional ring and chain
groups (Fig. 2), the calculated �E values vary from �0.4
to 3.5 kcal mol�1 (Table 3). High-level ab initio calcula-
tions and some semi-empirical approximations (CNDO,
INDO, MINDO/3) predict the same T2 tautomer as
favoured in the gas phase (positive �E values of almost
the same order of magnitude; ab initio mean value
2.4 � 0.2 kcal mol�1) as has been estimated18,19 on the
basis of the rotational spectrum recorded for free
histamine (�G = 0.7 kcal mol�1 between the 3G-Vc and
1G-IVa, derived from their mole fractions in the jet after
expansion from 130°C).


In systems where the proton is transferred between
atoms of different elements, like in 2-hydroxypyridine
between the oxygen and nitrogen atoms (�G �
0.5 kcal mol�1),61 the variation of the results predicted
by semi-empirical and ab initio methods is considerably
larger.62–67 Only the results obtained at the AM1,
MP4(SDTQ) and QCISD levels reproduce well the
experimental ones.62,64–66 Many ab initio methods
(high-level RHF and even MP2) give contradictory
results.62–67 This may be explained by the fact that
calculation errors and ZPEs may not cancel out in the
calculated �E. Some kind of illustration of differences in
computational errors may be the comparison of calcu-
lated and experimental proton affinities for nitrogen and
oxygen bases summarized by Smith and Radom.68,69 The
differences between the computed and experimental
results depend on the level of calculations and are
positive or negative for various sites.


+)(+/*-')(-


Generally, semi-empirical and ab initio methods predict
the same tautomeric preferences in the gas phase: the T2


tautomer for the most stable gauche conformations in the
neutral histamine mixture, and the ImH� form for both
conformations (trans and gauche) in the monocationic
mixture. High-level ab initio calculations predict almost
the same relative energy between tautomeric forms as
those with small (3-21G) and extended Gaussian-type
basis sets (6-31G) without polarization and diffuse
functions. Good agreement of computational results
may be explained by the fact that the proton is transferred
between atoms of the same element, from the amino to
the imino nitrogen atom. For the trans conformations of
the neutral forms, semi-empirical and ab initio methods
predict exceptionally different positions of the tautomeric


equilibrium. This may be explained by the fact that the
�E is close to zero and thus the ZPEs and calculation
errors may not cancel out in the calculated �E.


0� �����$�����



Calculations were performed with the use of the
resources and software at the Interdisciplinary Center
for Molecular Modeling (ICM, Warsaw) and the Infor-
matics Center of the Metropolitan Academic Network
(IC MAN, Gdańsk) at the Technical University of
Gdańsk.
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47. Karpińska G, Dobrowolski JC, Mazurek AP. J. Mol. Struct.


(Theochem) 1996; 369: 137.
48. Hernández-Laguna A, Cruz-Rodrı́guez Z, Notario R. J. Mol.


Struct. (Theochem) 1998; 433: 247.
49. Cruz-Rodrı́guez Z, Sianz-Dı́az CI, Hernández-Laguna A. Quantum


Systems in Chemistry and Physics: Advances Problems and
Complex Systems. Kluwer Academic Publishers, 2000; 367.


50. Hernandez-Laguna A, Cruz-Rodrigez Z, Gonzalez-Jonte RH,
Smeyers YG. Mol. Eng. 1998–1999; 8: 155.


51. Hernández-Laguna A, Cruz-Rodrı́guez Z, Smeyers YG, Arteca


GA, Abboud J-LM, Tapia O. J. Mol. Struct. (Theochem) 1995;
335: 77.


52. Smeyers YG, Hernández-Laguna A, Rández JJ, Rández FJ. J. Mol.
Struct. (Theochem) 1990; 207: 157.


53. Tapia O, Cárdenas R, Smeyers YG, Hernández-Laguna A, Rández
JJ, Rández FJ. Int. J. Quantum Chem. 1990; 207: 727.


54. Raczyńska ED, Maria P-C, Gal J-F, Decouzon M. J. Phys. Org.
Chem. 1994; 7: 725.
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63. Raczyńska ED. Pol. J. Chem. 1999; 73: 1863 and references cited


therein.
64. Parchment OG, Hillier IH, Green DVS. J. Chem. Soc., Perkin


Trans. 2 1991; 799.
65. Wong M, Wiberg KB, Frisch MJ. J. Am. Chem. Soc. 1992; 114:


1645.
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ABSTRACT: The unusual report that Z-1,2-dimesityl-2-phenylethenol (Z-4-OH) affords with POBr3 the
crystallographically identified E-1,2-dimesityl-2-phenylvinyl bromide (E-4-Br) was reinvestigated together with
related reactions. Reaction of Z-4-OH with tosyl chloride gave Z-4-OTs, Z-4-Cl with SOCl2 and Z-4-Br with
Me3SiCl/LiBr, PBr3 or PPh3/Br2. Reaction of Z-4-OTs with Br� or I� in MeCN gave Z-4-Br or Z-4-I
respectively. The reaction of Z-4-OH with POBr3 was repeated under several conditions and gave Z-4-Br, which
was identified by X-ray diffraction. The discrepancy with the previous experiment was ascribed to the formation
of a minute percentage of E-4-Br within the bulk of Z-4-Br and to analysis of a crystal of E-4-Br by X-ray
diffraction. The generalization that MesC(Ph) = C*-Mes (* = � or �) species capture reagents (e.g. Br�, I� for 2
when * = �) from the face carrying the �-mesityl ring is corroborated and extended. It is suggested that the
reactions of Z-4-OH with SOCl2, PBr3 or POBr3 proceed via initial formation of chlorosulfite or phosphorus-
containing ester leaving groups that solvolyze to 2 or its ion pair, which react with halide ions formed from the
anionic leaving group to give Z-4-X (X = Cl, Br). From the X-ray data of MesC(Ph) = C(X)Mes, (X = Br, OAc, E
and Z isomers; X = OTs, Cl, I, Z isomer; X = H, E isomer) the effect of X on bond lengths, angles and dihedral
angles, as well as on the difference between the E/Z isomers (X = OAc, Br), is determined and discussed.
Although steric crowding is important, its effect is significant mainly on the Ar—C=C dihedral angles. 1H �
values for the nine systems show free rotation of all rings around the Ar—C=C bonds on the NMR time scale.
Higher field o-Mes-Me, m-Mes-H signals and lower field Ph-H signals for the Z- than for the E-isomers for
X = OAc, Br were observed. Copyright  2001 John Wiley & Sons, Ltd.
Additional material for this paper is available from the epoc website at http://www.wiley.com/epoc
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In two previous studies we had investigated both
experimentally and theoretically the stereochemistry of
reaction at C� of the double bond of geminal �-mesityl �-
phenyl-substituted systems. Nucleophilic addition to C�


of the ketene 1,1 the vinyl cation 2,1 and capture of the
radical 32 was found to be subject to stereoelectronic
effects, capture being always from the side of the �-
mesityl ring. It was concluded that in the ground state
configuration of 1–3 the phenyl is nearly coplanar (and
conjugate) with the C=C double bond, whereas the


mesityl ring is significantly twisted from it and is
sometimes close to being perpendicular to the C=C
plane. Approach of the reagent to C� then becomes less
hindered and the product forms with two mesityl groups
trans to one another.


However, the reaction of Z-1,2-dimesityl-2-phenyl-
ethenol (Z-4-OH) with POBr3 in the presence of PhNEt2
in CCl4 gave, according to X-ray crystallography, the E-
1,2-dimesityl-2-phenylvinyl bromide (E-4-Br) and this
synthesis was reported.2 This observation was incon-
sistent with our generalization, since the entering
bromide came from the side of the phenyl rather than
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from the mesityl side.


The mechanism of this reaction is unknown, but since
it is a substitution process it is expected to be either an
SN1, SN2 or SNi-type reaction or an ion pair variant.
However, an SN1 reaction gave the Z-acetate Z-4-OAc
from solvolysis of the Z-tosylate (Z-4-OTs) as expected.
An in-plane SN2 substitution of an external Br� from the
medium on a system carrying a phosphorus-containing
leaving group (e.g. OPOBr2) should give E-4-Br but is
expected to be very difficult in such a system (for
activation of vinylic systems to bimolecular SNV
reactions see Refs 3a,b; for nucleophilicity towards
vinylic carbon see Ref. 3c), whereas the SNi reaction or
its ion pair equivalent is expected to give Z-4-Br. The
formation of E-4-Br is more astonishing, since the
reaction of the enol Z-4-OH with SOCl2 was briefly
reported to give the ‘expected’ Z-4-Cl.2


Since this apparently unusual reaction can be due to the
nature of the bromine-containing reagent that replaces the
OH, to the difference between chlorine and bromine (e.g.
in their bulk), or to a preferred E-structure for vinyl halide
carrying the larger halogen, the replacement of the OH by
bromine with various bromine-introducing reagents, and
the structures of the corresponding vinyl chloride and
iodide were investigated. As described below, we found
that related reactions of Mes(Ph)C=C systems conform
with our stereoelectronic generalization. This had
suggested that the reported unusual stereochemistry is
due to a mistake that is based on the X-ray diffraction
analysis of the stereochemistry of the main product in the
reaction.


The experiments that led to this conclusion are
described below.


�0'/�,' 1+. .*'(/''*-+


�������� �� )�������������
����	���
����
 ����
���
2��	 3�� ��� *� ����


4���������� ��� �������	������� �� �	� ����
���5 A
reaction whose mechanism should not be controversial in
the present context is the solvolysis of Z-1,2-dimesityl-2-
phenylvinyl tosylate (Z-4-OTs). This compound is
prepared by tosylation of the enolate formed from the
Z-enol, Z-4-OH, the geometry of which was determined


by X-ray diffraction,4 (Eqn. (1)).


�1�


This reaction, which formally does not involve the double
bond, is not expected to change the configuration, and
hence it should give the Z-tosylate. We confirmed the Z-
4-OTs configuration by X-ray diffraction. The ORTEP


drawing is given in Fig. 1, and important bond lengths
and angles are given in Table 1.


�������� 2��	 3��5 Z-4-OTs was reacted with LiBr/
Bu4NBr in acetonitrile. The progress of the reaction was
followed by thin-layer chromatography (TLC) and only
one new spot was detected. The bromide isolated at the
end of the reaction has a melting point (m.p.) of 180–
181°C and an 1H NMR spectrum identical with that of
the bromide obtained by all other methods and which is
presently identified (see below) as Z-4-Br. Hence the Br�


captures the vinyl cation from the mesityl side (Eqn. (2)),
as expected, and as found for the capture by AcO� ion.1


�2�


�������� 2��	 *�5 Z-4-OTs was reacted with KI in
refluxing acetonitrile. Again, only one TLC spot was
observed during and at the end of the reaction. The
product obtained was an iodide (4-I), which displayed a
2:1 ratio of Me to aromatic protons in the 1H NMR
spectrum. The configuration was determined by X-ray
diffraction as that of the Z-isomer, Z-4-I. There are two
crystallographically independent molecules in the unit
cell. The ORTEP drawing of one of them is given in
Fig. 2, and selected bond lengths and angles are given in
Table 1.
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The possibility that different reagents which convert a
C—OH to a C—Br bond give different configurations (E-
4-Br or Z-4-Br) of the product was investigated. Z-4-OH
was reacted with PBr3 under several conditions, with
bromine and triphenylphosphine in acetonitrile5 or with
Me3SiCl/LiBr,6 and always gave the same single product


(Eqn. (3)) having a m.p. of 180–181°C and a typical 1H
NMR spectrum that was very similar to that of the
previously prepared 4-Cl.7 These data were identical to
those reported previously for the E-4-Br.2


�3�


The configuration of 4-Cl was determined by X-ray
crystallography as that of the Z-isomer, Z-4-Cl. Im-
portant crystallographic parameters are given in Table 1.


������� �� �	� �������� �� )�6�-& 2��	 4-3�7


The formation of E-4-Br as the only exception to the
general behavior, the similarity of the NMR spectra of Z-


,�!
� �5 "#��� ���������� 
	� $���%&�'(�%"'$�� ������� ��� ����� ��) �� ������ ��	���


trans-Mes/Mes cis-Mes/Mes


X = H
Z-4-H


Cl
Z-4-Cl


Br
Z-4-Br


I
Z-4-I


OH
Z-4-OH


OAc
Z-4-OAc


OTs
Z-4-OTs


X = Br
E-4-Br


OAc
E-4-OAc


Bond length (Å)
C1=C2 1.337(3) 1.332(3) 1.302(6) 1.340(9) 1.26(1) 1.34 1.331(2) 1.330(7) 1.338(2)


1.340(3) 1.34(2) 1.340(2)
�-Mes—C= 1.501(3) 1.507(3) 1.512(7) 1.500(9) 1.546(7) 1.51 1.502(2) 1.520(8) 1.506(9)


1.495(3) 1.59(2) 1.60(2)


Bond angle (°)
�-Mes—C1—C2 129.1(4) 129.3(2) 129.8(5) 131.0(6) 126.8(9) 130.4(7) 129.8(1) 128.6(5) 128.0(7)


128.2(2) 124(1) 126(2)
�-Ph—C2—C1 123.4(2) 122.9(2) 121.1(5) 120.9(6) 119.3(8) 121.9(7) 122.9(1) 124.4(5) 121.2(7)


121.2(2) 117(1) 119(2)
Ph—C�—�-Mes 117.6(2) 115.0(2) 117.1(4) 117.3(5) 114.4(8) 115.7(6) 116.2(1) 115.4(5) 116.3(7)


115.4(2) 126.8(8) 122(1)
�-Mes—C2—C1 118.1(2) 122.1(2) 121.8(5) 121.7(6) 126.3(7) 122.3(7) 120.9(1) 120.3(5) 122.4(7)


123.4(2) 116(1) 118(2)
X—C1—C2 119.0(2) 118.5(4) 118.0(5) 120(1) 116.9(6) 114.5(1) 120.1(4) 116.3(7)


118.5(2) 118(1) 115(2)
X—C1—�-Mes 111.7(2) 111.7(3) 110.9(4) 113.2(7) 112.1(6) 115.4(1) 111.3(4) 115.2(7)


113.2(2) 118.1(7) 114.3(7)


Dihedral angle (°)
�-Mes—C=C 64.0(8) 97.9(4) 97.0(9) 96.4(1.2) 79.0(1.6) 67.0(1.4) 116.9(2) 74.8(9) 62.0(1.4)
�-Mes—C=C 64.4(4) 80.1(4) 94.6(9) 93.2(1.2) 74.1(1.4) 77.0(1.4) 78.9(2) 109.6(9) 65.0(1.4)
�-Ph—C=C 38.2(4) 30.7(4) 26.2(9) 25.1(1.2) 38.3(1.6) 43.0(1.4) 39.6(2) 60.3(9) 57.0(1.4)
�-MesC�X—PhC� Mes 0.5(4) 1.3(4) 2.5(9) 3.4(1.2) 1.1(1.6) 6.9(2) 5.9(9)


8���� �5 �*�+& )����� 	
 )�6�-,�
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4-Cl and E-4-Br whereas the spectra of E- and Z-4-OAc
differ significantly, the formation of the same bromide
under a variety of conditions, the lack of E-4-Br → Z-4-
Br isomerization and the calculation that indicates that Z-
4-Br is thermodynamically more stable (see below) led to
the suspicion of an error in the deduced stereochemical
outcome, in spite of the unequivocal X-ray structure of E-
4-Br. The most conceivable source for such an error is
that traces of E-4-Br were formed in the original
experiment and that a single crystal of this isomer was
picked up for the X-ray crystallography from the bulk
containing nearly exclusively Z-4-Br. Consequently, the
reported reaction leading to E-4-Br was repeated under
exactly the same conditions, as well as in the absence of
added base. The m.p. of the crystals was again 180–
181°C and the 1H NMR spectrum was identical with that
obtained in all the other experiments, but which were
ascribed previously to E-4-Br. X-ray crystallography of
the newly prepared sample showed a Z-bromide config-
uration, Z-4-Br. The ORTEP drawings of the E-4-Br and
of one of the two crystallographically independent
molecules in the unit cell of Z-4-Br are given in Fig. 3.
Z-4-Br and Z-4-I, which belong to the same space group,
have very similar crystallographic data. Selected bond
lengths and angles of E-4-Br and Z-4-Br are given in
Table 1. The second crystallographically independent
molecule of Z-4-Br shows an approximate two fold
disorder (C1�*:C1� = 43:57) for the C1�—C2� bond.
Hence, the data for this molecule are not discussed
below.


We conclude that by a rare occurrence of formation
and X-ray analysis of a very minor component, which
was formed irreproducibly and only once in many
repeated experiments, a wrong stereochemical outcome


of the main reaction was observed and reported, although
this point was noted when reported and mechanistic
speculations were avoided.


Two points still remain unclear, viz. what is the
mechanism of formation of E-4-Br in the first experiment
and why were both isomers not distinguished by TLC of
the original reaction mixture.


We were able to retrieve the crystal of E-4-Br used
previously for the X-ray analysis and found that its m.p.,
its 1H NMR data in solution (see below) and its Rf on a
TLC plate differ from those of Z-4-Br. We believe that
since the original product was mostly Z-4-Br the sample
chosen for the m.p., TLC and 1H NMR determinations


8���� �5 �*�+& )����� 	
 	�� 
	�� 	
 )�6�*


8���� 75 �*�+& )������ 	
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was also the Z-4-Br isomer, whereas the X-ray analysis
was done on E-4-Br. The formation of a minute amount
of E-4-Br should not be too surprising. Not all the
reactions of the 1,2-dimesityl-2-phenylvinyl systems1,2


are necessarily 100% stereoselective. Indeed, in a few of
the reactions described previously (e.g. in the capture of
radical 3 by hydrogen) both E- and Z-isomers were
formed. However, the irreproducible formation of E-4-
Br suggests the possibility that some catalytic impurity
was responsible for its formation.


)�6�%�0�6�% ��
����� ���!�
�����


The relative stabilities of a few of our E/Z isomeric pairs
were calculated by Yamataka.8 The isomer having two
trans-Mes groups was always more stable than that with
cis-Mes rings. At B3LYP/3-21G the differences are 0.7
(X = H) and 6.3 kcal mol�1 (X = Br) and at HF/3-21G the
values are 7.5 (X = OH), 9.7 (X = Cl) and 7.1 kcal mol�1


(X = Br), so that the numbers are not directly proportional
to the bulk of X. The differences are sufficiently large at
this level and we do not believe that they will be changed
at a higher computation level. Consequently, the products
of thermodynamic and kinetic control are identical.


%���� ���������� �� �	� ������������
����	���
���
��
�% ������


Our new crystallographic data, together with earlier data,
accumulates to nine 1,2-dimesityl-2-phenylvinyl–X
structures, including seven derivatives with trans-Mes
groups (X = H, Cl, Br, I, OH, OAc, OTs; all Z except
when X = H) and two (X = OAc, Br) with cis-Mes groups
(E structures). This enables comparison of the effect of X
of increasing size, from H to I and OTs and of differing
electronic effects on the bond lengths, bond angles and
dihedral angles. Parameters of interest are assembled in
Table 1.


Notwithstanding that the structures were determined at
room temperature, that their degree of disorder is
variable, that crystallographically independent molecules
in the unit cell have slightly different structures (e.g. for
the two structures of Z-4-I almost all bond lengths differ
by �0.03 Å and bond angles differ mostly by �4°) and
that the data were collected for structure determination
rather than for comparative reasons, the important
conclusion is that the effect of the group X on all
parameters is relatively small. The only exception is
when X = OH where we deduce from the ‘too long’ sp2–
sp2 �-Mes—C= bond length of 1.546 Å4 that the
discrepancy is probably due to the use of a crystal of
relatively low quality. Thus, the C=C bond lengths for
X = H, Cl, Br (one form), I, OTs and OAc are all 1.33–
1.34 Å and the �-Mes—C= bond lengths (excluding
X = OH) are 1.50–1.51 Å for seven of the compounds and


1.52 Å for another one. The six bond angles around the
double bond should be more sensitive than the bond
lengths to crowding imposed by both geminal and
vicinal-cis X groups. Nevertheless, the �-Mes—C1—
C2 angle, which differs most from the ideal 120° angle
than all other bond angles, covers only the range of
128.0–131.0° (or 126–131° if data for crystallographi-
cally different molecules in the unit cell are considered).
The range of other angles is also not large, being 5.1° (�-
Ph—C2—C1), 3.2° (Ph—C�—�-Mes), 4.3° (�-Mes—
C2—C1, OH excluded), 5.5° (X—C1—C2), and 7.2°
(X—C1—�-Mes).


0� ������ )������� �������


The only E/Z-isomeric pair 4 whose structure was
previously known was for X = OAc.1 The new pair of
bromides (X = Br) enable one to evaluate the effect of
increased formal crowding on several crystallographic
parameters.


The most pronounced effect is on the dihedral angles.
In the E-isomer the �-Mes—C=C angle is 8° lower than
in the Z-isomer, but both rings are not too far from being
perpendicular to the C=C plane. The situation is
reversed with the �-Mes rings, which are 94.6° (Z) and
109.6° (E), but the difference is more significant for the
�-Ph—C=C angle [26.2° (Z) and 60.3° (E)]. Conse-
quently, the steric crowding is larger for the E-isomer
where the rings cis-vicinal and geminal to the bromine
are ca 34° and 15° more twisted from the double bond
plane than the other �-ring. The lower twist angle of the
�-Mes ring vicinal to bromine in the E- than in the Z-
isomer is due to the conformation of the �-ring cis-vicinal
to this ring. In Z-4-Br it is Ph that is twisted only by 26°
from planarity with the double bond, and hence its o-
hydrogen atoms can interact sterically with the �-ring,
with a consequent decreased interaction when the
dihedral �-Mes—C=C angle increases. In the E-isomer
the vicinal ring is Mes, which is almost perpendicular to
the double bond plane, so that inspite of the larger bulk
due to the o-Me substituents, the effect is smaller. The
higher crowding is also relieved by twisting the two parts
of the double bond, and the twist angles in Z-4-Br and E-
4-Br are 2.5° and 5.9° respectively.


These effects are also observed, but to a lower extent,
for the corresponding acetates 4-OAc, where the dihedral
angle of the �-Ph is 14° higher and those of the �-Mes
and �-Mes rings are lower, by 12° and 5° respectively, in
the E-than in the Z-isomer.1


The six bond angles around the double bond are less
sensitive to the structure, five of them differ by �2°, and
only the �-Ph—C=C angle is 3.3° higher (as expected)
in E-4-Br than in the Z-isomer. The �-Mes—C=C bond
lengths are within the experimental error, and although
the C1=C2 bond is significantly longer in the E-isomer,
the whole set of the C=C bond lengths with their
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combined experimental errors in Table 1 indicate that a
discussion of the difference is unwarranted.


,	� ���	����� �� �	� '+9 ���������


'�
��
���� �� )�6�-,�5 The solvolysis of Z-4-OTs in
MeCN in the presence of added I� and Br� ions led
exclusively to Z-4-I and Z-4-Br (Eqn. (2)). These
experiments supplement the earlier reported formation
of Z-4-OAc with AcO�.1 The exclusive formation of the
Z-isomers is consistent with solvolysis via the inter-
mediate vinyl cation 2, which is captured exclusively
from the face of the �-mesityl group. That mesityl
behaves as being smaller than phenyl in such a situation
was shown by the reactions of 1–3 and discussed
extensively.1,2 However, the evidence for such reaction
of 2 has been limited so far to capture by AcO�,1 and the
present work extends this conclusion. The solvolysis
proceeds formally with exclusive retention, but this
outcome in vinylic solvolysis has little mechanistic
meaning unless both the E- and Z-isomers lead to
retention.


A retained product is also predicted by the common
perpendicular bimolecular nucleophilic vinylic substitu-
tion (SNV) route,3 but the low activation of Z-4-OTs
coupled with the low nucleophilicity of halide ions3c in
bimolecular SNV reactions exclude this route.


,	� -& → 3�� (
 ��!���������5 The stereochemical
outcomes of the reactions of Z-4-OH with SOCl2,
POBr3 and PBr3 and other bromine-containing reagents
are identical, i.e. formation of Z-4-X, X=Cl, Br, in an
apparent retention. These halogen-carrying reagents are
common in affording alkyl halides from alcohols in
aliphatic systems (for reviews see Refs 9a,b), and the
initially suggested mechanism was an SNi reaction.10


The accepted first step is the conversion of the poor OH
leaving group to a much better ester leaving group, a
chlorosulfite ester with SOCl2 and phosphorus-contain-
ing esters with phosphorus reagents. The following
steps depend on the nature of the alkyl halide and the
reaction conditions.11 Primary substrates give inversion
by an SN2 reaction of the halide ion on the alkyl group
of the ester. Secondary and tertiary substrates probably
react via carbocation intermediates, as shown by the
observation of a rearrangement (e.g. see Ref. 12). A
recent experimental/computational reinvestigation of
the reaction of thionyl chloride suggests that ion pairs
are playing a key role in the reaction (see Ref. 13a; for
a further comment see Ref. 13b).


To our knowledge, the mechanism of the similar
reaction in vinylic systems was not investigated, except
in a single case.7 A stereochemical study of the
reaction requires the use of both E and Z stable
precursor enols with defined geometry. Several pairs of
stable triarylethenols with bulky aryl groups are known,


but they undergo rapid mutual E/Z isomerization.14 An
attempt to generate E-4-OH from an E-precursor gave
only Z-4-OH, indicating a rapid E → Z isomeriza-
tion.1,15


The rapid cyclization reaction of the in situ
generated trimesitylvinyl tosylate to an indene deriva-
tive was interpreted as resulting from formation and
further cyclization of an intermediate trimesitylvinyl
cation.7 A labeling experiment had shown an extensive
�-Mes group rearrangement, corroborating this conclu-
sion. We suggest that Z-4-OH forms initially the
retained Z-4-OSOCl, Z-4-OPBr2 and Z-4-OPOBr2


analogously to the formation of the retained Z-4-OTs
from tosyl chloride, discussed below. The presence of
the carbenium-ion-stabilizing �-mesityl group suggests
that these are cleaved to carbenium ion species, most
likely the ion pairs 2.OY�, where OY = OSOCl, OPBr2


or OPOBr2, although formation of MesC(Ph)=C—
Mes(Y�)�X�, Y� = OSO, OPBr, OPOBr; X = Cl, Br
cannot be excluded. The capture of 2 in the ion pair to
form Z-4-Cl or Z-4-Br (Eqn. (4)) is consistent with this
route based on the stereochemistry of the reactions of
Z-4-OTs.


If 2 is captured faster than diffusion of the anion, the
capture will preferentially be from the mesityl than from
the phenyl face, thus strengthening the probability of
formation of the Z-isomers. Again, this point cannot be
investigated experimentally when E-4-OH is unavail-
able.


(4)
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We ascribe the lack of observed cyclized product (5)
from Z-4-Cl to a higher capture by X�/cyclization ratio
for 2 than for the trimesitylvinyl cation, due to higher
steric hindrance to approach of an external anion to the
latter cation.


An SNi route is also excluded by the formation of the
Z-isomer when the reaction with POBr3 is conducted in
the presence and the absence of PhNEt2. A change in the
stereochemistry in the presence of an amine was
previously ascribed to this route.9a,10


,	� �������	������� �� �	� ����
����� �� )�6�-&


The X-ray data of Z-4-OH and Z-4-OTs indicate that the
vinylic hydroxy to tosylate conversion proceeds with
retention of configuration. This is the expected outcome,
since the double bond is not directly involved, but since
the reaction presumably proceeds via the enolate ion,
where negative charge delocalization reduces the C�—C�


bond order, a Z to E enolate ion isomerization preceding
the tosylation cannot be a priori excluded. Apparently,
the rate constants of the various processes and the barrier
for Z- to E-enolate interconversion are such that
isomerization is not observed in the product. The bulk
of the aryl substituents, which increases the kinetic
barrier to isomerization and reduces the stability of the E-
product with two cis-Mes rings, seem responsible to a
large extent for this result.


+:� ������� �� ��������� 4-X


Table 2 gives the 1H(CDCl3) chemical shifts for systems
4. Several conclusions arise from the data. (i) For each
system the Ph group appears as a multiplet, and the
additional two 2H singlets in the aromatic region are
ascribed to the m-Mes-H protons. This indicates a free
rotation of the two mesityl rings around the Mes—C=
bonds for all systems at room temperature. (ii) This
conclusion is corroborated by the nature of the Me
signals. For each compound there are at least two 6H
signals for the identical (on the NMR time scale) o-Me
signals. Sometimes one of these overlaps a p-Me signal.
(iii) The three Z-halides (X = Cl, Br, I) have remarkably
similar 1H NMR spectra, except that for Z-4-I the two p-
Me signal appears separately. The m-Mes-H signals are
0.08–0.10 ppm apart for the three compounds. (iv) For
the oxygen derivatives (X = Ph, OTs, OAc) the aromatic
protons are more spaced than for the halo derivatives and
the �� between the m-Mes-H signals of the two rings
range from 0.07 ppm for Z-4-OAc to 0.25 ppm for Z-4-
OTs. (v) For both the tosylate where X is one of the
bulkier substituents and for X = H the spacings of the Me
signals are the larger ones.


There is a significant difference between the positions
of the signals for E- and Z-4-X, X = OAc, Br, the only
systems where both isomers were unequivocally as-
signed. In both E-isomers, with cis-Mes groups, the
aliphatic signals are four to six times more spread,
whereas the m-Mes-H signals are closer (0.01 ppm and
0.07 ppm), when X = OAc and Br respectively, compared
with the Z-isomers (where the differences are 0.09 ppm).
The phenyl ring signals are at a higher field in the E- than
in the Z-isomers with trans-Mes groups. These differ-
ences may be diagnostic in future studies, even if only
one isomer is formed.


A priori there should be some qualitative correlation
between the Ar—C=C dihedral angles and the �(Mes-
Me), �(Mes-H) and �(Ph-H) values, since the � values in
one ring should be affected by the ring current due to the


,�!
� �5 �� ,$* ������� ��
�� %� ���' 
	� $���%&�'(�%"'$�� � ����-


Compound �(Me)a �(Ar)b


E-4-H 2.15 (6H), 2.29 (9H), 2.33 (3H) 6.87–7.11 (9H) including 6.84, 7.00 (2 � 2H)
Z-4-Cl 2.29 (6H), 2.32 (6H), 2.33 (6H) 6.83–7.02 (9H) including 6.87, 6.95 (2 � 2H)
Z-4-Br 2.30 (6H), 2.33 (6H), 2.34 (6H) 6.86–7.09 (9H) including 6.86, 6.95 (2 � 2H)
Z-4-I 2.30 (3H), 2.31 (6H), 2.33 (6H), 2.35 (3H) 6.84–7.09 (9H) including 6.84, 6.94 (2 � 2H)
Z-4-OHc 2.31 (6H), 2.33 (9H), 2.36 (3H) 6.69–7.03 (9H) including 6.90, 7.03 (2 � 2H)
Z-4-OTs 2.20 (6H), 2.28 (3H), 2.35 (3H), 2.37 (3H), 2.39 (6H) 6.70–7.11 (13H) including 6.70, 6.95 (2 � 2H)
Z-4-OAc 2.27 (3H), 2.29 (6H), 2.31 (9H) 6.82–7.03 (9H) including 6.82, 6.91 (2 � 2H)d


E-4-OAc 1.98 (6H), 2.18 (6H), 2.22 (6H) 6.68–7.28 (9H) including 6.68, 6.69 (2 � 2H)e


E-4-Br 2.11 (6H), 2.13 (3H), 2.18 (3H), 2.28 (6H) 6.63–7.32 (9H) including 6.63, 6.70 (2 � 2H)


a All the Me signals are singlets.
b The 2 � 2H signals are two Mes-H singlets.
c In THF, � 2.28 (6H), 2.297 (6H), 2.30 (3H), 2.33 (3H), 6.70–7.03 (9H).
d OAc, � 1.78.
e OAc, � 2.04.


Copyright  2001 John Wiley & Sons, Ltd. J. Phys. Org. Chem. 2001; 14: 778–787


784 H. SALIM, X. CHEN AND Z. RAPPOPORT







other two rings and hence by the relative conformations
of the three rings.


The fact that for the two E/Z pairs all the signals in the
two mesityl rings are at a higher field and the Ph-H
signals are at lower field when the two rings are cis to one
another is consistent with this assumption. In the isomer
with two cis rings, which undergo rapid internal rotation
on the NMR time scale, the m-H and o-Me groups are
closer to the center of the other ring and hence are more in
the shielding range of this ring than in the other isomer. In
contrast, the phenyl ring is more in the plane of the C=C
bond in the trans isomers, and hence its protons are more
shielded than when this ring is more twisted from this
plane in the cis isomers.


However, superposition of the effects of the various
rings is probably responsible for the lack of a clear-cut
correlation between the chemical shifts and the dihedral
angles for the whole set, as shown by comparison of
Tables 1 and 2.


0%40�*:0+,1� '0(,*-+


������
 ���	��� ��� �������
�


The equipment used was described earlier.16 Z-4-OH
was prepared according to Fuson et al.17 The solvents
were commercial and were used without further purifica-
tion.


�������� �� )�6�-& 2��	 �	���	���� ���!������


(a) To a solution containing Z-4-OH (90 mg, 0.25 mmol)
and N,N-diethylaniline (0.2 ml, 1.23 mmol) in CCl4
(3 ml), PBr3 (0.32 ml, 3.34 mmol) was added and the
mixture was refluxed for 6 h, until the reaction was
completed according to TLC. Ice-water (5 ml) was added
with stirring, the organic phase was separated, the
aqueous phase was extracted with CCl4 (3 � 2 ml) and
the combined organic phases were washed with water
(3 � 2 ml), dried and the solvent was evaporated.
Chromatography of the remaining solid using 19:1
petroleum ether (40–60°)–AcOEt eluent yielded Z-4-Br
(42 mg, 40%), m.p. 180–181°C. 1H NMR (CDCl3) �:
2.30, 2.33, 2.34 (18H, 3s, Me), 6.83–7.01 (9H, m, Ar).


(b) A similar result was obtained when NaHCO3 was
used as a base. Chromatography in this case was with
petroleum ether eluent.


(c) To a mixture containing Z-4-OH (90 mg,
0.25 mmol) and NaHCO3 (0.34 g, 4.05 mmol) in MeCN
(4 ml), PBr3 (0.32 ml, 3.34 mmol) was added and the
mixture was refluxed for 7 h with stirring. Work-up as
above gave Z-4-Br (46 mg, 44%), m.p. 180–181°C with
identical unit cell to that obtained by X-ray crystal-
lography of the product from the reaction with POBr3.


�������� �� )�6�-& 2��	 :�7'�(
���3�


To a solution containing trimethylsilyl chloride (0.21 ml,
1.65 mmol) and LiBr (0.12 g, 1.3 mmol) in acetonitrile
(3 ml) was added the enol Z-4-OH (120 mg, 0.34 mmol)
under nitrogen atmosphere. The reaction mixture was
refluxed for 28 h, when the reaction was complete
according to TLC. Water (3 ml) was added to the
mixture, and the aqueous phase was extracted with
CCl4 (3 � 2 ml), dried (Na2SO4) and the solvent was
evaporated. Chromatography of the remaining gray solid
on silica gel, using 19:1 petroleum ether (40–60°)–AcOEt
mixture as the eluent, yielded the bromide Z-4-Br,
(73 mg, 52%), m.p. 180–181°C, with 1H NMR spectrum
identical to that reported above.


An attempt to prepare the corresponding iodide by a
similar method failed.


�������� �� )�6�-& 2��	 !������ ��� ����	���
�
�	���	���


A mixture of triphenylphsophine (0.30 g, 1.1 mmol) and
bromine (0.06 ml, 1.13 mmol) in acetonitrile (1 ml) was
stirred for 3 min. The solvent was evaporated, enol Z-4-
OH (140 mg, 0.39 mmol) and then acetonitrile (3 ml)
were added to the solid residue and the mixture was
refluxed for 18 h until the reaction was completed. Water
(3 ml) was added and the mixture was extracted with
CCl4 (2 � 2 ml), dried (Na2SO4) and the solvent was
evaporated. Chromatography of the residue on a silica gel
column using 19:1 petroleum ether (40–60%)–AcOEt
eluent yielded 82 mg (50%) of Z-4-Br, m.p. 180–181°C,
with NMR data as reported above.


�������� �� )�6�-& 2��	 4-3�7


(a) Reaction of Z-4-OH and POBr3 and PhNEt2 in CCl4
was conducted exactly as described in our previous
work.2 The product (32%), which was crystallized now
from EtOH, was Z-4-Br according to X-ray crystal-
lography.


(b) A solution containing Z-4-OH (180 mg, 0.5 mmol)
and POBr3 (2 g, 4 mmol) in CCl4 was refluxed for 12 h,
water (10 ml) was added, the phases were separated and
the organic phase was washed with H2O, dried (Na2SO4)
and the solvent was evaporated to leave the crude product
containing some POBr3. Column chromatography on
silica gel using petroleum ether eluent gave 100 mg
(47%) of the vinyl bromide, m.p. 180–181°C, with the 1H
NMR spectrum identical to that described previously2


and that given in Table 2.
(c) A solution containing Z-4-OH (180 mg, 0.5 mmol)


and POBr3 (2 g, 4 mmol) in CH3CN (10 ml) was refluxed
for 10 h (complete reaction by TLC). The solvent was
evaporated, the residue was dissolved in CCl4, washed
with water, dried (Na2SO4), the solvent was evaporated
and the crude product was purified by chromatography
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over silica gel using petroleum ether (40–60°C) as eluent
giving 95 mg (45%) of the vinyl bromide as a white solid,
m.p. 180–181°C, mixed m.p. 180°C, identified as the
isomer obtained in the other experiments.


(d) To a solution containing Z-4-OH (180 mg,
0.5 mmol) and sodium bicarbonate (1.5 g, 18 mmol) in
CCl4 (4 ml), POBr3 (1.32 g, 2.64 mmol) was added and
the mixture was refluxed for 5.5 h. Work-up as above
gave a solid (55 mg, 26%) with NMR spectra identical to
that described in above.


(e) The single crystal obtained previously by the same
method, which gave by X-ray crystallography the E-4-Br
structure, was retrieved and analyzed. It has m.p. 174–
175°C (mixed m.p. of a 1:1 mixture with Z-4-Br, 151–
153°C). 1H NMR (CDCl3) �: 2.11 (6H, s, o-Me), 2.13
(3H, s, p-Me), 2.18 (3H, s, p-Me), 2.28 (6H, s, o-Me),
6.63 (2H, s, Mes-H), 6.70 (2H, s, Mes-H), 7.19–7.32 (5H,
m, Ph). Small signals at � 2.146, 2.196, 2.293, 2.327 and
2.335 were also observed.


)�����.�������
����	���
����
 ����
��� �)�6�-,��


A mixture of Z-4-OH (0.14 g, 0.39 mmol) and NaH
(0.16 g, 6.7 mmol) in dry benzene (10 ml) was stirred at
room temperature for 2 h, and tosyl chloride (0.09 g,
0.47 mmol) was then added to the mixture. After stirring
for 2 h, TLC showed that 1-OH was still present. More
tosyl chloride (0.05 g, 0.27 mmol) was added and the
reaction was complete within 20 min. The solid was
filtered, washed with dry ether and the combined
solutions were dried (MgSO4). The solvent was removed
and the remaining crude product was recrystallized from
ether, giving the tosylate (0.18 g, 90%) as a white solid,
m.p. 140–141°C (dec.). 1H NMR (CDCl3) �: 2.20 (6H, s,
Me), 2.28, 2.35, 2.37 (3 � 3H, 3s, Me), 2.39 (6H, s, Me),
6.70 (2H, s, Mes-H), 6.87–6.90 (2H, m, Ar), 6.95 (2H, s,
Mes-H), 7.02–7.07 (5H, m, Ph), 7.08–7.11 (2H, m, Ar).
13C NMR (CDCl3) �: 20.67, 20.84, 21.18, 21.23, 21.65 (5
Me), 127.26, 127.42, 127.97, 128.41, 128.61, 128.80,
129.47, 131.74, 134.79, 134.96, 136.07, 136.40, 136.76,
138.75, 139.31, 143.69, 143.88 (18 Ar-C).


Anal. Found: C, 77.24; H, 6.76; S, 6.17. Calc. for
C33H34O3S: C, 77.60; H, 6.71; S, 6.28%.


)�6�3� ���� �	� ��
��
���� �� ������������
���
�	���
����
 ����
���


A solution of 1,2-dimesityl-2-phenylvinyl tosylate (Z-4-
OTs), (150 mg, 0.29 mmol), LiBr (100 mg, 1.15 mmol),
and tetrabutylammonium bromide (120 ml, 0.37 mmol)
in acetonitrile (5 ml) was refluxed for 18 h, when TLC
showed the complete disappearance of the tosylate and
only one new spot for Z-4-Br. Water (3 ml) was added
with stirring and the mixture was extracted with CCl4
(2 � 2 ml). The organic phase was washed with water,


dried (Na2SO4), the solvent was evaporated and column
chromatography of the remaining solid over silica gel
using petroleum ether (40–60°C) eluent yielded 91 mg
(74%) of Z-4-Br, m.p. 180–181°C, having 1H NMR data
as reported above for the reaction with PBr3.


)�����.�������
����	���
����
 ������ �)�6�*�


To a solution of 1,2-dimesityl-2-phenylvinyl tosylate (Z-
4-OTs, 30 mg, 0.177 mmol) in acetonitrile (10 ml), KI
(90 mg, 0.54 mmol) was added and the mixture was
refluxed for 26 h (when the reaction was complete
according to TLC). Water (5 ml) was added with stirring
and the mixture was extracted with CCl4 (5 � 3 ml),
dried (Na2SO4) and the solvent was evaporated. The
residue was purified by chromatography on silica gel
using petroleum ether (40–60°C) as eluent, yielding pure
Z-4-I (62 mg, 76%), m.p. 186–187°C. 1H NMR (CDCl3)
�: 2.30 (3H, s, Me), 2.31 (6H, s, Me), 2.33 (6H, s, Me),
2.35 (3H, s, Me), 6.84–7.09 (9H, m, Ar).


Anal. Found: C, 66.57; H, 6.01. Calc. for C26H27I: C,
66.97; H, 5.79%.


Attempts to prepare the vinyl iodide by reacting Z-4-
OH with iodine/imidazole in tetrahydrofuran or aceto-
nitrile, or with Me3SiCl/NaI (or KI) in CH3CN or with
Ph3P/I2 in CH3CN failed.


The configuration was shown to be Z by X-ray
crystallography.


1�������� )�6�3��0�6�3� �������;�����


A solution of Z-4-Br (70 mg, 0.17 mmol) in acetonitrile
(10 ml) containing anhydrous LiBr (120 mg, 1.38 mmol)
was refluxed for 72 h. TLC of the mixture during and at
the end of the reaction showed only the starting material.


A similar reaction mixture was refluxed in dimethyl-
sulfoxide for 8 h with a similar conclusion. Only Z-4-Br
was detected by TLC or after work-up of the reaction
mixture.


(�����

����	�� ����


E-4-Br: C26H27Br; space group: P21/c; a = 14.177(3)
Å, b = 14.308(3) Å, c = 10.911(2) Å, � = 98.18(1)°; V =
2191(1) Å3; Z = 4; �calc = 1.27 g cm�3; �(Mo K�) =
18.63 cm�1; no. of unique reflections: 4024; number of
reflections with I �3�I: 2121; R = 0.054, RW = 0.060.


Z-4-Cl: C28C27Cl; space group P21/c; a = 8.937(2)
Å, b = 61.45(1) Å, c = 8.458(3) Å, � = 113.87(2)°, V =
4248(2) Å3; Z = 8; �calc = 1.17 g cm�3; �(Cu K�) =
16.26 cm�1; no. of unique reflections: 7106; no. of
reflections with I �3�I: 5704; R = 0.049, RW = 0.075.


Z-4-Br: C26H27Br; space group: P21/n; a = 29.86(1)
Å, b = 8.560(6) Å, c = 17.358(5) Å, � = 104.59(3)°; V =
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4295(3) Å3; Z = 8; �calc = 1.30 g cm�3; �(Cu K�) =
2368 cm�1; no. of unique reflections: 6850; no. of unique
reflections with I �3�I: 5073; R = 0.051, RW = 0.069.


Z-4-I: C26H27I; space group: P21/n; a = 30.323(9) Å,
b = 8.627(3) Å, c = 17.410(4) Å, � = 104.79(2)°; V =
4404(2) Å3; Z = 8; �calc = 1.41 g cm�3; �(Mo K�) =
114.52 cm�1; no. of unique reflections: 7072; no. of
unique reflections with I �3�I: 5238; R = 0.048, RW =
0.069.


Z-4-OTs: C33H34O3S; space group: P21/n;
a = 18.542(3) Å, b = 8.769(2) Å, c = 18.501(4) Å, � =
107.81(2)°; V = 2864(1) Å3; Z = 4; �calc =
1.18 g cm�3; �(Cu K�) = 12.02 cm�1; no. of unique
reflections: 4166; no. of unique reflections with I �3�I:
4166; R = 0.039.


'���
�������� �������
 ����
�!
�


Tables S1–S25 of crystal structure analysis, bond lengths,
bond angles, position and thermal parameters of all
compounds. Stereoviews of five compounds and ORTEP


drawings of Z-4-Cl and the second molecules of Z-4-I
and Z-4-Br (S1–S8) were deposited in the Cambridge
Structural Database.


1�#��2
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the relative stabilities of the isomers, to Dr Shmuel Cohen
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ABSTRACT: Using the OMEGAS program, two sets [�S(0.5,0.5) and �S(0.9,0.5)] of steric substituents were
calculated by assuming different sizes of effective radii for the reaction center atom. The former set reproduces the
steric substituent effect on the nucleophilic reactions of carboxylic acid derivatives better; the latter set is far better for
the reactions of amines and alcohol derivatives. Our results clearly show that the effective size of the reaction center
atom is another important factor in characterizing the steric effect in addition to the bulkiness of the substituent. This
can be rationalized by the fact that such a general steric constant cannot be used to evaluate all sorts of steric effects
using a single set of substituent constants. Copyright  2001 John Wiley & Sons, Ltd.
Additional material for this paper is available from the epoc website at http://www.wiley.com/epoc


KEYWORDS: steric effect; steric substituent constant; ES; �S; reactions of carboxylic acid derivatives; reactions of
amines and alcohol derivatives
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Since the linear free energy relationship equations were
first applied to steric effects by Taft,1 various attempts at
searching for steric substituent constants have been
reported. Earlier steric constants1–6 were evaluated from
the kinetic steric effects on reactions. On the other hand,
computational methods to measure the steric effect have
been proposed by several authors.7–12 Most of the
calculations on steric constants were carried out by
modeling atoms by the spheres of van der Waals radii.


As molecular mechanics is one of the best methods to
estimate the shapes and steric energies of molecules very
precisely without the perturbation of electronic effects, it
has been applied to many stereochemical problems. We
used molecular mechanics in order to define our steric
substituent constant �S.13 As has been reported pre-
viously, �S is defined by Eqn. (1) as the normalized area
of the shadow of the substituent seen from the reaction
center atom (X) (see Fig. 1):


�S�rc� rr� rs� �� �� � 1


4�rs
2


1
N


�
f ��� �� dS �1�


Here, ‘normalized’ implies that the area of shadow is


divided by the total surface area of the surrounding screen
sphere (4�rs


2). This makes �s dimensionless. If we
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assume that rc = 0 and f(�,�), �s is equal to the solid
angle of the shadow area divided by 4� for normalization.
�s is calculated numerically as the shadow area in Fig. 1.
Details of this procedure are reported in Ref. 13b.


The integration in Eqn. (1) is carried out over all
elemental shadow areas (dS), and N is the normalization
factor of the weighting function f(�,�). In the calculations
of �S, the direction of the access of the reagent is defined
by the angles � and � (the latitudinal angle � and
longitudinal angle � of the polar coordinate system about
the C�—X bond axis).13d,f The function f(�,�) is used to
take the direction dependency effect into account
explicitly and is defined as f(�,�) = g(�)h(�), where
g(�) = �cos(n�)/2 or �sin(m�)/2 and h(�) = �cos(n�)/2
or �sin(n�)/2, where n = 0, 1, 2, 3 and m = 1, 2, 3. The
stereochemical meanings of the function are given in Ref.
13e. The geometric parameters rc, rr, and rs are,
respectively, the effective radii of the reaction center
atom and the reagent, and the radius of the surrounding
spherical screen S on which the shadow is projected.
Note, if we intend to rationalize the radius of the
surrounding screen rs as a parameter to characterize the
steric constant, it should be the distance of migration of
the reagent within its directional correlation time, and
should be closely related to the mean free path of the
reagent. The steric constant �S could easily be modified
by altering these geometric and direction-dependency
parameters.13b


When the substituent has more than one stable
conformer, the population-weighted mean pi (Eqn. (2))
of the �S (i) of each conformer i over all conformers was
used as the �S of the substituent. The calculations were
carried out numerically using the OMEGAS program.13b,e


�S �
�


pi�S�i� �2�


The �S value calculated in this way is expected to be
a quantitative scale for the steric hindrance of the
substituent on the reaction. Thus, (1 � �S) can be related
to the pre-exponential factor of the Arrhenius equation.
This implies that the logarithm of (1 � �S) can be
expected to correspond linearly to the activation entropy
and other steric parameters, such as ES.


In the flood of various steric constants, several authors
were aware of the reaction dependency of steric
constants14 and multiparametric steric effect models
were proposed by Charton.15 In this paper, the reaction
dependency of the performance of the steric constants
was reinvestigated by using the �S methodology.
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The calculations considering the dependency of rates on
the direction of the attack of the reagent are useful for
characterizing the anisotropy of the reaction. However,
the reactions of carboxylic acids and esters are shown to
be rather isotropic.13e The reactions involving the
unshared electrons of alkylamino and alkoxy compounds
are also shown to be considerably isotropic with respect
to the steric effect by the alkyl group.13d,e These isotropic
reactions (for which we can assume that f(�,�) = 1 in Eqn.
(1)) are chosen as the samples throughout this paper in
order to decrease the complication and the ambiguity due
to the increase in the degree of freedom in the calculation
of �S.


The effective radii, rc and rr, were explicitly included
in the calculation of �S in order to evaluate the effects of
the sizes of the reaction center atom (X) and the reagent
(Y). Hereafter, the calculated �S is denoted as �S(rc,rr) in
order to distinguish it from the original �S.† In addition,
the radius of the surrounding spherical screen rs becomes
necessary in the calculations where rc takes a finite value.
The �s(0.5,0.5) and �s(0.9,0.5) values for some im-
portant substituents are given in Table 1.


In this paper, log10(1 � �s) was employed so as to
evaluate the steric effect more quantitatively. This
quantity is expected to be linearly correlated with logk
as discussed before.


/�������� �	 ����� 
�� ��� ��� �-�����.


��� ��	���� ��� ������* In the first place, we tried to
search out the rc and rr values that give the best-fit in the
ES


1,2a,b versus log10[1 � �s(rc,rr)] correlation; in other
words, to find the best �s(rc,rr) for the hydrolysis and the
esterification of carboxylic acid derivatives. This process
is illustrated by the contour maps of correlation
coefficients R in Fig. 2. In this investigation, the
correlation coefficient R is used as a criterion to evaluate
the performance of each steric constant. The maximum
value of R (peak) is indicated by circles in the contour
maps. The best-fit rc and rr values should correspond to
the rc and rr coordinates of the peak in the contour map.
In this way, the best-fit �s(rc,rr) for the esterification
reactions used to define Es was shown to be �s(0.5,0.5).
As can be seen from the rather flat ridge along the line of
rc = 0.5 Å in Fig. 2, R is rather insensitive to rr and does
not seems important in characterizing the steric effect in
this sort of reaction. On the other hand, R is very sensitive
to the change in rc. The three maps of R assuming that rs


is 4, 6, and 8 Å are very similar to each other. Similar
trends were observed with other contour maps, and the rs


value was shown to be not an important factor in the
performance of �s which was measured by the change in


†E.g. �S calculated by assuming that rc = 0.9 Å and rr = 0.5 Å is
�s(0.9,0.5). The original �s is calculated by assuming that
rc = rr = r��C = 0. In this case, the ratio of the area of shadow to the
total area of the surrounding sphere (4�rs) becomes independent of rs.
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R. Thus, all other calculations hereafter were carried out
by assigning 4 Å to the rs value.


Even if the contour map procedure is rather cumber-
some, it is useful to find out the most appropriate
�s(rc,rr), since the pattern of the contour map is
characteristic of the type of the reaction and tends to be
similar among similar reactions.


������0�� ��� �����	 ������* Next we wish to
describe a simplified method to find out the best-fit
�s(rc,rr). Regression lines (a and b) and correlation
coefficients R at several points along the two perpendi-
cular vertical sections passing the peak of the contour
map are given in Table 2. Reaction (a) of Table 2 is the
same as the reaction whose contour map is shown in Fig.
2(a).


As to the acid hydrolysis rates of series of amides (b)
and alkyl phenylacetates (c), again R is rather insensitive
to rr. If R is generally insensitive to rr, the rc value for the
‘best-fit �s(rc,rr)’ can be located tentatively as the peak of
R along a cross-section at an appropriate rr value in the
contour map. This can be done quite easily by assuming
tentatively that rr is 0.5 Å and by varying rc at intervals of


0.1 Å. After determining the peak along the rc axis, the
search along the rr axis at this rc value gives a nearly best
�s(rc,rr). By this procedure, we can reach the best-fit
�s(rc,rr) with these three examples in Table 2. A few
repetitions of this procedure have given the best-fit
�s(rc,rr) in all cases investigated.


#������	 ����	��	�� �
 ��� ����� ��	��	�


Both the esterification of carboxylic acids (RCOOH) and
the hydrolysis of amides (RCONH2) in acidic media
(given in Table 2) have been shown to behave quite
similarly on the contour map. The rc for the best-fit
�s(rc,rr) is in the range 0.4–0.5 Å in both cases. In
contrast, the log10 k versus log10[1 � �s(rc,rr)] correla-
tion of the hydrolysis of alkoxy esters (C6H5CH2COOR)


����� )* ,�	��	��� �')"+$�"+$* ��� �')"+0�"+$* �	������� 
	�
�	�� ���� ���	���� ��� ����� ��	���+�


Substituent �S(0.5,0.5) �S(0.9,0.5)


H— 0.2046 0.0967
CH3— 0.3138 0.2081
CH3CH2— 0.3338 0.2585
CH3CH2CH2— 0.3460 0.2730
CH3(CH2)3— 0.3469 0.2744
CH3(CH2)4— 0.3475 0.2754
(CH3)2CHCH2CH2— 0.3484 0.2767
C(CH3)3CH2— 0.4074 0.3480
(CH3)2CHCH2 0.3736 0.3075
(CH3)2CH 0.3604 0.3128
CH3CH2C(CH3)H— 0.3646 0.3171
(CH3CH2)2CH— 0.4248 0.3842
C(CH3)3C(CH3)H— 0.4469 0.4082
[(CH3)2CH]2CH— 0.4925 0.4591
C(CH3)3— 0.3909 0.3668
(CH3CH2)(CH3)2C— 0.4226 0.3989
(CH3CH2)2(CH3)C— 0.4613 0.4378
(CH3CH2)3C— 0.4839 0.4600
cyclo-C5H9— 0.3553 0.3044
cyclo-C6H11— 0.3631 0.3158
cyclo-C6H11CH2— 0.3723 0.3047
C6H5CH2— 0.3540 0.2972
C6H5CH2CH2— 0.3729 0.3060
C6H5(CH2)3— 0.3638 0.2943
C6H5C(CH3)H— 0.3952 0.3477
(C6H5)2CH— 0.4215 0.3848


a The �s(rc,rr) values of 38 alkyl substituents are available as supplemen-
tary material. The list covers the simple and the directionally weighted
�s(rc,rr) values in the ranges of rr from 0 to 3.0 Å (at intervals of 0.5 Å) and
of rc from 0.3 to 0.9 Å (at intervals of 0.1 Å). The �s(rc,rr) values outside
this range can be calculated easily using the OMEGAS program. The list of
the original �s is given in Ref. 13c.


(����� 1* �	��	�� ���� 	
 �	������	� �	�
(����� )/* 	
 ���
�' ������ �' ����� ��������	�� ����� ����	�� �')�����*1 )�*
�' 2 !+" 34 5 )6* �' 2 7+" 34 5 )�* �' 2 #+" 34
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becomes a best fit when rc is 0.9 Å. The facts allow us to
assume that �s(0.9,0.5) shows improved performance for
the reactions involving alkoxy- and presumably alkyl-
amino-compounds. On the other hand, Es and �s(0.5,0.5)
are better for the alkylcarbonyl compounds.


With the aim of confirming this assumption, we
examined more extensively the performance of these
modified �s in the correlation analysis. The various rate
data16–31 were plotted against the three modifications of
�s, namely �s(0.5,0.5), �s(0.9,0.5) and the original �s, as
well as against Es for the purpose of comparison. In order
to suppress the electronic and stereoelectronic effects to a
minimum, only alkyl (and a few aralkyl) substituted
derivatives of the series of compounds were employed in
this investigation. Results are given in Table 3.


The performance of �s(0.5, 0.5) with the rates of
carboxylic acid derivatives were considerably improved
in comparison with the correlations using �s(0.9,0.5) and


the original �s, even if it is still considerably worse than
Es. In contrast, the rates concerning the alkylamino(R—
NX—) and alkoxy(R—O—) compounds could be
correlated with �s(0.9,0.5) far better than with
�s(0.5,0.5) and Es. In short, the set of steric substituent
constants most suitable to evaluate the steric interaction
at the carboxyl carbon is entirely different from the set
evaluating the interaction at the nitrogen and oxygen
atoms of amines and alcohols. As shown in the last four
rows in Table 3, the �s(0.9,0.5) constant also gave better
performance than Es in many correlations concerning
biological activities.


Our results clearly showed that the effective size of the
reaction center atom rc should be another important
factor characterizing the steric effect, in addition to the
bulkiness of the substituent itself. This provides us a
stereochemical interpretation for the reaction dependency
of the steric constant. Reactions of carboxylic acid


����� 1* �	������	� �	�
(������ / 
	� ��� ����� ��������	� 	� � 2 �	�)%��')�����**� 6


rc/Å rr/Å a b R


(a) RCOOH � CH3OH esterification in methanol at 40°C (n = 31)a


0.3 0.5 58.9 13.7 0.959
0.4 0.5 49.8 10.0 0.984
0.5 0.5 45.1 8.1 0.9865
0.6 0.5 42.1 7.0 0.984
0.7 0.5 40.1 6.2 0.980
0.8 0.5 39.1 5.7 0.976
0.5 0.0 59.4 8.4 0.9862
0.5 0.5 45.1 8.1 0.9865
0.5 1.0 36.1 8.2 0.985
0.5 1.5 29.4 8.2 0.984
0.5 2.0 23.8 8.3 0.984


(b) RCONH2 � H3O� reaction in H2O at 75°C (n = 13)b


0.3 0.5 74.89 11.19 0.885
0.4 0.5 73.23 8.32 0.965
0.5 0.5 59.72 4.40 0.932
0.6 0.5 50.94 1.09 0.852
0.7 0.5 43.38 �0.76 0.805
0.4 0.0 102.28 9.42 0.964
0.4 0.5 73.23 8.32 0.965
0.4 1.0 57.19 7.93 0.963
0.4 1.5 45.78 7.68 0.962
0.4 2.0 38.69 7.47 0.960


(c) C6H5CH2COOR � OH� reaction in 56% acetone at 25°C (n = 11)c


0.5 0.5 109.88 20.54 0.875
0.6 0.5 89.15 15.32 0.924
0.7 0.5 76.10 12.20 0.942
0.8 0.5 69.34 10.54 0.947
0.9 0.5 65.38 9.50 0.9492
1.0 0.5 62.23 9.17 0.947
0.9 0.0 84.55 9.16 0.9491
0.9 0.5 65.38 9.50 0.9492
0.9 1.0 53.73 10.13 0.945
0.9 1.5 44.80 10.85 0.942
0.9 2.0 37.18 11.60 0.941


a Correlation with the ES constant. The data are shown more completely in Fig. 2. See Refs. 1, 2a,b.
b R = Me, Et, n-Pr, i-Bu, t-BuCH2, i-Pr, s-Bu, Et2CH, t-Bu, PhCH2, cyclo-C6H11CH2, cyclo-C5H9, and cyclo-C6H11. See Ref. 19.
c R = Me, Et, n-Pr, i-Bu, i-BuCH2, n-C6H13, i-Pr, s-Bu, t-Bu, cyclo-C5H9, and cyclo-C6H11. See Ref. 21.
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derivatives proceed via cationic intermediates and the
reaction center atom is expected to have a relatively small
radius. In contrast, oxygen and nitrogen atoms of the
alkoxy- and alkylamino-derivatives have lone pairs of
electrons that are rather loosely bound and spread widely
into the space. The difference in the effective radius of
the reaction center atom rc for the two series of reactions
can be accounted for qualitatively in this way. However,
further sophistication and accumulation of data are
necessary before the rc parameter can be used for
quantitative purposes and as evidence for the reaction
mechanism.


The effect of effective radius rc was shown to be
closely related to the different contributions of the �-, �-,
and �-carbon atoms of the substituent group to the steric
effect. The correlation analytical treatment using Eqn.
(3), proposed by Charton,32 gives C�, C�, C�, … values


that can serve as a measure of their relative importance to
the steric effect:


Es�or log�1 � �s�� � C0 � C�N� � C�N� � C�N�


� � � � �3�


where N�, N�, and N� are the numbers of �-, �- and �-
carbon atoms, and C�, C�, and C� are the coefficients
giving the best-fit correlation of Eqn. (3).


In order to characterize various �s from this point of
view, they were analyzed using this equation. The results
show that the C� to C� ratio is closely dependent on our
best-fit rc values (Table 4). If we compare the C�/C�


ratios among the four steric constants under discussion,
then it is found that �s(0.5,0.5) is more similar to Es,
whereas �s(0.9,0.5) is more similar to the original �s.


����� 2* 8��
	������ 	
 �' ��� ����� �	��(����	�� 	
 �' �� ��� ������ ��6�������� �	������
�


Reaction or biological activity Ref. nb ES log(1��0.5)c log(1��S) log(1��0.9)c


Nucleophilic reactions of RCOX compounds
RCOOH � MeOH in HCl/MeOH 16 18 0.994 0.931 0.922 0.928
RCOO(�-C10H7) � MeOH in HCl/MeOH 17 6 0.992 0.964 0.947 0.956
RCOOEt � H2O in HCl/70% MeAc aq. 18 12 0.970 0.963 0.929 0.949
RCONH2 � H3O� in H2O 19 14 0.925 0.913 0.722 0.718
RCOSMe � OH� in 40% dioxane aq. 20 9 0.974 0.922 0.911 0.874


Reactions of ROX and RNHX compounds
PhCH2COOR � OH� in 50% MeAc aq. 21 12 0.826 0.839 0.884 0.899
AcOR � OH� in 70% MeAc aq. 22 9 0.913 0.888 0.942 0.952
ROH � 4-NO2C6H4CH2Cl in Et2O 23 19 0.818 0.826 0.870 0.882
RO� � PhCH2Cl in ROH 24 9 0.783 0.745 0.845 0.846
RNH2 � CH2=CHCH2Br in PhH 25 11 0.875 0.884 0.946 0.958
RNH2 � 2,4-(NO2)2C6H3Cl in PhNO2 26 8 0.853 0.842 0.912 0.928
2-R-2-Oxo-3,1,2-dioxaphosphorinane � OH� 27 8 0.707 0.791 0.928 0.925
RPhCHCN � OH� in iso-AmOH 28 13 0.717 0.740 0.886 0.882


Biological activity
�log LC95 to an acarus of (A)d 29 10 0.850 0.849 0.888 0.887
�log LC50 to another acarus of (A)d 29 10 0.831 0.840 0.903 0.889
�log ED50 of RNHCH2CN 30 13 0.813 0.859 0.742 0.884
Hydrolysis (log k) of (B)d by a rat liver esterase 31 8 0.826 0.832 0.921 0.982


a The correlation coefficients (R) are given as a measure of the performance. The bold figures represent the best of four steric constants. Kinetics and activity
data reported in the Refs 16–31 were used in the regression analysis.
b n: number of samples (substituents R) used in the linear regression analysis.
c �0.5 and �0.9 refer to �(0.5,0.5) and �(0.9,0.5) respectively.
d The formulas of compounds (A) and (B):


����� 3* 9�� 6����(� �"� ��� ��� ��� �� ����� 
	� �:�+ );*


Steric constant C0 C� C� C� C�/C�


ES 1.584 �1.074 �1.040 0.011 0.97
�S(original)a 0.191 0.0535 0.0282 0.0076 0.53
�S(0.5,0.5) 0.095 0.0842 0.0795 0.0067 0.94
�S(0.9,0.5) 0.075 0.1007 0.0601 0.0059 0.60


a Calculated by assuming that rc = rr = r��C = 0.13


Copyright  2001 John Wiley & Sons, Ltd. J. Phys. Org. Chem. 2001; 14: 788–793


792 M. HIROTA ET AL.







This trend is consistent with their performances in the
correlations of the rates in Table 4.


Our original �s
13a,c values were calculated by assum-


ing that both the reaction center atom X and the �-carbon
atom are very small (rc = rr = r��C = 0) for technical
feasibility reasons. However, as a consequence of the
small �-carbon, the relative contribution of the �-atoms in
comparison to the �-atoms is somewhat exaggerated.


'$"'+&�!$"


The effective size of the reaction center atom X affects
the characteristic feature of the steric effect; this is in
addition to the bulkiness of the substituent itself. This
effect comes essentially from the nature of the reaction,
which implies that the steric substituent constant should
be chosen by taking into account the mechanism. In
agreement with previous studies by Charton15 and
others,14 our analysis using modified �s showed clearly
that no single set of steric constants is very good at
describing all the various sorts of steric substituent effect.
In this situation, we must examine the nature of the
relevant reaction closely and choose the most suitable set
of steric substituent constants. Our OMEGAS program13b


can serve to generate the statistically most appropriate set
of steric constants. Alternatively, the analysis using
various �s, including anisotropic ones, helps us to find
out the critical factors governing the steric effect (the
diagnosis of the steric effect) and can give a deeper
insight into the stereochemical course of reactions,
providing a new strategy to elucidate the reaction
mechanism.
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ABSTRACT: The synthesis of a series of amphiphilic dihydroxytetrahydrofuran derivatives, prepared from
isomannide and isosorbide, possessing hydrophobic ether chains lengths varying from C10 to C18 attacheda to the
tetrahydrofuran ring and withR andSchirality at the 0 linkage carbon atom is described. The interfacial properties of
these compounds were studied using a Langmuir film balance; the results showed the expected increase in film
stability with increasing chain length and differences in phase behaviour and film stability related to linkage chirality.
The formation of colloidal dispersions of these compounds was studied both dynamic light scattering and non-contact
mode atomic force microscopy. Copyright 2000 John Wiley & Sons, Ltd.


KEYWORDS: amphiphilic dihydroxybetrahydrofurans; synthesis; interfacial properties; assembly properties; film
stability; colloidal dispersions


INTRODUCTION


Amphiphilic derivatives of many carbohydrate systems
have been widely studied; examples include pyranose
derivatives such as alkylglycosides,1 linear polyol
derivatives,2 more complex systems such as cyclodex-
trin-derived amphiphiles3 and hydrophobic polysacchar-
ide derivatives.4 Such surfactant molecules represent one
of the major classes of non-ionic amphiphiles. They are
found both as natural lipid systems either as glycolipids5


or membrane glycoproteins,6 where they play a key role
in the processes of biological recognition, or as synthetic
derivatives7 in which case their physical and molecular
recognition properties may be fine tuned by the choice of
suitable head groups or hydrophobic chains. They have
been widely used commercially and are also widely used
for protein solubilization.


The self-assembly properties of such systems both
alone and in the presence of other lipids such as
phospholipids are the subject of an extremely wide
literature and their properties at the air–water interface,8


as micelles,9 in liposomes10 or as more complexes
colloidal structures have been widely studied. Of
particular interest are the elegant complex structures
formed as dispersions by theN-alkylaldoamides, where
coiled threads, tubular vesicles and helical ribbons have
been studied by Fu¨hrhop’s group11 and structurally


characterized. Extensive atomic force microscopy studies
have been undertaken on such systems.12


As noted above, it is possible to fine tune the properties
of these amphiphilic molecules by the appropriate choice
of hydrophobic functions or polar head groups, and
furthermore the inherent chirality of such molecules can
also be used either from the choice of the carbohydrate
functions or by varying the chirality of linkages to these
head groups. Such modifications play an extremely
important role in the relative orientation of the polar
and apolar parts of the molecular and hence both in the
structures formed and in their interactions with substrates
at interfaces.


Whereas structures based on pyranose derivatives have
received much attention, the furanose-derived systems
have been less widely studied. In this paper, we describe
a series of novel amphiphilic molecules based on non-
natural tetrahydrofuran derivatives. The key to the
construction of this new class of amphiphilic molecules
is a direct single ring cleavage of isosorbide and
isomannide with Me3SiI leading to optically active
trisubstituted tetrahydrofurans13 (Figs 1–3).


RESULTS AND DISCUSSION


Synthesis


Commercially available, isosorbide (1a) and isomannide
(1b) were transformed into their corresponding iodo
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alcohols2a and 2b with Me3SiCl–NaI in presenceof
acetone.During this reactiononly a singlering opening
reactionoccurred.13 The iodoalcohols2a and 2b were
treatedwith sodiumhydridein tetrahydrofuranto afford
the epoxides3a and 3b. Reductionof 3a and 3b with
lithium aluminium hydride in tetrahydrofuranprovided
themethylalcohols4a and4b, respectively.Thesewere
transformedinto etherswith a variety of alkyl bromides


in the presenceof potassiumhydroxide in DMSO–
toluene(10:90).Thedeprotectionof theacetonidegroup
wasperformedin refluxing80% aqueousaceticacid for
5 h.


Bola-amphiphilic compounds14a and 14b (Fig. 3)
were preparedby treatmentof the alcohols4a and 4b
with 1,12-dibromododecanein thepresenceof potassium
hydroxidein DMSO–toluene(10:90),thenthedeprotec-


Figure 1. Synthesis of the isosorbide (a) series of amphiphiles


Figure 2. Synthesis of the isomannide (b) series of amphiphiles


Figure 3. Synthesis of the bola-amphiphiles
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tion of theacetonidegroupof 13aand13bwasperformed
in refluxing80%aqueousaceticacid for 5 h.


It is noteworthythatthea series(Figs1 and3) andthe
b series(Figs2 and3) differ only in theconformationof
the carbona to the ring: in the a series,derived from
isosorbid, this conformationis S and in the b series,
derivedfrom isomannide,it is R.


NMR spectrashowno additionalpeakscorresponding
to racemization,andwe considerthat limits of observa-
tion herearearound5%, so little or no racemizationhas
occurredin the synthesis.The electrospraymassspectra
showonly thepeakfor M � Na.


Langmuir studies


All thenewamphiphilicderivativesweretestedfor their
ability to form monomolecularlayers at the air–water
interface, i.e. Langmuir layers. A0 (area at which the
surfacepressureincreasesabovezero),Ac (collapsearea),
collapsepressures(IIC) and for 12a apparenttransition
valuesaregivenin Table1. Representativeisothermsfor


compounds11a and 11b are presentedin Fig. 4(a) and
(b). Compounds9 have10 carbons,compounds10 12
carbons,compounds1114carbonsandcompounds1218
carbonsin thehydrophobicchain).


Neithertheseries9 (theshortestchainlength,10carbon
atoms)or 14 (thebola-amphiphiles)showtheformationof
stablemonolayers.Indeed,in the caseof 14a and 14b
surfaceactivity could only be detectedafter loading the
film balance with a 10-fold higher concentrationof
molecules.For bothcasesthe apparentobservedmolecu-
lar areasareof theorderof 5 A2 andmayariseeitherfrom
a critical micellar concentrationinducedsaturationof the
sub-phaseor from the presenceof small quantitiesof
residualimpuritiesnot otherwisedetected.


Thereis aclearcorrelationbetweenthechirality of the
ligandandbothA0 andcollapsepressuresbutnotwith the
collapseareas;for thelatter this is expectedasthis value
shouldprovide information on the most tightly packed
form of thelayerandis expectedto bedeterminedby the
relationbetweentheheadmolecularcross-sectionandthe
chain area. The b series of molecules,derived from
isomannidehavingtheconformation3R–4R–1R, showed
highercollapsepressuresbut lower A0 valuesthanthea
seriesderivedfrom isosorbide;e.g. for 11a A0 = 80 Å2


andΠc = 37mN mÿ1 andfor 11bA0 = 64Å2 andΠc = 44
mN mÿ1. Hencethe films formed are both more stable
and more rigid for this stereoisomer.Simple molecular
modelling showsthat a shorterdistance(around3.2 Å)
existsbetweenthe OH at ring position 3 and the chain
junction0 for thea seriesthanfor theb series(around4.1
Å). Theshortdistanceis compatiblewith intramolecular
hydrogenbonding,which would reducethe numberof
available water molecules to amphiphile hydrogen
bondingsites in the caseof the seriesand thus would
be expectedto reduce the monolayer stability. This
hydrogenbondingwill alsoleadto a morecompactand
rigid amphiphile structure and so explain the lower
observedA0 values.


Table 1. Apparent molecular areas A0 and Ac and collapse
surface pressure Πc


Compound A0(
2) Ac(


2) Πc(mN m7)


9a 12.5 N.C.a


9b 19 N.C.a


10a 50 42 38
10b 41 N.C. >40
11a 80 44 37
11b 64 40 44
12a 105 (80 sh) 52 17 (sh),35
12b 90 60 36
14a 18 8 12.5
14b 18 8.3 20.9


a N.C.= No observedcollapse.


Figure 4. Pressure±area isotherms of (a) 11a and (b) 11b
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Colloidal properties


Suspension and dynamic light scattering studies.
Colloidal suspensionsof the amphiphilic derivatives
werepreparedby thedissolutionsolventremovalmethod
that we and others have used for the preparationof
dispersednano-particlesof amphiphilicderivatives.


The stability of such dispersionscan, to a first
approximation,be judged by visual observationof the
formationof a birefrigentsystemor by the formationof
precipitates. Whilst such a measure is extremely
empirical it hasprovedof considerableuse.The results
aresummarizedin Table2.


Preliminarystudieson thecritical micellar concentra-
tion (cmc) show that apparentlyonly 14a showsacmc
value,of 0.97� 10ÿ5 M; for all othercompounds,nocmc
couldbedetermined.14


Evidently,in orderto obtaina numericalcharacteriza-
tion of the colloidal systemsformed (in fact visual
inspectionallowsa rapidtriageof thesystems),dynamic
light scattering(DLS) experimentswereperformed.The
resultsof the observedhydrodynamicsizesintensity at
peakmaximumandpolydispersityaregiven in Table3.


Atomic force microscopy studies. Although DLS
studiesallow the hydrodyanamicsizesof dispersionsto
be determined,suchmeasurementsprovide little infor-
mationontheshapesandnatureof theobjectspresent.In


order to obtain such information, electronmicroscopy
and atomic force microscopy (AFM) have proved
invaluabletools.In particular,theuseof truenon-contact
modeAFM, in which thecantileverresonatesatvery low
amplitude within the surfacecontaminationlayer, can
provideaccurateinformationon boththeheightandsize
of fragile objects.We prefer this modeto the ‘tapping
mode’ often used,as althoughthe tappingmodegives
higher lateral resolution it does not provide accurate
heightinformation.


In Figs5, 6 and7 aregiventheimagesobtainedfor the
objects present in dispersionsof 10a, 11a and 14a,
respectivelydepositeddirectly on freshly cleavedmica


Table 2. Visual measure of precipitation for suspensions of
the amphipiles in water


Product Precipitate Product Precipitate


9a Weak 12a Yes
9b Yes 12b No


10a Weak 14a Yes
10b Weak 14b No
11a Yes
11b Weak


Table 3. Hydrodynamic radii and polydispersity values as
determined by DLS and approxiamate average diameters of
objects as measured by AFS


Product
Diameter
DLS (nm) Polydispersity


Diameter
AFM (nm)


9a
9b 325,600 0.25


10a 150
10b 150,300 0.15 200
11a Variable
11b 170
12a 105,360 0.27 80, 120
12b 190,460,627 0.29 150,200
14a 150 0.24 150
14b 200 0.15 110,200


Figure 5. AFM non-contact mode image at dried dispersion
of 10a on mica


Figure 6. AFM non-contact mode image at dried dispersion
of 11b on mica
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andallowedto dry for 24h.Theimageswerecollectedin
the non-contactmode15 owing to the fragility of the
samples,butevensoimagequality is low andtheimages
arepresentedin the internalsensormode.16


For 10a and 10b, the imagesshow flattenedovoid
structures,resemblingthoseexpectedfor collapsedbut
separatedliposomes.17 Thediametersareof theorderof
150–200nm,whichmaybecomparedwith thediameters
of around150nm observedfor thesmallerpopulationof
10b. Interestingly,no objectscorrespondingto thelarger
populationareobserved.The heightof the structuresis
around3 nm,which is in accordwith a collapsedbilayer
system.


In the caseof 11a and11b, the situationis different.
First, the images show the clear presenceof the
contaminatingaqueouslayer coveringthe surfaceof the
dispersion,for theimageof 11bsomepointbreakthrough
is observed.For 11a the objects observedare highly
variablebetween100and700nm in sizeandheightsup
to 30nm. For 11b, two populationsappearpresentthe
first of around100nm and the secondaround200nm,
with heightsabout4 nm.


For12a, smallobjectsof sizeca 100nm areobserved,
however for 12b there are apparentlysome rope like
structurespresent,whichmaybeanalogousto theribbons
and tubular structuresobservedby Führhop and co-
workers.11


For the bola-amphiphiles14, compound14a shows
again collapsedliposomal structures,lower left zone,
along with a small number of round structures;12b
showssmallroundstructuresbut alsoelongatedsystems.


The AFM studiessuggestthat generally the objects
formedascolloidal dispersionsare liposomalin nature.
In only onecase,12b, is thereanyevidencefor complex
structures.However,from theheights,it would seenthat


only unilamellarliposomesareformedby thedispersion
of thesesystemsin water.


Given the geometryof the amphiphilic molecules,it
might be expected that micellar systems would be
producedwhen the moleculesare dispersedin aqueous
solution.However,asstatedabove,nocmc valueshave
beenobtainedfor themoleculesreportedhere.BothDLS
and AFM studies show the presenceof fairly large
objects, and the AFM studiesappearconsistentwith
liposomal-typesystems.This mayarisefrom themethod
used to prepare the dispersions;we have previously
shown with amphiphilic cyclodextrin derivatives that
similar structures are formed.18 In the case of the
cyclodextrin derivatives, the molecular geometry, in
which theamphiphilictails havea muchlargersizethan
the polar headgroups,should favour the formation of
inversemicelles,but no evidenceof suchbehaviourwas
observed.Given the very low heightsobservedfor the
vesiclesobserved,the structuresmay be stabilizedby
interdigitationof thehydrophobicalkyl chainspresent.


EXPERIMENTAL


General


All melting-pointsweremeasuredin opencapillarytubes
on a Büchi apparatusand are uncorrected.IR spectra
were recordedon a Perkin-Elmermodel 1310 infrared
spectrophotometer.1H NMR (300MHz) and 13C NMR
(75MHz) spectrawererecordedon a Brüker model300
Fourier transform (FT) NMR spectrometerin CDCl3,
with tetramethylsilane (TMS) as internal standard.
Electron ionization massspectrawere measuredon a
Nermag-Rmodel 10-10 H massspectrometer.Optical
rotation measurementswere performed on a Perkin-
Elmer model241 apparatus.Electrospraymassspectro-
metric (ESMS) data were obtainedon a Perkin-Elmer
SCIEX API 165apparatusin thepositivemode.


Langmuir isotherms


Langmuirisothermsweremeasuredon a NIMA 601film
balance,usingaWilhelmy paperplateto measuresurface
pressure.Solutionsweredepositedfrom chloroformof an
appropriateconcentrationand the solvent allowed to
evaporatefor 20min prior to compression.Thecompres-
sion speedwas 20cm min.ÿ1 All measurementswere
repeatedthreetimesanderrorsin bothareaandcollapse
pressurewerelessthan3%. The subphasewaswaterof
Milli-Q grade,resistivity 18 M
.


Dynamic light scattering


DLS wascarriedout on a Malvernmodel4700Cphoton


Figure 7. AFM non-contact mode image at dried dispersion
of 14a on mica
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correlationspectrometer,usinga He–Nelaser(50 mW),
at 90°. Suspensionswere preparedby dissolution of
50mgof theproductin acetone,pouringthesolutioninto
water(100ml) andremovingthe acetoneunderreduced
pressureat 25°C. All measurementswererepeatedthree
times; values are averagesand error estimationsare
given.


Atomic force microscopy


AFM imagingwascarriedout on a TopometrixExplorer
microscopein the non-contactamplitude mode, using
low resonancefrequencySi3N4 cantilevers,with a typi-
cal resonancefrequencyof 149 kHz. Scan speedsof
1.5m sÿ1 wereused.All imagesareunfiltered.


Thesampleswerepreparedby depositionof 20ml of an
aqueousdispersion of the compoundson a freshly
cleavedmica surface,the dispersionswere allowed to
dry in theabsenceof dustfor 24h beforeimaging.


Syntheses


2-(1-Hydroxy-2- iodoethyl)-3,4-(isopropylidenedioxy)
tetrahydrofuran(2aand2b)werepreparedaccordingtothe
proceduredescribedbyEjjiyar etal.13


Synthesis of 2-(epoxyethyl)-3,4-(isopropylidene-
dioxy)tetrahydrofuran (3a and 3b). At 0°C, under
nitrogen, to a stirred suspensionof sodium hydride
(1.83g, 76.24mmol) in anhydrous tetrahydrofuran
(50ml) wasaddeddropwisea solutionof 2-(l-hydroxy-
2-iodoethyl)-3,4-(isopropylidenedioxy)tetrahydrofuran
(2a or 2b) (19.95, 63.54mmol) in anhydroustetrahy-
drofuran(130ml). At theendof theaddition,themixture
was allowed to warm to room temperature.After 5 h,
mostof the tetrahydrofuran wasremovedundervacuum
and diethyl ether (50ml) was added. The reaction
mixture was then treatedwith cold water (30ml). The
organiclayer waswashedsuccessivelywith a saturated
aqueousammoniumchloridesolutionandwith saturated
aqueoussodium chloride solution. The aqueousphase
wasextractedtwice with dichloromethane(100ml). The
combinedorganic layers,after drying with magnesium
sulfate,wereconcentratedunderreducedpressureto give
acolourlessoil whichwasthenpurifiedonsilicagelwith
light petroleum–diethylether (4:1) aseluent(for isoman-
nide derivative 3b) or recrystallizedfrom hexane(for
isosorbidederivative 3a), to afford the corresponding
epoxide.


3a. Yield:90 %. IR (CH2Cl2):3050, 2960, 2900, 2840,
1600,1430,1350,1200,1150,1080,1060,1040,1010,
970,910,880,850cmÿ1. 1H NMR:1.34(s, 3H), 1.53(s,
3H),2.66(dd,1H,J = 4.8Hz,J = 2.7Hz), 2.91(dd,1H,J
= 4.8, 4.4Hz), 3.03(dd, 1H, J = 6.9 3.7Hz), 3.29(ddd,


1H, J = 6.9 4.4 2.7Hz), 3.52(dd, 1H, J = 10.8,3.6Hz),
4.10(d, 1H, J = 10.8Hz), 4.70(dd, 1H, J = 6.1 3.7Hz),
4.80(dd,1H, J = 6.13.6Hz). 13C NMR:24.8,26.0,43.8,
50.0, 73.2, 81.2, 81.4, 84.6, 112.7. MS, m/z (%):186
(M��, 0), 171(M��ÿ15, 89), 149(5), 111 (33), 69 (55),
68 (12), 59 (29), 57 (44), 55 (48), 43 (100),41 (52), 39
(22),29(34).Anal.Calcdfor C9H14O4:C, 58.05;H, 7.58;
O, 34.37. Found:C,57.83; H, 7.36; O, 34.93%.[a26


D:
ÿ80.5(c = 0.502,CH3OH). M.p.: 77°C.


3b. Yield:86%.IR:3000,2940,2860,1610,1460,1380,
1270,1200,1170,1100,1070,1040,1000,960,900,880,
840,810cmÿ1. 1H NMR:1.22(s,3H), 1.37(s, 3H), 2.6–
2.7 (m, 1H), 2.7–2.8(m, 1H), 3.0–3.1(m, 1H), 3.1–3.2
(m, 1H), 3,70(dm, 1H, J = 10.6Hz), 3.91(dm, 1H, J =
10.6), 4.67 (sl, 2H). 13C NMR:24.6, 25.9, 46.0, 48.8,
72.8,80.8,80.9,82.4,112.4.MS, m/z (%):186(M��, 0),
171 (Mÿ15, 21), 157 (7), 149 (5), 139 (8), 127 (8), 111
(21), 99 (13), 97 (20), 85 (31), 83 (16), 81 (11), 71 (45),
70(16),69(45),67(7), 59(6), 57(88),55(58),43(100),
41 (70), 39 (67), 29 (59). Anal. Calcd for C9H14O4:C,
58.05 ; H, 7.58; 0, 34.37.Found:C,58.06;H, 7.65; O,
34.27%.[a]23


D: ÿ64.8(CH3OH, c = 0.54)({lit. 17 [a]20
D:


ÿ64(c = 0.53,CH3OH)}.


Synthesis of 2-(1-hydroxyethyl)-3,4-(isopropylide-
nedioxy)tetrahydrofuran (4a and 4b). At 0°C, under
a nitrogenatmosphere,a solutionof 2-(epoxyethyl)-3,4-
(isopropylidenedioxy)tetrahydrofuran(3a or 3b) (6.10g,
32.79mmol) in anhydrousdiethyl ether (100ml) was
added dropwise to a stirred suspensionof lithium
aluminum hydride (1.25g, 32.79mmol) in anhydrous
diethyl ether(50ml). Thereactionmixturewasstirredat
roomtemperaturefor 4 h. Cold water(20.6ml) wasthen
added dropwise, followed by 15% aqueoussodium
hydroxide(20.6ml) and water (62ml). After one night
at roomtemperature,themixturewasfilteredtheaqueous
layer wasextractedtwice with dichloromethaneandthe
combined organic layers were dried over anhydrous
sodium sulfate and concentrated.The residue was
purified on silica gel [eluent:light petroleum–diethyl
ether(70:30)] to afford the correspondingalcohol4a or
4b asa colourlessoil.


4a. Yield:89.5%.IR:3350,2960,2900,2820,1460,1380,
1270,1220,1150,1100,1080,1010,970,900,880,870,
850, 800, 740cmÿ1. 1H NMR:1.29 (d, 3H, J = 6.5Hz),
1.32(s,3H), 1.49(s,3H), 2.66(sl, 1H), 3.23(dd,1H, J =
6.63.6Hz),3.50(dd,1H,J = 10.8,3.7Hz),4.07(d,1H,J
= 10.8Hz), 4.15(dq,1H, J = 6.6,6.5Hz), 4.65(dd,1H, J
= 6.2, 3.6Hz), 4.80 (dd, 1H, J = 6.2, 3.7Hz). 13C
NMR:18.7,24.6.25.9,66.3,72.6,80.5,81.3,87.0,112.0.
MS, m/z (%):188(M��,O), 173 (M��ÿ15, 68), 86 (13),
71 (13), 69 (56), 59 (54), 57 (44), 55 (15), 45 (32), 43
(100),41(29),29(11),28(21),18(31).[a]23


D: ÿ35.4(C
= 0.920,CH2Cl2).
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4b. Yield:80%.IR:3500,2980,2900,2820,1450,1370,
1260,1200,1180,1090,1030,980,900,850,750cmÿ1.
1H NMR:1.34(d, 3H, J = 6.3Hz), 1.35(s, 3H), 1.50(s,
3H), 2.90(dl, 1H, J = 4.3Hz), 3.26(dm,1H, J = 6.3Hz),
3.51 (dm, 1H, J = 10.8Hz), 4.05 (d, 1H, J = 10.8Hz ),
4.0–4.1(m, 1H), 4.7–4.9(m, 2H). 13C NMR:20.5,24.6,
25.9,66.1,80.7,81.0,86.1,72.7,112.3.MS,m/z (%):188
(M��,O),173(M��ÿ15,14),163(41),97(14),91(6), 86
(10), 81 (11), 71 (14), 69 (14), 59 (13), 57 (20), 43 (34),
29 (23), 28 (17), 18 (100). [a]21


D: ÿ62.5 (c = 1.000,
CH30H){lit. 17 [a20


D: ÿ61 (c = 0.83,CH3OH)}.


Synthesis of the ethers: general procedure. Synthesis
of 2-[(1'-oxapentadecyl)ethyl]-3,4-(isopropylidenedi-
oxy)tetrahydrofuran (7a). To potassium hydroxide
(1.80g, 31.9mmol) in solution in toluene–DMSO(9:1)
(32ml) wasaddeda solutionof 2-(1-hydroxyethyl)-3,4-
(isopropylidenedioxy)-tetrahydrofuran(4a) in toluene–
DMSO (9:1) (32mL) and tetradecylbromide (5.7ml,
19.1mmol) in the samesolvent (32ml). The reaction
mixture wasstirredat room temperaturefor 5 daysand
then the toluenewas removedunder vacuum.Diethyl
etherwasaddedto theresidueandthewholewaswashed
successivelywith an aqueoussaturated solution of
ammonium chloride and with an aqueoussaturated
solutionof sodiumchloride.Theorganiclayerwasdried
with sodium sulfate and evaporated.The residuewas
purified on silica gel [eluent: light petroleum–diethyl
ether(90:10)]2-[(1-Oxapentadecyl)ethyl]-3,4-(isopropy-
lidenedioxy)tetrahydrofuranwas obtained(3.24 g, 66%
yield).


5a. Yield:64% IR:2920,2860,1410,1380,1270,1230,
1210, 1160, 1110, 1080, 1040, 1000, 940, 900, 870,
750cmÿ1. 1H NMR:0.85(t, 3H, J = 6.3Hz), 1.1–1.2(m,
17H), 1.27 (s, 3H), 1.44 (s, 3H), 1.5–1.6(m, 2H), 3.27
(dd,1H, J = 8.53.3Hz), 3.4–3.6(m, 3H), 3.68(dq,1H, J
= 8.5 2.9Hz), 4.00 (dd, 1H, J = 11.0 2.6Hz), 4.56 (dd,
1H, J = 5.9,3.3Hz), 4.70(ddd,1H, J = 5.9,3.7,2.6Hz).
13C NMR:14.1,16.3,22.7,24.8,26.0,26.1,29.3,29.5,
29.6 (2C), 30.2,31.9,69.7,73.1,74.4,80.8,80.9,86.9,
111.9.MS,m/z(%):328(M��,O),313(M��ÿ15,23),186
(8), 185(60),141(8), 126(8), 99(14),85(69),83(9), 71
(75),69 (19),59 (15),57 (100),56 (11),55 (28),45 (12),
43(78),42(8),41(35),29(15).[a]22


D:ÿ1.73(c = 0.980,
CH2Cl2).


6a. Yield:60%. IR:2920,2880,1460,1380,1260,1240,
1220, 1120, 1080, 1060, 1000, 940, 900, 870, 830,
700cmÿ1. 1H NMR:0.84(t, 3H, J = 6.4Hz), 1.1–1.2(m,
2lH), 1.27(s,3H),1.44(s,3H),1.5–1.6(m,2H),3.27(dd,
1H, J = 8.5 3.3Hz), 3.44(dd, 1H, J = 11.03.7Hz), 3.5–
3.6(m,2H),3.68(dq,1H,J = 8.56.3Hz),4.00(d, 1H,J =
11.0Hz), 4.56(dd,1H, J = 6.33.3Hz), 4.70(dd,1H, J =
6.3 3.7Hz). 13C NMR:14.1,16.3,22.7,24.8,26.0,26.1,
29.4,29.5,29.6 (3C), 29.7,30.2,31.9,69.7,73.1,74.4,
80.8,80.9,86.9,111.9.MS, m/z(%): 358 (M��, 0), 341


(M��ÿ15, 20), 213 (44), 169 (8), 126 (10), 113(14), 99
(15),85 (60),83 (13),71 (78),69 (28),59 (16),57 (100),
56 (11), 55 (32), 45 (12), 43 (85), 42 (11), 41 (45), 29
(30). [a]22


D: ÿ12.2(c = 1.004,CH2Cl2).


7a. Yield:66%. IR:2920,2840,1460,1380,1220,1070,
1180, 1110, 1080, 1000, 930, 900, 860, 750cmÿ1. 1H
NMR:0.84(t, 3H, J = 6.6Hz), 1.1–1.2(m, 25H),1.26(s,
3H), 1.44(s,3H), 1.5–1.6(m, 2H), 3.27(dd,1H, J = 8.5
3.3Hz), 3.42(dd,1H, J = 10.74.0Hz), 3.4–3.5(m, 2H),
3.68(dq, 1H, J = 8.5 6.3Hz), 4.00(d, 1H, J = 10.7Hz),
4.55 (dd, 1H, J = 5.9 3.3Hz), 4.69 (dd, 1H, J = 5.9
4.0Hz). 13C NMR:14.1,16.3,22.7,24.8,26.0,26.1,29.4,
29.5,29.6 (3C), 29.7 (3C), 30.1,31.9,69.7,73.1,74.4,
80.7,80.8,86.9,111.9.MS, m/z(%):384(M��, 0), 369
(M��ÿ15, 12), 241 (29), 197 (9), 126 (11), 113(18), 99
(14), 85 (44), 83 (13), 71 (72), 70 (10), 69 (30), 59 (16),
58 (9), 57 (100), 56 (14), 55 (40), 45 (10), 43 (68), 41
(34), 29 (18). [a]21


D: ÿ13.3(c = 0.998,CH2Cl2).


8a. Yield:60%.IR (KBr):2920,2860,1560,1380,1270,
1210,1170,1110,1080,1000,980, 870, 750cmÿ1. 1H
NMR:0.86(t, 3H, J = 6.6Hz), 1.1–1.3(m, 33H),1.29(s,
3H), 1.46(s,3H), 1.5–1.6(m, 2H), 3.29(dd,1H, J = 8.5
3.3Hz), 3.4–3.6(m, 3H), 3.70(dq, 1H, J = 8.5 6.3Hz),
4.03(d, 1H, J = 11.0Hz), 4.57(dd, 1H, J = 5.9 3.3Hz),
4.72(dd,1H, J = 5.9,3.7Hz). 13C NMR:14.1,16.4,22.7,
24.9,26.0,26.1,29.4,29.5,29.6 (2C), 29.7 (8C), 30.2,
32.0, 69.8, 73.1, 74.5, 80.8, 80.9, 86.9, 111.9.MS, m/z
(%): 440(M��, 0),425(M��ÿ15,26),325(13),297(41),
142(8), 126(14), 113(15), 99 (11), 97 (10), 86 (31), 85
(51),84(11),83(30),82(11),81(9), 71(77),70(14),69
(48),68 (12),67 (10),59 (19),57 (100),56 (19),55 (49),
45 (10), 44 (28), 43 (93), 42 (14), 41 (56), 39 (10), 30
(20), 29 (44). [a]20


D: ÿ10.5 (c = 1.000,CH2Cl2) M.p.:
39°C.


5b. Yield:59% IR:2900,2840,1450,1360,1320,1300,
1250,1200,1190,1150,1100,1020,980,950,910,880,
850, 840, 800, 730cmÿ1. 1H NMR:0.87 (t, 3H, J =
6.6Hz), 1.2–1.3(m,17H),1.31(s,3H), 1.45(s,3H), 1.5–
1.6 (m, 2H.), 3.19 (dd, 1H, J = 8.4 2.9Hz), 3.4–3.5(m,
2H), 3.5–3.6(m, 1H), 3.72(dq,1H, J = 8.46.3Hz), 3.97
(d, 1H, J = 10.7Hz), 4.7–4.8(m, 2H). 13C NMR:14.1,
17.6,22.7,24.9,26.1,26.1,29.4,29.5,29.6,29.7,30.1,
31.9, 69.2, 72.4, 73.0, 80.4, 80.8, 85.8, 111.7. MS,
m/z(%): 328 (M��, 0), 313 (M��ÿ15,11),185 (28), 141
(7), 126(6), 113(13),99(13),85(63),83(7), 71(53),69
(17),59(18),57(100),56(11),55 (33),45(15),43(92),42
(11), 41 (42), 29(21).[a]22


D: ÿ54.3(c = 1.004,CH2Cl2).


6b. Yield:60%.IR:2940,2880,1440,1360,1280,1240,
1180, 1140, 1040, 1000, 940, 900, 880, 750cmÿ1. 1H
NMR:0.86(t, 3H, J = 6.5Hz), 1.1–1.2(m, 21H),1.44(s,
3H), 1.47(s,3H), 1.5–1.6(m, 2H), 3.17(dd,1H, J = 8.1
2.6Hz),3.3–3.4(m,2H),3.5–3.6(m,1H),3.71(dq,1H,J
= 8.16.3Hz), 3.96(d, 1H, J = 10.7Hz), 4.6–4.7(m, 2H).
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13C NMR:14.1,17.5,22.7,24.7,26.0,26.1,29.4,29.5,
29.7 (4C), 30.1,31.9,69.2,72.4,73.0,80.4,80.8,85.8,
111.7.MS, m/z (%): 356 (M��, 0), 341 (M��ÿ15, 28),
213(22), 126(15), 113(27), 112(9), 99 (20), 97 (7), 85
(40),83 (11),71 (46),70 (7), 69 (23),59 (20),58 (8), 57
(100),56 (13),55 (40),45 (12),43 (85),42 (10),41 (39),
29 (12).[a]22


D: ÿ 49.8(c = 1.000,CH2Cl2).


7b. Yield:59%.IR:2880,2810,1440,1350,1320,1300,
1250,1200,1190,1150,1100,1020,980,910,880,850,
840, 730, 720, 710cmÿ1. 1H NMR:0.84 (t, 3H, J =
6.1Hz),1.1–1.2(m, 25H),1.28(s,3H),1.41(s,3H),1.5–
1.6 (m, 2H), 3.16 (dd, 1H, J = 8.0 1.8Hz), 3.3–3.5(m,
2H) 3.5–3.6(m, 1H), 3.69(dq, 1H, J = 8.0 6.1Hz), 3.94
(d, 1H, J = 10.7Hz), 4.6–4.7(m, 2H). 13C NMR:14.1,
17.5,22.7,24.8,26.1,26.1, 29.4,29.5,29.6 (3C), 29.7
(3C),30.1,31.9,69.2,72.4,73.0,80.4,80.8,85.7,111.6.
MS,m/z(%): 384(M��, 0), 369(M��ÿ 15,28),241(20),
126(12), 113(19), 99 (13), 85 (30), 83 (11), 71 (38), 69
(24),59 (19),57 (86),56 (14),55 (38),45 (14),43 (100),
42 (11), 41 (44), 29 (12). [a]22


D: ÿ46.1 (c = 1.004,
CH2Cl2).


8b. Yield:60% IR:2900,2820,1440,1350,1330,1320,
1300,1250,1210,1200,1150,1100,920,880,850,840,
810, 730, 710cmÿ1. 1HNMR:0.85 (t, 3H, J = 6.4Hz),
1.1–1.2(m, 33H),1.29(s,3H), 1.43(s,3H), 1.4–1.6(m,
2H), 3.17(dd,1H, J = 8.12.3Hz), 3.4–3.5(m, 2H), 3.5–
3.6(m,1H),3.70(dq,1H,J = 8.16.3Hz),3.74(d,1H,J =
10.7Hz), 4.6–4.7(m, 2H). 13C NMR:14.1, 17.5, 22.7,
24.9,26.1,26.1,29.4,29.5,29.6 (3C), 29.7 (7C), 30.1,
32.0, 69.1, 72.4, 73.0, 80.4, 80.8, 85.8, 111.6 MS,
m/z(%):440 (M��, 0), 425 (M��ÿ15, 30), 397 (5), 339
(4), 298(4), 297(18),143(5), 141(4), 127(7), 126(15),
113(22),112(8), 111(5), 99(12),97(10),95(4), 86(4),
85(41),84(5),83(20),82(5),81(4),71(62),70(11),69
(40),68 (8), 67 (6), 59 (18),58 (8), 57 (100),56 (15),55
(40), 54 (4), 45 (9), 43 (66), 42 (7), 41 (24), 29 (16), 27
(4). [a]22


D: ÿ39.9(c = 1.022,CH2Cl2).


Synthesis of 2-[(1'-oxapentadecyl)ethyl]-3,4-dihydroxy-
tetrahydrofuran (11a). 2-[(1-Oxapentadecyl)ethyl]-3,4-
isopropylidenetetrahydrofuran (7a) (3.2g, 8.33mmol)
wasrefluxedin 80%aqueousaceticacid (40ml) for 5 h.
The mixture was thenconcentratedundervacuum.The
residue was purified on silica gel [eluent:dichloro-
methane–ethy1acetate(85:15)]. 2-[(1-Oxapentadecyl)
ethyl]-3,4-dihydroxytetrahydrofuran(2.35g, 6.83mmol)
wasobtainedin 82%yield.


9a. Yield:85%. IR (CH2Cl2):3600, 3380, 3080, 2970,
2900, 1430, 1390, 1260, 1130, 1070, 1010, 920,
710cmÿ1. 1H NMR:0.85 (t, 3H, J = 6.6Hz), 1.1–1.2
(m, 14H),1.27(d, 3H, J = 6.6Hz), 1.5–1.6(m, 2H), 3.34
(dt,1H,J = 9.06.8Hz),3.58(dt,1H,J = 9.07.0Hz),3.69
(qd, 1H, J = 6.4 2.6Hz), 3.76 (dd, 1H, J = 6.8 2.6Hz),
3.79(d,2H,J = 3.6Hz),4.00(s,2H),4.10(dt,1H,J = 5.1


3.6Hz), 4.27 (dd, 1H, J = 6.8 5.1Hz). 13C NMR:14.1,
15.5,22.7,26.1,29.3,29.4,29.5 (2C), 29.9,31.9,69.0,
71.6,72.6,73.0,73.6,81.6.MS, m/z(%): 289(M�� � 1,
1), 288 (M��, 0), 213 (5), 185 (24), 141 (7), 130 (7), 99
(11),87 (7), 86 (25),85 (54),83 (6), 73 (10),71 (75),70
(10),69 (16),59 (10),58 (14),57 (100),56 (13),55 (34),
45 (24),44 (9), 43 (79),42 (12),41 (45),31 (9), 29 (28).
[a]22


D: �54.6 (c = 1.002, CH2Cl2). M.p.:48°C. ESMS:
311,M � Na� Anal. Found:C 66.4,H 11.5.Calc:C66.6,
H 11.2%.


10a. Yield:88%. IR (CH2Cl2):3540, 3380, 3060, 2940,
2860,1420,1380,1260,1160,1130,1070,1040,1010,
900,700cmÿ1. 1H NMR:0.87(t, 3H,J = 6.5Hz),1.1–1.2
(m, 18H),1.28(d, 3H, J = 6.6Hz), 1.5–1.6(m, 2H), 3.35
(dt, 1H, J = 8.96.9Hz), 3.5–3.7(m, 3H), 3.72(qd,1H, J
= 6.6 1.5Hz), 3.81(dd, 1H, J = 6.6 1.5Hz), 3.8–3.9(m,
2H), 4.11(dt, 1H, J = 5.5 3.2Hz), 4.34(dd, lH, J = 6.6
5.5Hz). 13C NMR:14.2,15.5,22.7,26.1,29.3,29.4,29.5,
29.6,29.7 (2C), 29.9,31.9,69.0,71.6,72.6,73.1,73.5,
81.6.MS m/z(%): 317(M�� 1,1),316(M��, 0),213(17),
113(10),99(14),86(19),85(40),83(7), 71(59),70(8),
69(15),59(8),58(13),57(100),56(15),55(37),45(19),
43 (71), 42 (10), 41 (37), 29 (16).[a]22


D: �46.1 (c =
1.002, CH2Cl2). M.p.: 52.8°C. ESMS:339, M � Na�


Anal. Found:C68.7,H 11.3.Calcd:C68.3,H 11.5%.


11a. Yield:82%. IR (CH2Cl2):3300, 2900, 2840, 1450,
1250,1150,1120,1050,1000,700cmÿ1. 1H NMR:0.84
(t, 3H J = 6.5Hz), 1.2–1.3(m, 22H), 1.28 (d, 3H, J =
6.3Hz), 1.5–1.6(m, 2H), 3.28(d, 1H), 3.35(dt, 1H, J =
8.87.0Hz),3.62(dt,1H,J = 8.87.0Hz),3.72(td,1H,J =
6.31.8Hz), 3.8–3.9(m, 3H), 3.93(d, 1H), 4.10(ddd,1H,
J = 5.1, 3.7, 3.7Hz), 4.32 (dd, 1H, J = 7.0 5.1Hz). 13C
NMR:14.1,15.5,22.7,26.1,29.3,29.4,29.5,29.6,29.7
(4C), 29.9,32.0,68.9,71.6,72.6,73.1,73.6,81.6.MS,
m/z(%):316(M��, 1), 269 (5), 241 (20), 197 (10), 130
(11),113(12),99 (13),87 (11),83 (13),86 (41),85 (58),
83(14),73(12),72(8), 71(99),70(15),69(29),59(11),
58 (14), 57 (100),56 (15), 55 (43), 45 (20), 43 (78), 42
(12),41(45),29(26). [a]21


D: �45.7(c = 1.000,CH2Cl2).
M.p.: 61.6°C. ESMS:367,M �Na� Anal. Found: C
70.1,H 11.4Calcd:C 69.7,H 11.7%.


12a. Yield:80%. IR (CH2Cl2):3500, 3300, 300, 2960,
2880, 2800, 2640, 1400, 1230, 1100, 1040, 980, 880,
700cmÿ1. 1H NMR:0.84(t, 3H, J = 6.5Hz), 1.2–1.3(m,
32H),1.24(d, 3H, J = 6.3Hz), 1.5–1.7(m, 2H), 3.34(dt,
1H,J = 8.87.0Hz), 3.4–3.5(m, 1H),3.58(dt, 1H,J = 8.8
7.4Hz), 3.69(td, 1H, J = 6.3 2.2Hz), 3.76(dd, 1H, J =
6.92.2Hz), 3.8–3.9(m, 1H), 4.10(ddd,1H, J = 4.9,3.7,
3.7Hz), 4.28 (dd, 1H, J = 6.9 4.9Hz). 13C NMR:14.1,
15.6,22.7,26.1,29.3, 29.4,29.5,29.6 29.7 (8C), 29.9,
31.9,69.0,71.6,72.5,72.9,73.7,82.0.MS, m/z(%): 401
(M�� � 1, 1), 400 (M��, 0), 325 (4), 297 (11), 253 (5),
141(4), 131(8), 130(14), 125(5), 113(15), 111(5), 99
(11),97(12),89(8), 87(11),86(40),84(10),83(24),82
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(9), 73 (11), 72 (7), 71 (94), 70 (17), 69 (42), 68 (7), 67
(10),59 (10),58 (12),57 (100),56 (18),55 (51),45 (16),
43(74), 41 (37), 29 (22). [a]22


D: �41.4 (c = 1.000,
CH2Cl2). M.p.: 68°C ESMS:423,M �Na� Anal. Found:
C 71.6H 12.4.CalcdC 72.0H 12.1%.


9b. Yield:85%. IR (CH2Cl2):3360, 3040, 2960, 2900,
2820,2300,1410,1370,1250,1100,1070,1050,890,
750,700cmÿ1. 1H NMR:0.86(t, 3H,J = 6.3Hz), 1.1–1.3
(m, 14H),1.29(d, 3H, J = 6.6Hz), 1.5–1.6(m, 2H), 3.35
(s1,1H), 3.48(dt, 1H, J = 9.2 6.6Hz), 3.61(dt, 1H, J =
9.26.6Hz), 3.7–3.9(m, 4H), 4.18(ddd,1H, J = 5.1,5.1,
5.1Hz), 4.34(dd,1H, J = 5.1,5.1Hz), 4.34(s1,1H). 13C
NMR:14.1,16.4,22.7,26.1,29.3,29.4,29.6(2C), 30.0,
31.9,70.3,72.2,72.3,72.4,76.9,81.6.MS, m/z(%):289
(M�� � 1.4),288(M��, 0), 213(3), 203(6), 186(4), 185
(31),141(9), 131(3), 130(11),128(3), 113(3), 99 (13),
97 (3), 87 (8), 86 (36), 85 (90), 84 (5), 83 (9), 73 (8), 72
(6),71(100),70(9), 69(23),68(4),67(5),61(4), 59(8),
58(16),57(98),56(15),55(34),53(3), 45(21),44(10),
43 (96), 42 (13), 41 (50), 39 (7), 31 (9), 29 (30), 27 (9).
[a]22


D: ÿ35.0 (c = 1.010, CH2Cl2). M.p.: 50°C.
ESMS:311,M � Na�.


10b. Yield:88%. IR (CH2Cl2):3500,3360,2910,2840,
1450,1380,1230,1100,1070,1050cmÿ1. 1H NMR:0.86
(t, 3H, J = 6.6Hz), 1.1–1.2(m, 18H), 1.28 (d, 3H, J =
6.6Hz), 1.5–1.6(m, 2H), 3.35(sl, 1H), 3.47(dt, 1H, J =
9.0Hz, J = 6.6Hz), 3.60(dt, 1H, J = 9.06.6Hz), 3.7–3.9
(m, 4H), 4.18 (ddd, 1H, J = 5.2, 5.2, 5.2Hz), 4.34 (dd,
1H, J = 5.2,5.2Hz), 4.36(sl, 1H). 13C NMR:14.1,16.4,
22.7,26.1,29.3,29.4,29.5,29.6,29.7 (2C), 30.0,32.0,
70.3, 72.2, 72.3, 72.4, 76.9, 81.9. MS, m/z (%):317
(M�� � 1, 1), 316 (M��, 0), 231 (3), (214 (3), 213 (15),
169 (6), 131 (3), 130 (9), 127 (3), 113 (10), 99 (14), 97
(5), 87 (5), 86 (20),85 (38),84 (3), 83 (7), 82 (3), 73 (4),
72 (5), 71 (59), 70 (9), 69 (19), 68 (4), 67 (4), 61 (3), 59
(8), 58(12),57(100),56(15),55(39),53(3), 45(18),44
(7),43(79),42(10),41(34),39(4),29(5),27(5). [a]22


D:
ÿ29.5 (c = 1.006, CH2Cl2). M.p.: 58°C. ESMS:339,
M � Na�


11b. Yield:90%. IR (CH2Cl2):3660,3040,2990,2900,
2820, 1410, 1250, 1100, 1070, 1050, 990, 890, 750,
700cmÿ1. 1H NMR:0.87 (t, 3H, J = 6.3Hz), 1.1–1.3
(m,22H),1.29(d, 3H, J = 6.6Hz), 1.4–1.6(m, 2H), 3.29
(sl,1H),3.48(dt,1H,J = 9.26.6Hz),3.60(dt,1H,J = 9.2
6.6Hz), 3.7–3.9(m,4H), 4.19 (ddd, 1H, J = 5.1, 5.1,
5.1Hz), 4.35(dd,1H, J = 5.1,5.1Hz), 4.36(sl, 1H). 13C
NMR:14.1,16.4,22.7,26.1,29.4,29.5,29.6 (2C), 29.7
(4C), 30.0,32.0,70.3,72.2,72.3,72.5,76.9,81.9.MS,
m/z (%): 345 (M�� � 1, 1), 344 (M��, 0), 243 (3), 241
(17),197(8), 141(5), 131(5), 130(13),128(5), 127(7),
115(3), 113(12),99(5), 97(7), 87(10),86(37),85(74),
84 (7), 83 (16),82 (5), 81 (3), 73 (7), 72 (5), 71 (100),70
(14), 69 (32), 68 (8), 67 (6), 61 (3), 59 (9), 58 (15), 57
(95), 56 (17), 55 (42), 54 (4), 53 (3), 45 (19), 44 (7), 43


(89), 42 (11), 41 (47), 39 (5), 29 (24), 27 (6).[a]22
D:


ÿ27.5 (c = 1.006, CH2Cl2). M.p.: 65°C. ESMS:367,
M �Na�.


12b. Yield:85%. IR (CH2Cl2):3520,3420,3060,2920,
2560,1420,1380,1260,1120,1090,910,710cmÿ1. 1H
NMR:0.87(t, 3H, J = 6.3Hz), 1.1–1.2(m, 30H),1.30(d,
3H, J = 7.0Hz), 1.5–1.7(m, 2H), 3.22(s1,1H), 3.49(dt,
1H,J = 8.8,6.6Hz),3.62(dt,1H,J = 8.86.6Hz),3.7–3.9
(m, 4H), 4.20 (ddd, 1H, J = 5.1, 5.1, 5.1Hz), 4.35 (dd,
1H, J = 5.1,5.1Hz), 4.36(sl, 1H). 13C NMR:14.1,16.4,
22.7,26.1,29.4,29.5,29.6,29.7 (3C), 29.8 (6C), 30.0,
32.0,70.3,72.2,72.3,72.4,76.9,81.9.MS, m/z(%): 400
(M��,O), 366(1), 297(3), 254(1), 206(1), 169(1), 155
(2), 131 (5), 130 (9), 113 (8), 111 (4), 99 (8), 97 (9), 96
(4),95(4),87(21),85(29),84(4),83(13),82(9),73(5),
72(4),71(55),70(14),69(32),68(9),67(10),61(4),59
(10),58(14),57(100),56(21),55(55),54(7), 53(4), 45
(19),44 (11),43 (81),42 (13),41 (41),39 (5), 31 (6), 29
(28). [a]22


D: ÿ20.8 (c = 1.012, CH2Cl2). M.p.: 69°C.
ESMS:423,M � Na�


13a. Yield:50%. IR (CH2Cl2):2960, 2900, 2830, 1450,
1370,1260,1220,1200,1160,1100,1070,1030,990,
930, 890, 860, 810, 740, 720, 650cmÿ1. 1H NMR:1.1–
1.4 (m. 28H), 1.45(s, 6H), 1.4–1.6(m, 2H), 1.7–1.8(m,
2H), 3.28(dd, 2H, J = 8.5 3.3Hz), 3.37(dd, 2H, J = 7.0
6.6Hz),3.45(dd,2H,J = 11.03.7Hz),3.51(ddd,2H,J =
7.0 6.6, 6.6Hz), 3.70 (dq, 2H, J = 8.5 6.1Hz), 4.01 (d,
2H, J = 11.0Hz), 4.56(dd,2H, J = 5.93.3Hz), 4.71(dd,
2H, J = 5.9, 3.7Hz). 13C NMR:16.3, 24.9, 26.0, 26.1,
28.2,28.8,29.4,29.5 (4C), 29.6,30.2,32.7,34.0,69.7,
73.1, 74.4, 80.8, 80.9, 86.8, 111.9. [a]25


D: ÿ12.5 (c =
0.994,CH2Cl2).


13b. Yield:48%.IR:2980,2920,2860,1460,1380,1270,
1220, 1180, 1120, 1040, 1000, 930, 900, 870, 850,
750cmÿ1. 1H NMR:1.2–1.4(m, 28H), 1.45(s 6H), 1.5–
1.6 (m, 2H), 1.8–1.9(m, 2H), 3.19 (dd, 2H, J = 8.1 2.9
Hz), 3.3–3.6(m, 6H), 3.72(dq,2H, J = 8.16.3Hz), 3.97
(d, 2H, J = 10.7Hz), 4.6–4.7(m, 4H). 13C NMR:17.6,
24.9,26.1,26.1,28.2,28.8,29.4,29.5,29.6,29.7,30,1,
32,9, 34.0, 69.2, 73,0, 72.4, 80.4, 80.8, 85.7, 114.1.
[a]25


D: ÿ43.5(c = 1.014,CH2Cl2).


14a. Yield:75%.IR:3400,2920,2860,1420,1380,1250,
1080,1010,890, 790, 740cmÿ1. 1H NMR:1.1–1.5(m,
26H),1.5–1.6(m, 2H), 1.7–1.8(m, 2H), 3.2–3.4(m, 4H),
3.5–3.6(m, 2H), 3.65 (qd, 2H, J = 6.2 2.2Hz), 3.7–3.8
(m, 4H), 4.0–4.1 (m, 2H), 4.2–4.3 (m, 2H). 13C
NMR:15.6,26.0,28.2,28.7,29.4 (2C), 29.5 (4C), 29.9,
32.8, 34.0, 69.0, 72.5, 71.6, 72.8, 73.7, 82.0. MS, m/z
(%):462(M��, 0), 460(1), 421(1), 395(1), 293(15),291
(16), 130(14), 113(6), 111(14), 99 (7), 97 (29), 89 (6),
87 (10),86 (34),85 (39),84 (7), 83 (36),81 (6), 73 (14),
71(65),70(13),69(63),68(7), 67(10),59(12),58(14),
57 (69),56 (18),55 (79),54 (6), 53 (6), 45 (37),44 (13),
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43 (100),42 (21), 41 (80), 39 (11), 31 (10), 29 (28), 27
(9). [a]26


D: �39.3(c = 0.992,CH2Cl2).


14b. Yield:74%. IR (CH2Cl2):3520,3300,2940,2890,
1460,1380,1240,1100,980, 940, 910, 890, 710cmÿ1.
1H NMR:1.1–1.4(m, 26H),1.4–1.6(m, 2H), 1.7–1.8(m,
2H), 3.3–3.6(m, 6H), 3.7–3.9(m, 6H), 4.19(dd,2H, J =
5.2, 4.8Hz), 4.32 (dd, 2H, J = 5.5, 5.2Hz). 13C NMR:
16.4,26.1,28.2,28.8,28.9,29.4,29.5,29.9,32.8,34.0,
72.2,72.2,72.4,76.2,82.0.MS m/z (%): 462 (M��, 0),
448 (1), 435 (1), 418 (1), 395 (4), 385 (2), 291 (9), 271
(1),265(1),130(16),128(7),113(27),111(27),109(5),
99 (6), 97 (44),95 (6), 87 (7), 85 (36),84 (8), 83 (51),81
(9), 73 (10),72 (5), 71 (68),70 (14),69 (88),68 (14),67
(17), 59 (12), 58 (16), 57 (85), 56 (17), 55 (100),54 (9),
53 (6), 45 (24),44 (10),43 (81),42 (15),41 (52),39 (9),
31(10),29(29),28(19),27(9). [a]26


D:ÿ21.8(c = 1.004,
CH2Cl2).


Conclusion


We havedemonstratedthesynthesisof a novel seriesof
amphiphilic compoundsderived from isomannideand
isosorbidehaving varying chain lengthsand including
bola-amphiphilicderivatives.The Langmuir behaviour
of thesecompoundsis dependenton thechainlengthand
the chirality of the molecules.With regardto colloidal
dispersions,the systemswerestudiedby both DLS and
AFS and systems correspondingto liposomes were
observed.
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ABSTRACT: Bathochromic UV–Vis spectral shifts of two hydrophilically N-substituted Michler’s ketone
derivatives, 4,4�-bis[di(2-hydroxyethyl)amino]benzophenone [MK(OH)4] (1) and 4-(dimethylamino)-4�-[di(2-
hydroxyethyl)-amino]benzophenone [MK(OH)2] (3), were measured in 28 solvents of different polarity. For
MK(OH)4 and MK(OH)2 in non-polar, dipolar aprotic and hydrogen-bonding solvents, the solvatochromic responses
of the two solutes conform exactly to the requirements of the Kamlet-Taft linear solvation free energy model of
solvent–solute interactions. The contribution of the hydrogen-bond accepting property of the solvent on the
bathochromic band shift of MK(OH)4 and MK(OH)2 increases with increasing number of their OH groups at the N-
substituent. The x-ray crystallographic analysis for MK(OH)2 reveals the presence of strong intermolecular hydrogen
bonds between the carbonyl oxygen atom and the 2-hydroxyethyl group, which plays a significant role in the colour of
the crystals. Copyright  2001 John Wiley & Sons, Ltd.


KEYWORDS: LSE correlations; Michler’s ketone; solvatochromism; substituent effects; 4-(dimethylamino)-4�-
[di(2-hydroxyethyl)amino]benzophenone; x-ray crystal structure analysis


)�*%+,-.*)+�


Quantification of the general properties of solvents and
micelle environments has been studied by physical
organic chemists for many years.1 The responses of
solvatochromic indicators on changing solvent environ-
ments have been used as the phenomenological basis for
several empirical ‘solvent polarity’ scales.1b Among such
quantitative scales, the Kamlet–Taft system2 is the most
comprehensive with respect to all solvent types and it is
well supported by theoretical reaction field models for the
solvent influences upon the solvatochromic probes.3,4


The simplified linear solvation energy (LSE) relationship
in the Kamlet–Taft system is given by the equation2


XYZ � �XYZ�0 � s��� � d�� � a�� b� �1�


In this equation three major intrinsic solvent properties
are included: the solvent’s dipolarity-polarizability (�*


and its d� correction term for the polarizability),
hydrogen-bonding acidity (�) and hydrogen/bonding
basicity (�). The coefficients s, d, a and b are solvent-
independent coefficients reflecting the susceptibility of
the solute property XYZ to the parameters �*, �, � and �.
A wide variety of spectral probes have been used to
determine the �*, � and � values for solvents in addition
to the usual solvatochromic UV–Vis indicators. For
instance, solvent-dependent shifts from 19F and 15N
NMR chemical shifts of suitable probes have been
utilized in interpreting solvent effects.5 Solvatochromic
methods have also been used in order to characterize
polar surfaces, such as alumina and silica.6–8 The nature
of the silica surface, for example, was found to be best
described by both �* and �.7,8 The bare silica surface
exhibits both HBD (hydrogen-bond donating) and
dipolarity/polarizability properties which are differently
reflected by the respective polar dye adsorbed on the
surface. The early work with UV–Vis solvatochromic
indicators employed relatively simple species, e.g.
substituted nitroanilines; however, these studies were
extended to merocyanines and betaines as the solvato-
chromic probes.9 Recently, benzophenone and stilbene
derivatives have been applied to dipolarity measurements
of alkylbenzenes.10
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4,4�-Bis(dimethylamino)benzophenone (Michler’s ke-
tone; MK) is one of the widely studied11–15 positively
solvatochromic compounds, which has a solvatochromic


absorption range of �� = 68 nm (�� = 5080 cm�1) on
going from n-hexane to 3-methoxyphenol as solvent.14


The application of MK (4) is limited because it is
insoluble in water. As extension of our studies on MK
(4),14 we intended to prepare 4,4�-bis[di(2-hydroxyethyl)-
amino] benzophenone, [MK(OH)4] (1), [MK(OH)4 (1)
was mentioned in the summary of Ref. 16. However,
neither the detailed synthesis nor its chemical structure
data have been reported], and 4-(dimethylamino)-4�-
[di(2-hydroxyethyl)amino] benzophenone, [MK(OH)2]
(3) (Scheme 1) in order to establish the strong positive
solvatochromic effect for this type of hydrophilic
compound. In addition, functional substituents (e.g.
hydroxy groups) are useful for chemical incorporation
of dye molecules in polymers or bonding to chiral groups.
MK(OH)4


16 and MK(OH)2 are new compounds, the
applications of which are based on their large variations
in the visible spectrum as a function of the environmental
polarity and the good solubility in all kinds of solvents,
especially in water.
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�max (1) �max (3) �max
b (4)


Solvent �a �a �*a (10�3cm�1) (10�3cm�1) (10�3cm�1)


Triethylamine 0.00 0.71 0.14 28.82 29.33 29.68
Tetrachloromethane 0.00 0.00 0.28 Insoluble 29.24 29.24
Diethyl ether 0.00 0.47 0.27 29.07 29.15 No data
p-Xylene 0.00 0.12c 0.43 29.07 28.99 29.00
Toluene 0.00 0.11 0.54 28.74 28.9 28.92
Ethyl acetate 0.00 0.45 0.55 28.65 28.82 29.04
1,4-Dioxane 0.00 0.37 0.55 28.49 28.74 28.92
Tetrahydrofuran 0.00 0.55 0.58 28.49 28.74 28.84
Benzene 0.00 0.10 0.59 28.65 28.74 28.76
1,2-Dimethoxyethane 0.00 0.41 0.53 28.57 28.65 No data
Acetone 0.08 0.48 0.71 28.17 28.41 28.64
1,2-Dichloroethane 0.00 0.00 0.81 28.33 28.33 28.20
Acetonitrile 0.19 0.31 0.75 28.01 28.17 28.32
Chloroform 0.44d 0.00 0.58 28.41 28.09 28.04
Benzonitrile 0.00 0.41 0.90 27.78 27.78 27.88
N,N-Dimethylformamide 0.00 0.69 0.88 27.7 27.78 28.04
1,1,2,2-Tetrachloroethane 0.00c 0.00 0.95 27.86 27.78 27.88
Pyridine 0.00 0.64 0.87 27.62 27.7 27.88
Dimethyl sulfoxide 0.00 0.76 1.00 27.25 27.47 27.64
1-Butanol 0.79 0.88d 0.47 27.17 27.32 27.36
Ethanol 0.83 0.77d 0.54 27.17 27.25 27.32
Methanol 0.93 0.62d 0.60 27.03 27.03 27.08
Acetic acid 1.12 0.45c 0.64 26.67 26.67 26.68
Formamide 0.71 0.48c 0.97 26.53 26.6 26.64
1,2-Ethanediol 0.90 0.52d 0.92 26.46 26.46 26.40
Water 1.17 0.18d 1.09 25.97 26.11 Insoluble
2,2,2-Trifluoroethanol 1.51 0.00 0.73 26.32 25.91 25.76
1,1,1,3,3,3-Hexafluoro-2-propanol 1.96 0.00 0.65 25.51 25.00 24.96


a Solvatochromic parameters �, � and �* from Ref. 2.
b Results from Ref. 14.
c Data from Ref. 19.
d Data are relatively less certain (see Ref. 2).
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The long-wavelength UV–Vis absorption bands of
MK(OH)4 (1) and MK(OH)2 (3) undergo a significant
red shift with increasing polarity of the solvent (Table 1).
This band shift can be analyzed by means of various
solvatochromic scales.


For the evaluation of the solvatochromic properties of
the probes MK(OH)4 and MK(OH)2, we chose the
solvatochromic comparison method first introduced by
Kamlet and Taft.17,18 The absorption maxima of the
solvatochromic UV–Vis bands of MK(OH)4 and


MK(OH)2 were determined in 28 liquid solvents at
293 K (see Table 1). The solvents were selected in order
to obtain large variations in the solvent parameters �*, �
and �.


Figure 1 shows the UV–Vis absorption spectra of
MK(OH)4 and MK(OH)2 in six solvents of different
polarity.


In the case of HBA and weak polar solvents such as
diethyl ether, MK(OH)4 and MK(OH)2 show a symme-
trical UV–Vis band because the n–�* and �–�*
transitions interfere,12 whereas in strong HBD solvents
such as 2,2,2-trifluoroethanol (TFE), acetic acid, and
water, an additional shoulder at about � = 300 nm is
observed which is probably caused by a separate n–�*
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transition. For the regression analysis, only the intense
absorption (�–�* transition) at the longer wavelength
was used.


Table 1 shows the UV–Vis absorption maxima of
MK(OH)4 (1) and MK(OH)2 (3) compared with MK (4).


This positive solvatochromism can be explained by the
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� %2,34.)�
%2,34. �	� %2


Compound (XYZ)0 a b s r SD Probe�F n


MK(OH)4 29.948 �1.472 �0.768 �1.995 0.992 0.134 �0.0001 27
29.566 �1.423 – �1.899 0.970 0.252 �0.0001 27
29.575 – �0.374 �2.527 0.568 0.857 0.00924 27
28.602 �1.589 �0.664 – 0.890 0.474 �0.0001 27
28.331 �1.546 – – 0.873 0.498 �0.0001 27
29.392 – – �2.471 0.559 0.846 0.00242 27
27.767 – �0.114 – 0.031 1.020 0.87725 27


MK(OH)2 29.912 �1.661 �0.343 �2.005 0.990 0.168 �0.0001 28
29.774 �1.643 – �2.001 0.986 0.192 �0.0001 28
29.656 – �0.008 �2.761 0.575 0.956 0.00656 28
28.642 �1.823 �0.328 – 0.901 0.507 �0.0001 28
28.513 �1.806 – – 0.898 0.505 �0.0001 28
27.804 – �0.061 – 0.015 1.146 0.93891 28
29.653 – – �2.761 0.575 0.937 0.00136 28


MK 30.082 �1.809 �0.065 �2.236 0.992 0.152 �0.0001 25
30.059 �1.807 – �2.241 0.992 0.150 �0.0001 25
28.644 �1.856 �0.151 – 0.899 0.527 �0.0001 25
29.481 – 0.159 �2.490 0.468 1.065 0.06598 25
28.585 �1.851 – – 0.899 0.5172 �0.0001 25
27.858 – �0.070 – 0.018 1.178 0.93266 25
29.534 – – �2.479 0.466 1.0426 0.0188 25
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assumption that the electronic ground state of MK(OH)4,
MK(OH)2 and MK is less stabilized than the first excited
state with increasing solvent polarity.11–14


The long-wavelength UV–Vis absorption maximum of
MK(OH)4 ranges from � = 344 nm in diethyl ether to
392 nm in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP),
corresponding to �� = 48 nm (�� = 3560 cm�1) stabili-
zation energy over a wide range of solvent polarity. The
solvatochromic band shift is even more pronounced for
MK(OH)2, ranging from � = 341 nm in triethylamine
(TEA) to 400 nm in HFIP, corresponding to �� = 59 nm
(�� = 4330 cm�1), whereas in the case of MK the shift
ranges from � = 337 nm in TEA to 401 nm in HFIP,
corresponding to �� = 64 nm (�� = 4720 cm�1).


The results of multiple linear regression analyses of the
UV–Vis data from Table 1 according to Eqn (1) are
summarized in Table 2.


The best regression fits obtained for MK(OH)4 and
MK(OH)2 are given by Eqns (2) and (3), respectively and
are shown in Fig. 2.


�max � 10�3�MK�OH�4	 � 29	948 � 1	995��


� 1	472�� 0	768� �2�


n = 27; r = 0.992; SD = 0.134


�max � 10�3�MK�OH�2	 � 29	912 � 2	005��


� 1	661�� 0	343� �3�


n = 28; r = 0.990; SD = 0.168


Note that Eqn (2) shows a significant dependence of
the UV-Vis absorption maximum of MK(OH)4 on both
the �* and � terms, as expected from the presence of both
dipolar character and basic sites in the molecule. The
strongest dependence of the UV–Vis absorption maxi-
mum of MK(OH)4, however, is clearly on �*. The
coefficient b of the �-term in Eqn. (2) is twice as large as
that in Eqn (3), whereas the solvatochromic band shift of
pure Michler’s ketone (MK) shows no dependence on the
� term of the solvent.14 Accordingly, the UV–Vis
absorption bands of MK(OH)4 compared with MK show
the largest bathochromic shift in strong HBA solvents


with � = 0 such as TEA, ethyl acetate, 1,4-dioxane,
tetrahydrofuran, dimethylformamide and dimethyl sulf-
oxide, as shown by the UV–Vis data in Table 2.


.����	����� �� ��&��� ��4������� -565�� �����
������� ��� ���� �����	 ��������� ���	��� ��
�7�+"�' �0�


Crystals of MK(OH)2 show two strong UV–Vis absorp-
tion bands, a less intense band at � = 329 nm
(� = 30395 cm�1) and a strong band at � = 423 nm
(� = 23641 cm�1) (Fig. 3). This proves strong specific
and dipolar interactions between the single molecules in
the crystal. The x-ray structure analysis confirms the
predicted interactions.


MK(OH)2 crystallizes in the monoclinic space group
P2(1)/n with a = 475.17(2) pm, b = 1481.78(5) pm,
c = 2378.810(10) pm and � = 93.588(2)°. The results of
the x-ray structure determination for MK(OH)2 are
shown in Fig. 4. The positions of the hydrogen atoms
in the hydrogen bonds were experimentally determined.
In the crystal lattice, the molecules are bridged by two
kinds of hydrogen bonds, first between the hydroxyl
group O2—H2O and the keto group C1=O1 and second
between the two hydroxyl groups of neighboring mol-
ecules (the oxygen O2 and the hydrogen H3O). The two
hydrogen-bonding motif build up a two-dimensional
structure.


The strong hydrogen bridge to the carbonyl oxygen is
responsible for the intense colour of the crystals, because
the hydroxyethyl substituents force the chromophore into
acentric environments through hydrogen-bonding net-
work, and this enhances the extent of the overlap between
the nitrogen lone-pair orbital and the aromatic �-electron
cloud, resulting in an increased bathochromic shift of the
�–�* transition.


X-ray structure analysis of acid–base adducts of
MK(OH)2 with pentachlorophenol and trifluoromethan-
sulfonic acid was carried out by Gramstad et al.,20 who
reported that depending on the coordination of either the
carbonyl group or the nitrogen atom, different colours of
the adducts were observed. The result of the structure
analysis of MK(OH)2 is in agreement with the results of
the solvatochromic measurements.


,)�.-��)+�


Overall, the three types of MK derivatives show a
positive solvatochromism significantly dependent on
both the dipolarity/dipolarizability and the HBD capacity
of the solvent. According to the literature,14 this result
was expected. The coefficient a [from Eqn (1)] decreases
in the order MK � MK(OH)2 � MK(OH)4, indicating a
smaller influence of the � term on the bathochromic band
shift of MK(OH)4 than for MK. For all three compounds,


3����� 0/ �010�� ��7����	�� �������� 
� %2,34. ,0. ��
������ �
5��� �	 ��� �
�� �����
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the difference in the influence of the �* term on the
bathochromic band shift is not significant. The influence
of the � term on the bathochromic band shift is negligible
for MK, but the coefficient b [from Eqn (1)] increases
with increasing number of 2-hydroxyethyl substituents
on the amino groups. Despite the fact that the improve-
ment of the correlation coefficient r (Table 2) does not
seem to change significantly on going from a two-
parameter equation with � and �* only to a three-
parameter equation with �*, � and �.


The UV–Vis data from Table 2 show that an enhanced
bathochromic band shift is caused by pure HBA solvents
(with � = 0) from MK to MK(OH)4. The bathochromic
band shift can be interpreted in terms of the lone pair of
the HBA solvents coordinated to the O-bonded hydrogen
atom of the 2-hydroxyethyl group. Owing to this specific
solvation, the positive mesomeric effect of the 4-
(HOCH2CH2)2N substituent on the benzene ring is
slightly enhanced. Accordingly, a small bathochromic
shift is expected. A lowering of the negative inductive
effect would also cause a bathochromic effect. A specific
solvation of the carbonyl carbon atom by the HBA
solvent would result in a hypsochromic band shift.
However, the solvation of the (HOCH2CH2)2N substi-
tuent by HBA solvents can also cause a polarized solvent
shell of MK(OH)4 or MK(OH)2 which has a larger
(induced) dipole moment than the remaining bulk solvent
phase. This explanation corresponds to an increase in the
value of the �* term of the solvating molecules near the
(HOCH2CH2)2N substituent.


A hypsochromic band shift from MK to MK(OH)4 is


observed when strong HBD solvents (trifluoroethanol,
water or hexafluoro-2-propanol) are considered. This
result indicates a specific solvation of the oxygen atoms
of the (HOCH2CH2)2N substituent by the active hydro-
gen atoms of the HBD solvents. Consequently, the
positive mesomeric effect of the (HOCH2CH2)2N sub-
stituent is lowered. A solvation of the lone pair of the
nitrogen atom is unlikely, since in that case a significant


3����� 1/ %
����� ���'�	� 
� %2,34. ,0. 5��� �	����
����� ����
��	 *
	�� ,������ �	��.


������ '/ ��������� �
����
	 �����	��� 
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deviation (hypsochromic shift) from the straight line
given in Eqn (2) should be observed for these solvents.
We assume that the specific interaction between the HBA
solvent and the (HOCH2CH2)2N substituent plays the
major role (see Scheme 2), because the bathochromic
band shift obtained in going from MK to MK(OH)4 is
negligible for common alcohols (methanol, ethanol, n-
butanol). These solvents show both HBD and HBA
properties of similar strength. In aromatic and haloge-
nated solvents also no significant difference of �max


between MK(OH)4, MK(OH)2 and MK is observed.
Consequently, the positive solvatochromism of


MK(OH)4 and MK(OH)2 can be expressed as the
difference of the LSE equations of MK(OH)2 or
MK(OH)4, respectively, with MK:


�max � 10�3�MK�OH�4	 � 2	362 � 1	863


�10�3�max�MK�OH�2	 � 0	947 � 10�3�max�MK	 �4�


n = 24; r = 0.991; SD = 0.133


The measured �max data for all three Michler’s ketone
derivatives, 1, 2 and 3, were fitted by multiple regression
in order to obtain a relationship between these ketones as
shown in Eqn (4).


The crystals of MK(OH)2 show a strengthening of all
three effects in the same molecule—HBA property of the
carbonyl oxygen, HBD capacity of the 4-
(HOCH2CH2)2N substituent and high dipolarity/polariz-
ability of the substituted aromatic ring—which conse-
quently results in a significant bathochromically shifted
long-wavelength UV–Vis absorption band. Therefore, we
think that the novel functionalized MK derivatives
MK(OH)4 (1) and MK(OH)2 (2) are suitable polarity
indicators for the surface of a variety of solid materials.
Furthermore, the 2-hydroxyethyl group can also be used
for chemical derivatization reactions with carboxylic
acids, isocyanates or epoxides in order to be linked at
polymers or surface groups.


�89�%)���*2�


%�������6 Solvents obtained from Merck, Fluka, Lan-
caster and Aldrich were redistilled over appropriate
drying agents prior to use.


������� ���������	��6 The UV–Vis absorption spectra
of freshly prepared solutions were obtained by means of
an MCS 400 diode-array spectrometer (Carl Zeiss Jena),
connected with an immersion cell (TSM 5) via glass-fibre
optics. NMR measurements were made at 20°C on a
Varian Gemini 300 FT NMR spectrometer, operating at
300 MHz for 1H and 75 MHz for 13C. The signals of the
solvents (CDCl3 or CD3OD) were used as internal


standards. IR spectra were recorded with a Bio-Rad
FTS 165 spectrometer.


�
������
	 �	�����6 Multiple regression analysis was
performed with the Origin 5.0 statistical program.


��	�� ������ ��������� �	�����6 Rod-shaped, yellowish
crystals were embedded in a perfluoroalkyl ether (ABCR)
(viscosity 1600 cSt) for protection against oxygen or
moisture. The unit cell was determined with the program
SMART (Bruker AXS, Madison, WI, USA). For data
integration and refinement of the unit cell the program
SAINT (Bruker AXS) was used. The space group was
determined using the programs XPREP (Bruker AXS)
and the empirical absorption correction was done with
SADABS (Bruker AXS). In the structure solution by
direct methods the program SHELX9721 was employed;
the structure refinement was based on least-squares
methods based on F2 with SHELX9721. The plots of
the molecular structures were visualized using the
programs ZORTEP (L. Zsolnai and G. Huttner, Uni-
versity of Heidelberg, 1994) and Schakal 97 (E. Keller,
University of Frieburg, Germany, 1997).


All non-hydrogen atoms were fully refined in the
calculated positions, when possible; the hydrogen atoms
were taken from the electron density difference map and
in both their position and their thermal parameters refined
freely. The structural data (without structural factors)
were deposited at the Cambridge Crystallographic Data
Centre and can be obtained by citing the depositing
number CCDC-147477.


)�)�!?��+��, !����
-�����.���	
/*�	�
���	
	�
%2,34.) ,!.6 A mixture of 7.64 g (35 mmol) of 4,4�-
difluorobenzophenone and 70.00 g (666 mmol) of dietha-
nolamine was stirred at 150–160°C for 48 h. The
resulting reaction mixture was distilled under reduced
pressure to remove the excess of diethanolamine. The
residue was purified by column chromatography on silica
gel using ethanol–ethyl acetate (1:1) as eluent, affording
1 (8.15 g, 21 mmol, 60%) as a pure yellow, viscous oil.
All attempts to obtain 1 as a crystalline solid failed.


IR (film) � (cm�1), 3308 (OH), 1721 (C=O); 1H NMR
(CD3OD), � 7.63 (d, J = 8.79 Hz, 4H, ArH-2,6,2�,6�), 6.78
(d, J = 8.79 Hz, 4H, ArH-3,5,3�,5�), 3.75 (t, J = 5.50 Hz,
8H, CH2O), 3.62 (t, J = 5.50 Hz, 8H, CH2N); 13C NMR
(CD3OD), � 196.5 (C=O), 152.8 (ArC-4,4�), 133.6 (ArC-
1,1�), 126.7 (ArC-2,6,2�,6�), 111.8 (ArC-3,5,3�,5�), 60.2
(CH2O), 54.8 (CH2N); MS (DEI-desorption electron
ionisation), m/z (relative abundance,%) 388 (M�, 2), 357
(3.5), 208 (2.5), 180 (3), 132 (10.5), 61 (14.5), 45 (84), 43
(100), 31 (30); MS (ESI-electron spray ionisation), m/z
389.2 (M��1).


)!,����������	
.!)�!+��, !����
-�����.���	
/*�	�
!
���	
	� %2,3@�. ,'.6 The synthesis of [di(2-acetoxy-
ethyl)amino]benzene was described previously.22 A
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solution of 4-(dimethylamino)benzoyl chloride (9.64 g,
52.5 mmol) in 30 ml of 1,2-dichloroethane was gradually
added to a suspension of anhydrous AlCl3 (8.00 g,
60 mmol) in 20 ml of 1,2-dichloroethane at 23°C. The
reaction mixture was further stirred for 1 h and then
treated with a solution of [di(2-acetoxyethyl)amino]ben-
zene (9.64 g, 50 mmol) in 20 ml of 1,2-dichloroethane for
1 h at 23°C. After being stirred for 4 h at the same
temperature, the reaction mixture was poured into water,
acidified with 1 M HCl, extracted with ethyl acetate, and
the ethyl acetate extract was washed with water, dried


over Na2SO4 and evaporated under reduced pressure. The
residue was purified by column chromatography on silica
gel 60 with ethyl acetate–n-hexane (2:1) as eluent,
affording 2 (10.91 g, 26.48 mmol, 53%) as a pale yellow,
viscous oil.


IR (pure) � (cm�1), 1739 (C=O); 1H NMR (CDCl3), �
7.66 (dd, J = 9.06, 3.02 Hz, 4H, ArH-2,6,2�,6�), 6.68 (d,
J = 9.06 Hz, 2H, ArH-3,5), 6.56 (d, J = 9.06 Hz, 2H,
ArH-3�,5�), 4.16 (t, J = 5.91 Hz, 4H, CH2O), 3.59 (t,
J = 5.91 Hz, 4H, CH2N), 2.91 (s, 6H, NCH3), 1.94 (s, 6H,
CCH3); 13C NMR (CDCl3), � 192.9 (C=O), 170.2 (C=O
ester), 152.2 (ArC-4), 149.5 (ArC-4�), 131.7 (ArC-2,6),
131.6 (ArC-2�,6�), 126.2 (ArC-1), 125.2 (ArC-1�), 110.1
(ArC-3,5), 109.9 (ArC-3�,5�), 60.7 (CH2O), 49.1 (CH2N),
39.6 (NCH3), 20.4 (CCH3); MS (DEI), m/z (relative
abundance, %) 413 (M��1, 1.5), 412 (M�, 4), 339 (15),
148 (30), 106 (26), 87 (100), 45 (15), 43 (81); MS (ESI),
m/z 413.2 (M��1).


)!,����������	
.!)�!+��, !����
-�����.���	
/*�	�
!
���	
	� %2,34. ,0.6 4-(Dimethylamino)-4�-[di(ace-
toxyethyl)amino]benzophenone (0.412 g, 1 mmol) was
added to a solution of potassium carbonate (0.276 g,
2 mmol) dissolved in 20 ml of methanol–water (1:1). The


3����� :/ %
����� ��������� 
� %2,34. ,0. ,5���
��
����
��	 ��
��.


*��	� 0/ ������ ���� �
� %2,34. ,0.


Crystal size 0.35 � 0.2 � 0.2 mm
Empirical formula C19H24N2O3
Chemical formula C19H24N2O3
Formula weight 328.40
Crystal system Monoclinic
Space group P21/n
Unit cell dimensions a = 475.17(2) pm � = 90°


b = 1481.78(5) pm � = 93.588(2)°
c = 2378.810(10) pm � = 90°


Volume 1671.63 � 106(9) pm3


Z 4
Density (calculated) 1.305 g cm�3


Radiation used Mo K�
Wavelength 71.073 pm
Linear absorption coefficient 0.089 mm�1


Temperature 173(2) K
Diffractometer Bruker SMART CCD
Scan method 
 scans
Absorption correction Empirical
Max. and min. transmission 0.962453 and 0.762955
Number of measured reflections 7023
Number of independent reflections 3687
Number of observed reflections 2359
Criterion of recognition (�-limit) �2 �(I)
R(int) 0.0435
� range for data collection 1.62–30.37°.
Completeness to � = 30.37° 73.1%
Index ranges �6 
 h 
 5, �21 
 k 
 3, �30 
 l 
 28
Final R indices [I � 2�(I)] R1 = 0.0526, wR2 = 0.1026
R indices (all data) R1 = 0.0979, wR2 = 0.1221
Maximum �/� 0.004
Maximum e-density 0.191 e A�3


Minimum e-density �0.210 e A�3
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mixture was refluxed for 2 h at 80°C in a water-bath.
After cooling to room temperature, the mixture was
poured into ice–water and neutralized with concentrated
HCl. The precipitate was filtered off, washed with water
and recrystallized from ethanol to give 3 (0.289 g,
0.88 mmol, 88%), m.p. 161–162°C as yellow needles.


Found: C, 69.40; H, 7.42; N, 8.41; C19H24N2O3


requires C, 69.49; H, 7.37; N, 8.53%; IR (Nujol), �
(cm�1) 3350 (OH), 1729 (C=O); 1H NMR (CD3OD), �
7.66 (dd, J = 9.06, 4.39 Hz, 4H, ArH-2,6,2�,6�), 6.81 (d,
J = 9.06 Hz, 2H, ArH-3,5), 6.76 (d, J = 9.06 Hz, 2H,
ArH-3�,5�), 3.77 (t, J = 5.91 Hz, 4H, CH2O), 3.65 (t,
J = 5.91 Hz, 4H, CH2N), 3.06 (s, 6H, NCH3); 13C NMR
(CD3OD), � 197.1 (C=O), 155.1 (ArC-4), 153.2 (ArC-
4�), 134.0 (ArC-2,6), 133.8 (ArC-2�,6�), 127.2 (ArC-1),
122.3 (ArC-1�), 112.22 (ArC-3,5), 112.16 (ArC-3�,5�),
60.6 (CH2O), 55.2 (CH2N), 40.6 (NCH3); MS (DEI), m/z
(relative abundance, %) 329 (M��1, 3), 328 (M�, 12.5),
298 (19), 297 (100), 148 (64), 132 (23), 45 (15), 43 (100),
31 (21); MS (ESI), m/z 329.2 (M��1).


The UV–Vis reflectance spectrum of 3 is shown in Fig.
5 and crystal and structural data are given in Tables 3
and 4.


.+�.�-�)+�


Hydrophilically substituted derivatives of Michler’s
ketone, MK(OH)4 and MK(OH)2, were obtained through
successive replacement of the dimethylamino groups by
(HOCH2CH2)2N groups. The new compounds
[MK(OH)4] (1) and [MK(OH)2] (3) are water soluble.
The solvatochromism of these new MK derivatives is
slightly modified compared with MK (4). Hydrogen


bonds of strong HBA and of strong HBD solvents with
the (HOCH2CH2)2N group can be interpreted with the
help of regression analysis using the Kamlet–Taft solvent
parameter set. A crystallographic structure analysis of
MK(OH)2 (3) and the UV–Vis spectrum of the crystal are
in accord with the proposed solvation mechanism.
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Bond length
(pm)


Atomic
distance (pm)


O2–H(2O) 94.0(3) O3–O2 269.9(2)
O3–H(3O) 90.0(3) O2–O1 267.1(2)
O1–H2O 174.0(3) Angle (°)
O2–H3O 180.0(3)


O1–H1–O2 168(3)
O2–H2–O3 176(3)
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ABSTRACT: 1,2-Dicarbonyl compounds can undergo base-catalysed reactions in three ways: rearrangement of the
benzil–benzilic acid type, fission of the carbon–carbonyl carbon bond and fission of the carbonyl carbon–carbonyl
carbon bond. The requirements for the observation of the variant reaction types are discussed both for open-chain and
for ring systems in terms of electronic and stereochemical factors. Copyright  2001 John Wiley & Sons, Ltd.


KEYWORDS: 1,2-dicarbonyl compounds; base-catalysed rearrangement


The present communication is an attempt to review and
interpret the base-catalysed reactions of 1,2-dicarbonyl
compounds, particularly with regard to the effects of
substituents and ring formation on the course of the
reactions. The reactivity of 1,2-dicarbonyl compounds 1
with base can be related, in the first instance, to the
powerful activation of one electron-withdrawing carbo-
nyl group on the other towards nucleophiles. The first
reaction is to form a relatively stable adduct of the 1,2-
dicarbonyl compound with the base 2. Further reaction
can occur in three ways (Fig. 1):


(i) rearrangement of the benzil–benzilic acid type,
with migration of R in 2 to form 3;


(ii) fission of the R carbon–carbonyl carbon bond to
form 5 and 6; and


(iii) fission of the carbonyl carbon–carbonyl carbon
bond to form 7 and 8.


Benzils react in all three ways with base.1 The benzil–
benzilic acid rearrangement (case (i)) has been examined
using an extensive range of physical organic tech-
niques.2–4 This occurs for benzils with ring substituents
that are ‘moderately’ either electron-withdrawing or
electron-releasing. We have attempted separation of the
effects of meta- and para-substituents in both phenyl


rings into the Hammett reaction constant: for overall
migration �b � 3.8; for non-migration �a � 1.8.1 How-
ever, others have criticized our assumption of additivity
of � values on the basis of a theoretical treatment.5 The
latter study is unadorned by any experimental evidence.
Furthermore, it refers to a cross-interaction term �ab,
whereas, in a previous review, Lee6 indicates such a term
is equal to zero for the only reaction reviewed analogous
to the base-catalysed benzil–benzilic acid rearrangement,
i.e. the alkaline hydrolysis of meta/para-substituted
phenyl meta/para-substituted benzoates in which addi-
tivity was observed.7 Approximate additivity in Ham-
mett-type correlations has been observed for other
analogous reactions by Exner.8 In a reactivity–selectivity
analysis by Johnson,9 additivity of reaction constants in
several analogous reactions has been demonstrated.
However, our study1 demonstrates unequivocally the
overriding importance of ‘moderately’ electron-with-
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drawing substituents in facilitating the benzil–benzilic
acid rearrangement.


More recently the effects of the 1,2-dicarbonyl groups
being part of ring have been systematically examined.10–


12 Early studies2,3 demonstrated the benzil–benzilic acid
type rearrangement (case (i)) of, among others, 9,10-
phenanthraquinone (9) to 9-hydroxyfluorene-9-carboxy-
lic acid (10) (six- to five-membered ring contraction) and
cyclohexane-1,2-dione (11) to 1-hydroxycyclopentane-1-
carboxylic acid (12) (six- to five-membered ring con-
traction). The base-catalysed reaction of cyclobutane-
1,2-diones (13) has been demonstrated to produce 1-
hydroxycyclopropane-1-carboxylic acids (14) (case (i))
(four- to three-membered ring contraction).13


Nevertheless, the reaction of 3,4-diphenyl-cyclobut-3-
ene-1,2-diones (15) gives (Z)-2-oxo-3,4-diphenylbut-3-
enoic acids (17) (four-membered ring to open chain)
(apparently case (ii)). However, the mechanistic pathway
proposed12 involves the formation of 1-hydroxy-2,3-
diphenylcycloprop-2-ene-1-carboxylic acids (16) (actu-
ally case (i)), prior to ring fission.


The base-catalysed ring fission of related 2,3-diphenyl-
cyclopropen-1-ones has been shown to be a compara-
tively facile process.14 In contrast, benzocyclobutene-
1,2-diones (18) suffer base-catalysed ring fission to form
2-formylbenzoic acids (19) (case (iii)). There is no
evidence for an intermediate involving ring contraction in
this reaction.


Preliminary semi-empirical molecular orbital calcula-
tions15 using the AM1 Hamiltonian16,17 on the mechan-
ism of ring fission of 18 clearly indicate that breaking of
the carbonyl carbon–carbonyl carbon bond has a
significantly lower barrier (� 4 kcal mol�1) than break-


ing of the aryl carbon–carbonyl carbon bond. Thus,
according to these calculations, case (iii)-type ring fission
should be greatly favoured over case (i)-or case (ii)-type
reactions. The situation appears to be more complex for
3,4-diaryl-cyclobut-3-ene-1,2-diones (17). According to
the calculations, ring opening of the proposed 1-
hydroxycycloprop-2-ene-1-carboxylic acid intermediate
16 indeed appears to be quite facile. However, until now,
localization of the transition state for formation of this
compound has been elusive. Ab initio,18 or, more
precisely, hybrid density functional theory/HF calcula-
tions using Becke’s three-parameter density functional19


with the Lee–Yang–Parr correlation functional (B3LYP/
6-311 �� G**)20 on a simplified model system (cyclo-
but-3-ene-1,2-dione) led to similar results.21


Indane-1,2,3-trione (20), as the hydrate (ninhydrin),
rearranges in base to give ortho-carboxymandelic acid
(22) as the final product; but the intermediate product has
been shown to be ortho-carboxyphenylglyoxal (21) (five-
membered ring to open chain).10


Thus, in this pathway, the first step is the fission of
carbonyl carbon–carbonyl carbon (case (iii)), which is
followed by an intramolecular Cannizzaro reaction.
There is no evidence for an intermediate formed by a
benzil–benzilic acid type rearrangement involving a ring
contraction. This is in contrast to the rearrangement of
the related open-chain compound, 1,3-diphenylpropane-
1,2,3-trione (23), to give 2-benzoylmandelic and 24 (case
(i)) by a benzil–benzilic acid type rearrangement, before
reacting further.2


Thus, all three ways of reaction, cases (i), (ii) and (iii),
can be apparently observed in systems in which the 1,2-
dicarbonyl groups are part of a ring; but only cases (i) and
(iii) are actually observed in the mechanistic sense. The
observation of a rearrangement of the benzil–benzilic
acid type appears to be the norm for such ring systems.
However, when very excessive ring angle strain in a fused
bicyclo system, such as 18,11 would occur in a
rearrangement of the type of case (i), the system responds
by effecting fission of the carbonyl carbon–carbonyl
carbon link (case (iii)). When both the potential
migrating and receiving groups are carbonyl groups held
in a rigid ring and they are cisoid to each other, as in 20,
reaction does not proceed either by addition of the
nucleophile to the 2-carbonyl group of the 1,2,3-
tricarbonyl compound, followed by migration of the 1-
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carbonyl group causing ring contraction, or by addition
of the nucleophile at the 1-carbonyl group followed by
migration of the aryl group causing ring contraction,10


both giving rise to fused ring systems. In contrast, the
former reaction path does occur for the open-chain
analogue 22.1 Thus compound 20 responds to base-
catalysed reaction by diverting to give carbonyl carbon–
carbonyl carbon fission (case (iii)). The cause of this
appears to lie in the stereochemical demands for a
migration in 20, which can involve both angular and ring
strain.


Substituent effects on the base-catalysed reactions of
15, 18 and 20 have been studied.10–12 Separation of the
effects into migration and non-migration contributions is
neither possible nor meaningful. However, the Hammett
reaction constant �� 1.3 for para-substitution in the 3-
or 4-phenyl groups, as well as their equality, in 15 for the
rates of reaction indicates the importance of electron-
withdrawing substituents in facilitating the reaction and
that the transition state structure is close to 16 in
structure.12 Study11 of the effects of 4-substituents on the
rates of reaction of 18 gave a Hammett reaction constant
of ca 3.8, again clearly showing the powerful facilitation
of the reaction by electron-withdrawing substituents
comparable to that for overall migration in the reaction
of benzil.1 The effect of 5-substituents on the rates of the
base-catalysed fission of 20 gave a Hammett reaction
constant �� 0.9 to 1.4, showing yet again the facilitation
of the reaction by electron-withdrawing substituents.10


Benzil has a structure in which the carbonyl groups are
rotated about 110° from each other, with the phenyl rings
nearly coplanar with the carbonyl groups.22 Deslong-
champs23 has explicitly described the benzil–benzilic
acid rearrangement as occurring with stereoelectronic
control, with the most favourable path being that with the
nucleophilic migrating phenyl group approaching the
carbonyl group perpendicularly or close to that. Rotation
about the carbonyl carbon–carbonyl carbon bond in the
adduct 3 can facilitate this. However, in the systems in
which the 1,2-dicarbonyl groups are part of a ring, their
dicarbonyl structure will be cisoid, or close to that,
having an unfavourable carbonyl dipole–dipole interac-
tion, which has been significantly reduced in benzil by
rotation. Some flexibility in the ring structures of the
adducts of type 3 can assist in moving towards the most
favourable path for stereoelectronic control in rearrange-
ment, but such pathways cannot be ideal from the point of
view of the latter control. Nevertheless, the systems 9, 11,
13, and 15 suffer reasonably facile rearrangement of this
type. Only systems 18 and 20 suffer ring fission rather
than rearrangement. In both cases, the main factor giving
rise to this is excessive fused ring strain.


Our conclusions are that both the course of and the
facilitation of reactions in both open-chain and ring 1,2-
dicarbonyl compounds by electron-withdrawing substi-
tuents arises from the stabilization of the adduct 3,
formed by the addition of the base, and of negative charge
transferring in the transition state for rearrangement or
fission. Furthermore, control of the course of reaction in
compounds in which the 1,2-carbonyl groups are part of a
ring depends, mainly, on the occurrence, or not, of
excessive ring strain.
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Inclusion complexation of bb-cyclodextrin and 6-O-a-
maltosyl- and 2-O-(2-hydroxypropyl)-bb-cyclodextrins
with some ¯uorescent dyes
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ABSTRACT: Spectrofluorimetric titrations were performed in aqueous phosphate buffer (pH 7.20, 0.1 mol dmÿ3) to
determine the binding constants ofb-cyclodextrin (1), mono(6-O-a-maltosyl)-b-cyclodextrin (2) and mono[2-O-(2-
hydroxypropyl)]-b-cyclodextrin (3) with four fluorescent dyes, ammonium 8-anilino-1-naphthalenesulfonate (ANS),
sodium 2-(p-toluidino)naphthalene-6-sulfonate (TNS), Acridine Red (AR) and Rhodamine B (RhB). The
fluorescence of ANS, TNS and AR were enhanced, whereas that of RhB was quenched, by the inclusion
complexation withb-cyclodextrin hosts1–3. It was found that the binding ability of the three cyclodextrin hosts
generally decreases in the order1> 3> 2, which indicates that the hydrophobicity of the substituent affects the
original binding ability of parentb-cyclodextrin to some extent. On the other hand, the size, shape and charge of the
guest are the crucial factors which dominate the stability of the supramolecular complex formed. Copyright 2000
John Wiley & Sons, Ltd.


KEYWORDS: cyclodextrins; fluorescent dyes; inclusion complexation; molecular recognition


INTRODUCTION


Cyclodextrins are torus-shaped cyclic oligosaccharides
composed of six, seven or eightD-glucopyranose units,
which are nameda-, b- andg-cyclodextrin, respectively.
Their exterior, bristling with hydroxy groups, is fairly
polar, whereas the interior of the cavity is non-polar.
These structural features enable cyclodextrins to accom-
modate diverse hydrophobic organic and biological
molecules to form host–guest or supramolecular com-
plexes in aqueous solution.1–4 Cyclodextrins have been
used extensively as molecular receptors, chemical
sensors and enzyme mimics in science and technology.5,6


Among the three common cyclodextrins,b-cyclodextrin
is readily available and bears an appropriate cavity to
accommodate bicyclic aliphatic and aromatic com-
pounds, and therefore it has received much more
attention than the other analogues. In the past two


decades, numerous chemically modifiedb-cyclodextrins
have been designed and synthesized in order either to
investigate the mechanisms of enzyme-catalyzed reac-
tions or to achieve solubility in a desired solvent.7


Although many studies on the molecular recognition of
chemically modified cyclodextrins with various guest
molecules have been reported and considerable signifi-
cant results have been achieved,8–10it is still of interest to
investigate the mechanism and influence factors of this
kind of interaction since it may provide a simple model of
enzyme–substrate, antibody–antigen and protein–DNA
interactions in biological systems.


In this paper, we report the inclusion complexation of
b-cyclodextrin (1), mono(6-O-a-maltosyl)-b-cyclodex-
trin (2) and mono[2-O-(2-hydroxypropyl)]-b-cyclodex-
trin (3) (Scheme 1) with four structurally related
fluorescent dyes, ammonium 8-anilino-1-naphthalenesul-
fonate (ANS), sodium 2-(p-toluidino)naphthalene-6-sul-
fonate (TNS), Acridine Red (AR) and Rhodamine B
(RhB). (Scheme 2). One important reason for choosing
theseb-cyclodextrin derivatives as hosts is that glucose-
branchedb-cyclodextrins and hydroxypropyl-modified
b-cyclodextrins can significantly enhance the solubility
of hydrophobic guest molecules compared with nativeb-
cyclodextrin and have been used successfully as
lipophilic drug carriers and stabilizers in pharmacy.11,12


The results obtained indicate that the substituent ofb-
cyclodextrin greatly affects its original molecular binding
ability upon inclusion complexation with ANS, TNS, AR
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andRhB.On theotherhand,thestability of thecomplex
formed apparently dependson the size, shape and
electrostaticdensityof theguestmolecules.


Experimental


Materials. b-Cyclodextrin (1) and mono(6-O-a-malto-
syl)-b-cyclodextrin (2) were purchasedfrom Ensuiko
Seito. Mono[2-O-(2-hydroxypropyl)]-b-cyclodextrin (3)
wassynthesizedby thealkylationof b-cyclodextrinwith
epoxypropane in aqueous alkali according to the
proceduesreported by Pitha et al.13. Ammonium 8-
anilino-1-naphthalenesulfonate(ANS) andsodium2-(p-
toluidino) naphthalene-6-sulfonate(TNS) were pur-
chasedfrom Tokyo Kasei and Acridine Red (AR) and


RhodamineB (RhB) from Chroma-GesellschaftSchmid,
andwereusedasreceived.Sodiumdihydrogenphosphate
and disodium hydrogenphosphatewere dissolved in
doubly distilled, deionized water to make a
0.10mol dmÿ3 buffer solution of pH 7.20, which was
usedassolventthroughoutthemeasurements.


Spectral measurements. Fluorescencespectra were
measured in a conventional quartz cell
(10� 10� 40mm) on a JASCO FP-750spectrofluori-
meter.Theexcitationandemissionslitswere5 nmfor all
the fluorescentdyes. The excitation wavelengthsfor
ANS, TNS, AR, and RhB were 350, 350, 490 and
520nm, respectively.The sample solution containing
fluorescentdyes (1.0� 10ÿ5 mol dmÿ3 for ANS, TNS
andAR and5.0� 10ÿ6 mol dmÿ3 for RhB) andvarious
concentrationsof hosts (0–2� 10ÿ3 mol dmÿ3) were
kept at 25.0� 0.1°C for spectralmeasurementsby a
circulatingthermostatedwater-jacket.


Results and Discussion


Fluorescence spectra


ANS andTNS arebarelyfluorescentin aqueoussolution
but arevery sensitiveto environmentalchanges,14 which
enablesusto usethesefluorescentdyesasspectralprobes
to investigatetheinclusioncomplexationwith cyclodex-
trins 1–3. The relative intensity and the fluorescence
emissionmaximaof thefluorescentdyesexaminedin the
absenceand presenceof b-cyclodextrinhosts(1–3) are
listedin Table1.As expected,therelativeintensityof the
fluorescenceof ANS andTNS is dramaticallyenhanced
uponbindingwith cyclodextrinhosts.At thesametime,
the additionof the cyclodextrinhostscausedsignificant
hypochromicshifts(10–25nm)of thefluorescencepeak.


Scheme 1


Scheme 2
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Theseobservationsclearly indicate that the residueof
ANS or TNS wasembeddedinto thehydrophobiccavity
of b-cyclodextrinapartfrom bulk water.


Although both AR and RhB possessa xanthene
residue,they exhibit dramaticallydifferent fluorescence
behavioruponinclusioncomplexationwith thehosts.As
canbe seenfrom Fig. 1, with the additionof host3, the
fluorescenceof AR graduallyincreases,accompaniedby
slight hypochromic shifts (8 nm, 561–553 nm). This
phenomenonis consistentwith theobservationsfor ANS
and TNS. In contrast, as illustrated in Fig. 2, the
fluorescenceof RhB is quenchedby the addition of a
cyclodextrin host. Politzer et al. examinedthe fluores-
cencechangesof RhB at different concentrationswith
andwithout theadditionof b-cyclodextrinandfoundthat
b-cyclodextrin enhancesthe fluorescenceof RhB in
concentrated(10ÿ3 mol dmÿ3) aqueousdye solutionbut


quenchesit in dilute (10ÿ4–10ÿ8 mol dmÿ3) dyeaqueous
solution.15 These phenomenawere ascribed to the
existenceof dyeaggregatesin the concentratedaqueous
solution. From the equilibrium constant of 2100
dm3 molÿ1 for the dimer monomertransition of RhB
in aqueoussolution determinedby Lopez Arbeloa et
al.,16 it seemslikely thatmonomersarethepredominant
species(>99%) at the dye concentration(5� 10ÿ6 mol
dmÿ3) we used.


We areespeciallyconcernedasto whetheror not the
fluorescencequenchingwasinducedby theformationof
an RhB–CD complex. In Fig. 3(a), a typical Stern–
Volmer plot for thequenchingof RhB by 2 is illustrated.
This downward-curvingplot may indicatethat thereare
two kinds of speciesin the RhB dye aqueoussolution,
oneaccessibleandtheotherinaccessibleto cyclodextrin.
Then,a modified Stern–Volmerequationfor the above


Table 1. Fluorescent properties of the dye guests in the absence and presence of b-cyclodextrin hosts 1±3
(1.0� 10ÿ3 mol dmÿ3)


Fluorescentdye Concentration(mM) Host �ex(nm) �em(nm) Relativeintensity


ANS 10 None 350 524 1
1 510 2.4
2 509 2.1
3 499 5.8


TNS 10 None 350 496 1
1 483 16
2 481 28
3 480 22.7


AR 10 None 490 561 1
1 553 4
2 556 3.6
3 553 4.2


RhB 10 None 520 575 1
1 573 0.71
2 573 0.81
3 572 0.70


Figure 1. Fluorescence spectral changes of AR
(1.0� 10ÿ5 mol dmÿ3) on addition of mono[2-O-(2-hydro-
xypropyl)]-b-cyclodextrin (3) in aqueous buffer solution at
pH 7.20. The concentration of 3 increases in the range
0±1.8� 10ÿ3 mol dmÿ3 from a to l. Excitation wavelength,
490 nm


Figure 2. Fluorescence spectral changes of RhB
(5.0� 10ÿ6 mol dmÿ3) on addition of mono(6-O-maltosyl)-
b-cyclodextrin (2) in aqueous buffer solution at pH 7.20. The
concentration of 2 increases in the range 0±1.0
1.0� 10ÿ3 mol dm ÿ3 from a to k. Excitation wavelength,
520 nm


Copyright  2000JohnWiley & Sons,Ltd. J. Phys.Org. Chem.2001;14: 11–16


INCLUSION COMPLEXATION OF CYCLODEXTRINS WITH FLUORESCENTDYES 13







systemshouldbeemployed:17


I0


�I
� 1


faK�CD� �
1
fa


�1�


where I0 is the total fluorescencein the absenceof
quencher (CD), K is the Stern–Volmer quenching
constantof the accessiblefraction and fa is the fraction
of theinitial fluorescencewhich is accessibleto quencher
(CD).


On the basisof Eqn. ((1)), a typical plot is shownin
Fig. 3(b) for the quenchingof RhB by 2, where I0/DI
valuesare plotted against1/[CD] to give an excellent
linear relationship(R = 0.9978),verifying the probable
accessible–inaccessiblemechanismproposedabove.We
are further interestedin which speciesis accessibleto
cyclodextrinsinceit is useful to understandthe binding
constantsobtained.Changet al.18 pointed out that, in
addition to the zwitterionic and cationic forms, a third
speciesof RhB in dilute solutionis thecolorlesslactone,
whichdoesnotcontributeto thefluorescenceemissionin
the visible region.Therefore,it may be concludedthat
cyclodextrins1–3 prefer to complex with the lactonic
form of RhB.Basedon this hypothesis,we mayinterpret
the phenomenathat the fluorescenceof RhB decreases
with theadditionof cyclodextrinhostsin dilute solution,
sincesomeof thezwitterionsaretransformedto lactone
with the lactone–cyclodextrincomplex formation. This
inclusion behavior is very similar to the inclusion
complexationof phenolphthaleinwith b-cyclodextrin,
where when the ionized form of phenolphthaleinis
enclosedin the cyclodextrincavity, it is forced into its
colorlesslactonestructure.19 Furthermore,Hinckley et
al.18b reportedthatin thelactone zwitterionequilibrium,
81.5% of RhB dissolvedin water and 70.6% of RhB
dissolvedin ethanol is in the zwitterionic form in the
concentrationrange(6–8)� 10ÿ6 mol dmÿ3. In fact, the
fraction(fa) of theinitial fluorescencewhich is accessible
to cyclodextrin calculated from the intercept of the
modifiedStern–Volmerplots is in therange30–40%for
theb-cyclodextrinhosts1–3 in thepresentstudy.


Fluorescence spectral titrations


Assuming1:1 stoichiometry,the inclusioncomplexation
of a guest(Dye) with a host (CD) is expressedby the
equation


CD� Dye�Ks


CD � Dye �2�


The stability constant(KS) can be obtainedfrom the
analysis of the sequential changes of fluorescence
intensity(DI) of guestdyesat variousconcentrationsof
host,usinga non-linearleast-squaresmethodaccording
to thecurve-fittingequation20


�I �
f���CD�0� �Dye�0� 1=Ks�


�
������������������������������������������������������������������������������������������
�2��CD�0 � �Dye�0� 1Ks�2ÿ 4�2�CD�0�Dye�0


q
g=2
�3�


where[Dye]0 and[CD]0 refer to the total concentrations
of the guestdyes and host cyclodextrinsand a is the
proportionality coefficient, which may be taken as a
sensitivity factor for the fluorescencechange.For each
fluorescentdyeexamined,theplot of DI asa functionof
[CD]0 gavean excellentfit, verifying the validity of the
1:1 complex stoichiometry assumedabove. Figure 4
illustratestypical curve-fitting plots for the titrations of
AR with cyclodextrins 1–3. There are no serious
differencesbetweentheexperimentalandcalculateddata
for the CD–Dye system, indicating 1:1 complexation
only throughout the concentrationrange of host b-
cyclodextrins(0–2mmol dmÿ3). The complexstability
constants(KS) obtainedarelisted in Table1, alongwith
the freeenergychangeof complexformation(ÿDG°).


Binding constants and molecular recognition


In previous studies,21,22 we examined the inclusion


Figure 3. (a) Stern±Volmer and (b) modi®ed Stern±Volmer plots for RhB,
whose ¯uorescence was quenched by the addition of mono(6-O-maltosyl)-
b-cyclodextrin (2)
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complexation of a variety of chemically modified
cyclodextrins with diverse guest molecules, such as
aminoacids,aliphatic alcoholsandnaphthalenesulfonic
acid, and found that severalnon-covalentweak forces,
including van der Waals,hydrophobic,hydrogen-bond-
ing and dipole–dipole interactions,cooperativelycon-
tributeto theinclusioncomplexationof cyclodextrins.In
the presentcase,we found that the size/shapematching
betweenhost and guestdominatesthe stability of the
complexesformed,which indicatesthat van der Waals
and hydrophobicinteractionsmainly contribute to the
formation of supramolecularcomplexes,as thesetwo
forcesareclosely relatedto the distanceandcontacting
surfaceareabetweenhostandguest


As canbeseenfrom Table2, althoughANS andTNS
containbothphenylandnaphthylresidues,their binding
constantswith a certainhost are dramaticallydifferent,


e.g.,thebindingconstantsof hosts1 and2 with TNS are
greaterby afactorof 35–36thanthatwith ANS.Wehave
demonstratedthat the naphthalenering prefers to
penetrate into the cavity of b-cyclodextrin in the
longitudinal direction.23 Examinationwith the Corey–
Pauling–Koltun(CPK) molecularmodel indicated that
the naphthaleneresidueof TNS may be embeddedinto
theb-cyclodextrincavity fully andthenaffordsa larger
binding constant with b-cyclodextrin hosts 1–3. In
contrast, the naphthalene residue of ANS cannot
penetrateinto the cavity of b-cyclodextrinowing to the
sterichindranceof theanilino group.In this context,the
binding of ANS to b-cyclodextrinprobablyoccur with
the anilino group and then affords the lowest binding
constantswhosemagnitudeis consistentwith thethoseof
aniline(KS = 61)andN-methylaniniline(KS = 83)with b-
cyclodextrin.


As a linearxanthenederivative,AR maybeembedded
deeplyinto b-cyclodextrinbut affordsmoderatebinding
constantsof (1.8–2.6)� 103 with hosts1–3, which are
smallerthanthoseof TNS with thecorrespondinghosts.
It is well known that the cyclodextrincavity is lined by
hydrogenatomsandglycosidicoxygenbridges,andthe
non-bondingelectron pairs of the glycosidic oxygen
bridges are directed toward the inside of the cavity
producinga high electrondensitythereandlendingto it
some Lewis base characteristics.In this context, the
cyclodextrin cavity should favor complexation with
cationic guestssuchasAR. However,it shouldalsobe
noted that the positive charge of AR may reversely
reducethehydrophobicityof thewholemolecule.In the
presentcase,it seemsthesecondfactorplaysthecrucial
role. As a result, the cyclodextrin hostsusedprefer to
encapsulateneutralTNS to chargedAR. Unexpectedly,
although RhB possessesa large sterically hindering
group on the xantheneresidue, it affords the largest
binding constantsamong the four fluorescentdyes. A
probableexplanationis that the lactonic form of RhB
participatesin the complexationwith b-cyclodextrin,as
we proposed previously. Phenolphthalein,which is
believed to transform into the lactone in the b-
cyclodextrin cavity, can form an extra stablecomplex
with b-cyclodextrinandgivesahighstability constantof
2.3� 104 evenin pH 10.5aqueoussolution.19


We may note from Table2 that the functionalgroup
introducedon to hosts2 and 3 significantly affects the
original molecularbinding ability of b-cyclodextrin(1).
Theadditionof maltoseto therim of thecylcodextrincup
not only increasesthesolubility of theb-cyclodextrinin
water, but also marginally attenuatesthe binding of
guestswithin the cyclodextrin cavity. As can be seen
from Table 2, the binding constantsof the fluorescent
dyeswith host2 areabouttwo-thirdsof thecorrespond-
ing values with native b-cyclodextrin (1). This result
probablyindicatesthat the introductionof a hydrophilic
substituentmayreducetheoriginalhydrophobicityof the
cavity andthe binding ability towardhydrophobicguest


Table 2. Complex stability constants (KS) and Gibbs free
energy changes (ÿDG°) for 1:1 inclusion complexation of
various guest dyes with b-cyclodextrins 1±3 in aqueous
buffer solution (pH 7.20) at 25°Ca


Host Guest KS Log KS


ÿDG°
(kJmolÿ1)


1 ANS 102 2.01 11.5
TNS 3700 3.57 20.4
AR 2630 3.42 19.5
RhB 5100 3.71 21.2
Aniline 61 1.79 10.2
N-Methylaniline 83 1.92 11.0


2 ANS 69 1.84 10.5
TNS 2410 3.38 19.3
AR 1790 3.25 18.6
RhB 3300 3.52 20.1


3 ANS 260 2.41 13.8
TNS 3030 3.48 19.9
AR 2400 3.38 19.3
RhB 3840 3.58 20.5


a When repeatedmeasurementswere performed,the KS value was
reproducible within an error of �5%, which correspondsto an
estimatederror of 0.12kJmolÿ1 in the free energyof complexation
(DG°).


Figure 4. Curve-®tting analyses of ¯uorescence spectral
titrations of AR with b-cyclodextrin hosts 1±3 in aqueous
buffer solution at pH 7.20. The differential ¯uorescence
intensity DI (open circles) was ®tted to the theoretical value
(closed circles) calculated for stoichiometric 1:1 complexation
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molecules. The 2-hydroxypropyl group in host 3 is
hydrophobiccomparedwith the hydroxy group on the
secondaryside,andmay extendthe hydrophobiccavity
of nativeb-cyclodextrin(1). However,host3 still affords
aweakerbindingability thannativeb-cyclodextrin.As is
well known, guestmoleculesusually accessthe cyclo-
dextrin cavity from the more opening side in the
complexationprocedure,24 andthereforetheintroduction
of a subsituent on to the secondary side of the
cyclodextrin may causesteric hindranceof the guest
accessingto the cavity, which probably leads to the
weakerbinding ability of 3 with large-sizedguests.On
the other hand, as we reported previously, 22b,23b a
hydrophobic substituent in cyclodextrin derivatives
prefers to be self-included into its cavity to form an
intramolecularcomplexandis excludedfrom the cavity
onadditionof externalguests.Hence,theintroductionof
a self-including substituent in cyclodextrin is not
favorablefor enhancingthecyclodextrin’scomplexation
ability. As a result of the above factors, the binding
ability of thethreehostsfor TNS,AR or RhBdecreasesin
theorder1> 3> 2.


FromTable2, it canbeseenthat thebindingconstant
of host 3 with ANS is greaterthan that of host 1 by a
factor of 2.5,which is consistentwith the resultsfor the
inclusion complexationof ANS with polyamine-mod-
ified b-cyclodextrin(KS = 266for diethylenetriamino-b-
cyclodextrinand280 for triethylenetetraamino-b-cyclo-
dextrin.23b A reasonableexplanationis that the anilino
residuein ANSparticipatesin theinclusioncomplexation
with b-cyclodextrin,althoughits sizeis smallerthanthe
volumeof theb-cyclodextrincavity (262 Å3).25,26 If so,
the self-including propyl group in 3 may adjust the
effective spaceof its cavity and 3 affords more stable
complexationwith ANS thandoesnativeb-cyclodextrin.
The present results indicate that the hydrophobic
subsituentcan servenot only as a competitive group,
but alsoasanadjusterof thecavity size.
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ABSTRACT: The purpose of this work was to determine quantitatively the structures of CH3NH3
� and CH3PH3


� in
aqueous solution. For this purpose, the structures of CH3NH3


� (H2O)n were optimized using MP2/6–31G(d) (n = 0, 1,
2, 3, 4, 5, 6) and RHF/4–31G (n = 0, 1, 2, 3, 4, 5, 6, 9, 21) and the structures of CH3PH3


� (H2O)n (n = 0, 1, 2, 3) were
optimized using MP2/6–31�G(d,p). Based on these structures, the structure of CH3NH3


� in aqueous solution was
predicted as follows: C—N = 1.479 Å, N—H = 1.047 Å, C—H = 1.088 Å, NCH = 108.9° and CNH = 108.5°. The
C—N bond length of CH3NH3


� in aqueous solution is predicted to be smaller than that in the gas phase by 0.03 Å. The
N—H bond lengths of CH3NH3


� in aqueous solution are predicted to be longer than those in the gas phase by 0.02 Å.
The structure of CH3PH3


� in aqueous solution was predicted as follows: C—P = 1.808 Å, P—H = 1.394 Å,
C—H = 1.087 Å, PCH = 109.5° and CPH = 109.9°. The structure of CH3PH3


� in aqueous solution is predicted to be
similar to that in the gas phase. Copyright  2001 John Wiley & Sons, Ltd.


KEYWORDS: ab initio calculations; structure; CH3NH3
�; CH3PH3


�; aqueous solution
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Many biologically important species, such as amino acids
and peptides, possess —NH3


� groups. For this reason, the
structure of RNH3


� in aqueous solution is of great interest.
However, its experimental determination is still a
difficult task. Ten years ago, the author qualitatively
predicted the structure of CH3NH3


� in aqueous solution
without taking electron correlation into account.1 The
purpose of this work was to include this term in
calculations. Also, the structure of CH3PH3


� in aqueous
solution is predicted.


!"�!���!���#


Computations were made using the program Gaussian
942 and the SP2, HPC, HSP and SX-5 computers at the
Institute for Molecular Science.


According to Del Bene,3 the optimized geometries of
small, binary complexes with strong H-bonds essentially
converge at the MP2/6–31�G(d,p) level of ab initio
methodology. Later studies at higher levels of methodol-
ogy4–6 showed that the optimized geometries of a number
of complexes change very little beyond the MP2/6–


31�G(d,p) level, while the extra computational effort can
increase dramatically.


Therefore, MP2/6–31G(d) was mainly used for the
aqueous clusters studied here. For clusters too large to be
optimized by MP2/6–31G(d), RHF/4–31G was used. In
fact, the latter level as shown to be well suited for
protonated clusters.7


A Monte Carlo simulation study of CH3NH3
� in


aqueous solution8 showed that (1) the NH3
� group has


an average coordination number of 3.5, corresponding to
one water molecule closely associated with each H; (2)
the water molecules in the first solvent shell have both
lone pairs directed toward the NH3


� group, which implies
that (3) only their hydrogen atoms are available for
coordinating to bulk water; (4) the average number of H
bonds to bulk water of each water molecule in the first
solvent shell is 1.88; (5) the average angle O—H (in the
first solvent shell)�H (in bulk water) is 158.5°; (6) for
water molecules in the second solvent shell, the average
coordination number is 4.70.


The cluster model used in this work (see Fig. 1) has the
following features: (A) up to three water molecules are
present in the first solvent shell, which agrees with the
above result (1); (B) the optimized N—H�O bond
angles obtained using RHF/4–31G and MP2/6–31G(d)
levels are between 169.5° and 176.8°, in accordance with
(2); (C) hydrogen atoms of water molecules in the first
solvent shell are bonded to oxygen atoms of water
molecules in the second solvent shell, but there are no
relevant oxygen atom to water molecule bonds in either
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the second or third solvent shells, in a agreement with (3)
and (4); (D) the optimized angles O—H (in the first
solvent shell)�O (in the second solvent shell) using
RHF/4–31G and MP2/6–31G(d) levels are between
175.2° and 179.2°, which differs from (5), but, this
difference is not expected to be important for predicting
the geometry of CH3NH3


� in aqueous solution; (E) up to
six water molecules are present in the second solvent
shell, which is consistent with (6); (F) as expected, the
effect of water molecules in the third solvent shell on the
geometry of CH3NH3


� is very small; in fact, negligible
changes in the result were obtained, even orienting water
molecules in the third solvent shell so that their
interaction with those in the second solvent shell is
strong: bond angles O–H (in the second solvent shell)�O
(in the third solvent shell) constrained at 180°; torsional
angles of H (in the first solvent shell)�O—H (in the
second solvent shell)�O—H (in the third solvent shell)
constrained at �90°; no explicit statement is made in Ref.
8 on this topic.


As far as the notation is concerned, CH3NH3
� (H2O)n


(n = 0, 1, 2, 3) have n water molecules in the first solvent
shell, CH3NH3


� (H2O)3(H2O)m have three water mol-
ecules in the first solvent shell and m water molecules in
the second solvent shell, and are also denoted
CH3NH3


�(H2O)m�3. CH3NH3
� (H2O)3(H2O)6(H2O)12


has 3, 6 and 12 water molecules in the first, second and
third solvent shells, respectively, and is identical with
CH3NH3


�(H2O)21.
Geometry optimization at the MP2/6–31G(d) level was


carried out for CH3NH3
�(H2O)n (n = 0, 1, 2, 3) and


CH3NH3
�(H2O)3(H2O)m (m = 1, 2, 3). [(CH3NH3


�(H2O)n


(n � 9) cannot be optimized owing to the limitations of
the program.] For the first set of clusters, full optimiza-
tion was performed, whereas for the second set, only a
partial optimization was carried out, considering the
negligible structural changes in CH3NH3


� and H2O
introduced by


H2O � CH3NH�
3 �H2O�2 � CH3NH�


3 �H2O�3 �1�


Full geometry optimization using RHF/4–31G was
carried out for CH3NH3


�(H2O)n (n = 0, 1, 2, 3) and
CH3NH3


�(H2O)3(H2O)m (m = 1, 2, 3, 6), but for
CH3NH3


�(H2O)3(H2O)6(H2O)12 only partial optimization
was performed. Since the C—N bond length of
CH3NH3


�(H2O)3(H2O)6(H2O) with full optimization
was only 0.0002 Å longer than that with partial
optimization, the latter was considered to be acceptable
for larger clusters.


When full optimization was carried out, vibrational
analysis was performed, in order to check that all
frequencies were real.


The energy changes (�En�1,n) of


CH3NH�
3 �H2O�n�1 � H2O � CH3NH�


3 �H2O�n �2�


were calculated with the equation


�En�1�n � E�CH3NH�
3 �H2O�n	


�E�CH3NH�
3 �H2O�n�1	 � E�H2O� �3�


The relevant enthalpy changes (�H298 K
n�1,n) were


also calculated with a similar equation:


�H298 K � �Eo
e ��Eo


v ����E298 K
v � ��E298 K


r


��E298 K
t ���PV� �4�


where �Ee
o is the electronic energy change, �Ev


o is the
change in the zero-point energy, �(�Ev


298 K) is the
vibrational energy change for the thermodinamic path 0–
298 K and the remaining quantities are for the changes in
rotational and translational energy and for the work term,
which were treated classically.


The proton affinity difference between the solute and
solvent is important.9 For reliability evaluation, the proton
affinity differences between CH3NH2 and H2O using MP2/
6–31G(d) and RHF/4–31G were compared with experi-
mental values of the enthalpy. Furthermore, the optimized
structures obtained using MP2/6–31G(d) were compared
with the fully optimized structures using MP2/aug-cc-
pVDZ for CH3NH3


�(H2O)n (n = 0, 1, 2) and CH3NH2.
Finally, the structures of CH3PH3


�(H2O)n (n = 0, 1, 2,
3) were also fully optimized using MP2/6–31�G(d,p)
(see Fig. 2). Vibrational analysis was carried out in order
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to confirm that all vibrational frequencies were real, and
the optimized structures for CH3PH3


�(H2O)n (n = 0, 1)
and CH3PH2 were compared with the fully optimized
structures obtained using MP2/6–31�G(2d,2p) for relia-
bility evaluation.


�!) #�) ��� ��)� ))���


������
�


The proton affinity differences estimated by MP2/6–
31G(d) (52 kcal mol�1) and RHF/4–31G (48 kcal mol�1)
are in good agreement with the experimental enthalpy
(48 kcal mol�1) (1 kcal = 4.184 kJ).10


The clusters on which vibrational analysis was
performed all have real vibrational frequencies and
correspond to equilibrium structures. Tables 1 and 2
show the enthalpy changes (��H298K


n�1,n) for
CH3NH3


�(H2O)n clusters. Values of ��H298K
n�1,n de-


termined using RHF/4–31G are 1.5 times larger than the
experimental ��Ho


n�1,n, while those obtained using
MP2/6–31G(d) are slightly overestimated. Since the
structures for CH3NH3


�(H2O)n (n = 0, 1, 2) and CH3NH2


optimized using MP2/6–31G(d) agree with those ob-
tained using MP2/aug-cc-pVDZ, MP2/6–31G(d) optimi-
zation can be considered to be reliable.


Tables 3 and 4 show changes in the optimized
structural parameters and of the charge on CH3 (qCH3


)
with increasing n. The 4–31G optimized structural
parameters are close to the MP2/6–31G(d) values, and
the same trend as in Ref. 1 is found.


For the CH3NH3
� moiety of CH3NH3


�(H2O)n, RHF/4–
31G results show that changes in C—N bond length in the
first, second and third solvent shells are 0.031 , 0.011 and
0.006 Å, respectively. A similar trend is observed for the
other structural parameters and for the charge on CH3.
For this reason, contributions of shells larger than the
third one were neglected, i.e. the structure of the
CH3NH3


� ion in CH3NH3
�(H2O)n→� is predicted to be


similar to the structure of CH3NH3
� in CH3NH3


� (H2O)3


(H2O)6 (H2O)12.
The structural parameters and the charge on CH3 of


CH3NH3
� moiety in CH3NH3


�(H2O)n (n = 0, 1, 2, 3) and
CH3NH3


� (H2O)3 (H2O)m (m = 1, 2, 3) obtained using
MP2/6–31G(d) are found to be linearly related to those
determined by RHF/4–31G. Least-squares fits yield
correlation coefficients �0.98. These linear relations
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4–31G Experimentala


Et
b ��En�1,n ��H298K


n�1,n ��Ho
n�1,n


n (hartree) (kcal mol�1) (kcal mol�1) (kcal mol�1)


0 �95.44076
1 �171.38915 24.9 23.1 16.8
2 �247.33112 20.9 19.0 14.6
3 �323.26797 17.7 15.9 12.3
4 �399.20279 16.4 14.4 10.3
5 �475.13648 15.7 13.7 9.0
6 �551.06916 15.1 13.0 8.5
9 �778.84679


21 �1689.92835


a Ref. 14.
b E (H2O) = �75.88251 hartree.
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MP2/6–31G (d) Experimentala


Et
b ��En�1,n ��H298K


n�1,n ��Ho
n�1,n


n (hartree) (kcal mol�1) (kcal mol�1) (kcal mol�1)


0 �95.86820
1 �172.10043 22.2 20.8 16.8
2 �248.32756 19.0 17.4 14.6
3 �324.55069 16.5 14.9 12.3
4 �400.76946 13.8 10.3
5 �476.98727 13.2 9.0
6 �553.20421 12.6 8.5


a Ref. 14.
b E (H2O) = �76.19685 hartree.
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were used to predict parameters at the MP2/6–31G(d)
level of the CH3NH3


� moiety in CH3NH3
�(H2O)n→�


from those obtained using RHF/4–31G (see Table 5). It
can be seen that the predicted values of the CH3NH3


�


moiety in CH3NH3
�(H2O)n→� are close to those in


CH3NH3
�(H2O)6. This is a reasonable result considering


that in MP2/6–31G(d) calculations, the changes in the


parameters of the CH3NH3
� moiety in CH3NH3


�(H2O)n


become very small on approaching n = 6 (also in Table
5).


In previous work,1 water molecules around the CH3 of
CH3NH3


�(H2O)n→� were found to have a negligible
influence on the structure of CH3NH3


� in aqueous
solution, since very small changes in the results were


���� �' !�� ./%�0 	���4�1 ���"��"�� 	
 #$%&$%
�'$��(� ��"���� � ��� 5�� ������


C—N N—Hb C—Hc NCHd CNHe


n (Å) (Å) (Å) (°) (°) qCH3


f


0 1.526 1.010 1.076 108.2 111.0 0.488
1 1.511 1.018 1.076 108.7 110.8 0.446
2 1.502 1.021 1.076 109.0 110.5 0.405
3 1.495 1.022 1.076 109.2 110.1 0.366
4 1.492 1.024 1.077 109.2 110.1 0.357
5 1.490 1.025 1.077 109.3 110.1 0.353
6 1.488 1.026 1.077 109.3 110.0 0.338
9 1.484 1.029 1.077 109.3 109.3 0.313


21 1.478 1.033 (1.077) (109.3) (109.3) 0.304
CH3NH2 1.450 0.994 1.084 111.1 116.4 0.219


a The values in parentheses are fixed values.
b Values are the means of three N—H bond lengths.
c Values are the means of three C—H bond lengths.
d Values are the means of three NCH bond angles.
e Values are the means of three CNH bond angles.
f The charge of CH3.


���� *' !�� 2��-3<%�0'1( 	���4�1 ���"��"�� 	
 #$%&$%
�'$��(� ��"���� � ��� 5�� ������


C—N N—H C—H NCH CNH
n (Å) (Å) (Å) (°) (°) qCH3


0 1.510 1.029 1.088 108.2 111.6 0.400
[1.512] [1.028] [1.095] [108.0] [111.5]


1 1.502 1.035 1.088 108.5 111.0 0.365
[1.504] [1.033] [1.095] [108.4] [111.1]


2 1.495 1.037 1.088 108.7 110.5 0.333
[1.498] [1.036] [1.096] [108.7] [110.7]


3 1.491 1.038 1.088 108.9 110.0 0.305
4 1.489 1.039 (1.088) (108.9) (110.0) 0.296
5 1.487 1.040 (1.088) (108.9) (110.0) 0.288
6 1.485 1.041 (1.088) (108.9) (110.0) 0.282


n→�b 1.479 1.046 1.088 108.9 108.5 0.256
CH3NH2 1.466 1.018 1.095 111.0 109.5 0.137


[1.473] [1.020] [1.102] [110.9] [110.0]


a See Table 3. Values in square brackets are MP2/aug-cc-pVDZ results.
b See text.


���� +' !�� ���"��"�� 	
 #$%&$%
� � �="�	"� �	�"�	�


C—N N—H C—H NCH CNH
Method (Å) (Å) (Å) (°) (°) qCH3


MINI-1a 1.486 1.035 1.073 110.1 109.2 0.161
4–31G 1.478 1.033 1.077 109.3 109.3 0.304
4–31Ga 1.469 1.032 1.076 110.0 109.0 0.260


MP2/6–31(d) 1.479 1.047 1.088 108.9 108.5 0.252


a See Ref. 1.
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obtained, even orienting the oxygen atoms of water
molecules towards H3C.


Since in aqueous solution these atoms are probably not
oriented towards H3C, the effect of water molecules
around the CH3 of the structure of CH3NH3


� in aqueous
solution was neglected in the present study, i.e. the
structure of CH3NH3


� in aqueous solution is predicted to
be similar to the structure of the CH3NH3


� moiety in
CH3NH3


�(H2O)n→�.
The following structure was obtained for CH3NH3


� in
aqueous solution using MP2/6–31G(d): C—N = 1.479 Å,
N—H = 1.047 Å, C—H = 1.088 Å, NCH = 108.9° and
CNH = 108.5°. The C—N bond length is found to be
0.03 Å smaller and the N—H bond length is longer
0.02 Å than in the gas phase. The predicted structure of
CH3NH3


� using MINI-1, 11 4–31G and MP2/6–31G(d)
calculations in aqueous solution is shown in Table 5.
Structural parameters predicted by the three methods
have similar values and are similar to those obtained in
Ref. 1. Thus, it turns out that the procedure in Ref. 1,
which does not take electron correlation into account,
nevertheless yields reliable results. Since MP2/6–31G(d)
calculations are usually affected by a 0.005 Å error,12 it
seemed sensible to assign the value 1.479 � 0.005 Å to
the C—N bond length of CH3NH3


� in aqueous solution.


������
�


All the studied clusters have real vibrational frequencies
and correspond to equilibrium structures. Unfortunately,


no experimental �Ho
n�1,n are available for comarison


with �H298 K
n�1,n. Since the optimized structures for


CH3PH3
�(H2O)n (n = 0, 1) and CH3PH2 obtained using


MP2/6–31�G(d,p) agree with those determined by MP2/
6–31�G(2d,2p), MP2/6–31�G(d,p) can be considered
sufficiently reliable.


Table 6 shows that the structure of CH3PH3
� in


CH3PH3
�(H2O)n shows almost no change with increasing


n. Therefore, it can be assumed that the structure of
CH3PH3


� in CH3PH3
�(H2O)n→� should be similar to that


in CH3PH3
�(H2O)3. Since neither Monte Carlo nor


molecular dynamics studies have been carried out on
CH3PH3


� in aqueous solution, the water structure around
its PH3


� group is unknown. However, the fact that the
geometry of CH3PH3


� in aqueous solution can be
expected to be independent of the water structure around
its PH3


� group can be inferred from the following
observation: although the interaction between CH3PH3


�


and (H2O)n in CH3PH3
�(H2O)n in Fig. 2 is the strongest


one, the geometry of CH3PH3
� in CH3PH3


�(H2O)n does
not change with increasing n.


Water molecules around CH3 of CH3PH3
�(H2O)n→�


have a negligible influence on the structure of CH3PH3
� in


aqueous solution, for the same reasons as for CH3NH3
�.


In addition, since the charge on CH3 of
CH3PH3


�(H2O)n→� is considerably smaller than that of
CH3NH3


�(H2O)n→� (see Tables 4 and 6), the interaction
between CH3 and water molecules around CH3 in
CH3PH3


�(H2O)n→� is weaker than that in
CH3NH3


�(H2O)n→�. Therefore, it can be expected that
the structure of CH3PH3


� in aqueous solution is similar to
that in CH3PH3


�(H2O)3: C—P = 1.808 Å, P—H = 1.394
Å, C—H = 1.087 Å, PCH = 109.5° and CPH = 109.9°.
Thus, the structure of CH3PH3


� in aqueous solution is
predicted to be similar to that in the gas phase (Table 6).


������
� ,� ������


�


The C—N bond length of CH3NH3
� obtained using MP2/


6–31G(d) is longer than that of CH3NH2 in the gas phase
by 0.044 Å (see Table 4). It can be argued that the cause
of the elongation of the C—N bond of CH3NH3


� in the


���� -' !�� 2��-3<%��0'1��( 	���4�1 ���"��"�� 	
 #$%�$%
�'$��(� ��"���� � ��� 5�� ������


C—P P—H C—H PCH CPH
n (Å) (Å) (Å) (°) (°) qCH3


0 1.801 1.387 1.088 109.4 111.7 0.106
(1.799) (1.391) (1.089) (108.9) (111.8)


1 1.804 1.391 1.088 109.5 111.1 0.093
(1.802) (1.395) (1.088) (109.1) (111.2)


2 1.806 1.393 1.087 109.5 110.5 0.084
3 1.808 1.394 1.087 109.5 109.9 0.077


CH3PH2 1.859 1.408 1.088 111.6 97.8 �0.100
(1.865) (1.413) (1.088) (110.3) (97.4)


a Values in parentheses are MP2/6–31�G(2d,2p) results.
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gas phase is the contribution of CH3
��NH3 as a


resonance structure. The C—N bond length of CH3NH3
�


in aqueous solution was found to be smaller than that in
the gas phase by 0.03 Å. In addition, the charge on CH3 of
CH3NH3


� in aqueous solution was predicted to be less
positive than that in the gas phase by 0.14. Therefore, it
can be expected that the contribution of the resonance
structure, CH3


��NH3, to CH3NH3
� in aqueous solution is


smaller than that in the gas phase. For CH3PH3
�, the


resonance structure, CH3
��PH3, contributes to CH3PH3


�


in the gas phase.13 The C—P bond length of CH3PH3
� in


aqueous solution was found to be similar to that in the gas
phase. In addition, the charge on CH3 of CH3PH3


� in
aqueous solution was predicted to be close to that in the
gas phase. This means that the contribution of the
resonance structure, CH3


��NH3, to CH3PH3
� in aqueous


solution is close to that in the gas phase. Why does the
contribution of the resonance structure CH3


��NH3 in
aqueous solution change in the gas phase? On the
contrary, why does the contribution of the resonance
structure CH3


��PH3 in aqueous solution not change in
the gas phase? A possible explanation is depicted in the
scheme shown.


Since the positive charge on the hydrogen of N—H in
CH3NH3


� is large (�0.41), the positive charge on the
hydrogen atoms transfers to water molecules (step 1). As
a result of step 1, the positive charge on the hydrogen
atoms of NH3 decreases, causing the charge on the
nitrogen atom to be transfer to the hydrogen atoms of
NH3 (step 2). As a result of step 2, the negative charge on
the nitrogen atom of NH3 increases, causing the positive
charge on CH3 to be transferred to the nitrogen atom (step
3). As a result of step 3, the positive charge on CH3


decreases. That is to say, it can be expected that the
positive charge on CH3 decreases because of the charge
transfer (1 → 2 → 3). This idea is supported by the fact
that for CH3NH3


�(H2O)n with n = 0 → 6, the changes of
the charges on CH3 and (H2O)n are �0.12 and �0.14,
respectively. Therefore, it can be predicted that the cause
of the smaller contribution of the resonance structure
CH3


��NH3 in aqueous solution than in the gas phase is
due to the above phenomena.


In contrast, in CH3PH3
� the positive charge on the


hydrogen of P—H is very small (�0.07), so that the


charge transfer from the hydrogen atoms to water
molecules should be very small, and charge transfer (4
→ 5 → 6) very unlikely.


Therefore, it can be expected that the positive charge
on CH3 barely changes. This idea is supported by the fact
that for CH3PH3


�(H2O)n with n = 0 → 3, the change of
charge on CH3 is �0.03. Therefore, it can be predicted
that, for the above reason, the contribution of the
resonance structure CH3


��PH3 in aqueous solution is
close to that in the gas phase.


The N—H bond lengths of CH3NH3
� in aqueous


solution were determined to be longer than those in the
gas phase by 0.02 Å. In contrast, the P—H bond lengths
of CH3PH3


� in aqueous solution were found to be close to
those in the gas phase. Since the positive charge on the
hydrogen atoms of N—H in CH3NH3


� is large (�0.41),
water molecules exert a large attraction on the hydrogen
of N—H. Hence the N—H bond lengths of CH3NH3


� in
aqueous solution can be expected to be longer than those
in the gas phase by 0.02 Å. In contrast, in CH3PH3


� the
positive charge on the hydrogen of P—H was found to be
very small (�0.07) and water molecules exert only a
small attraction on the hydrogen of P—H. For this reason,
the P—H bond lengths of CH3PH3


� in aqueous solution
can be predicted to be close to those in gas phase.


Full optimized structural parameters can be obtained
from the authors on request.
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ABSTRACT: 2-Phenylhydrazones of 1,3-diphenyl-1,2,3-trione are the dominant tautomeric form detected in
chloroform solution by 15N NMR chemical shifts. The substituent in the phenylhydrazone moiety does not affect this
tautomeric preference. The substituent effect is transmitted effectively only to the hydrazone nitrogen and hydrogen
atoms. Ab initio calculations show that the ketohydrazone tautomer is really very much favoured over its proton-
transfer products in chloroform solution. The same tautomer was also detected in the crystal state by X-ray
crystallography. Copyright  2001 John Wiley & Sons, Ltd.


KEYWORDS: tautomers; ketohydrazones; hydrogen bonding; X-ray diffraction; NMR; ab initio calculations
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Ketimines compete with enaminone or enolimine tauto-
meric forms. Such equilibria were found to take place in
solutions prepared by dissolving 2-phenacyl substituted
pyridines and quinolines in chloroform.1,2 Strong elec-
tron-donating substituents in the phenacyl moiety of
these compounds increase the contribution of the
ketimine form (its molecule is not stabilized by the
hydrogen bond).1,2


Proton transfer in monohydrazones of 1,2-diketones is
also possible. There are many different basic centres in
their molecules. Thus, the tautomeric forms shown in
Scheme 1 have to be considered. Their geometric isomers
are not stabilized by intramolecular hydrogen bonds.
NMR and IR spectra show that, depending on the solvent
used, s-trans-KH is the major or the only tautomer present
in solutions obtained by dissolving benzil monophenylhy-
drazone, PhCOC(Ph)=NNHPh.3,4 Some typical chemical
shifts are noteworthy: �(NH) = 7.9 ppm,3 �(15N) = 8.2 and
12.1 ppm4 (solutions in chloroform, two different geo-
metric isomers, no reference compound mentioned).
Hydrogen-bonding interactions with the solvent are
believed to favour the s-trans configuration of benzil
monophenylhydrazone.4 Steric interaction between R and
R� (phenyls) is another explanation of such behaviour.


In addition to KH (ketohydrazone), AK (azoketone)
and AE (azoenol, see Scheme 1, R = acyl), another
azoenol tautomer can also be present in solution obtained
by dissolving 2-arylhydrazones of 1,2,3-triones; see
Scheme 2.


Studies show that only KH is present in solution and in
the crystalline state.5–7 Unlike benzil monophenylhydra-
zone, 2-arylohydrazones of 1,2,3-triones have the s-cis
configuration.5–7 The question arises as to whether the
additional carbonyl group in the molecule or substituent in
the phenylhydrazone moiety affect the tautomeric and
configurational preferences in the mixture containing 2-
arylhydrazone of 1,2,3-trione and its products of proton
transfer. It is noteworthy that tautomeric equilibrium takes
place in solutions of related iminohydrazonopropionitriles
and iminohydrazonopropanones.8,9 Since ketohydrazones
contain both the carbonyl group and nitrogen atoms in
their molecules, they seemed worthy of study from the
point of view of the intramolecular hydrogen bond
present. The aim of the present paper is to show the
tautomeric preferences in solution of 2-phenylhydrazones
of 1,3-diphenylpropane-1,2,3-trione (Scheme 3). Dis-
covering whether the substituent can favour a tautomer
different than KH seemed very interesting to us.


��-+.)- /$* *(-,+--(&$


15N NMR chemical shifts for benzaldehyde phenylhy-
drazone, Ph—CH=N—NH—Ph, are equal to �237.0
[1J(15N,1H) = 92.7 Hz] and �54.0 ppm (solution in
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DMSO-d6).10,11 Two different 15N signals were always
detected in the NMR spectra of compounds 1–14. Their
assignments are based on the cross-peaks in the 1H, 15N
heteronuclear multiple-bond connectivities (HMBC)
spectra. The chemical shifts (reference: nitromethane)
of N1 and N2 in the NMR spectra of compounds 1–14 are
very much different from each other and vary in the range
� = �210.0 to �228.0 [1J(15N,1H) = 96 � 1 Hz] and �7.0
to �21.8 respectively (Table 1). These numbers show
that KH is the dominant tautomeric form in chloroform
solution. Since the less acidic tautomer always prevails in
a tautomeric mixture,12–16 one can expect this tautomer to
be a weaker acid than azoenol, AE.


Intramolecular hydrogen bonding in compounds 1–14
results in two benzoyl groups that are not equivalent. This
makes their NMR spectra more complex. In order to
assign the 13C NMR signals properly, their chemical
shifts were calculated using the GIAO-HF/DFT method.
Parameterization used in the calculations for the carbon
atoms attached to chlorine and bromine is insufficient to
obtain reliable 13C NMR chemical shifts (heavy atom
effect). The quality of the �calcd versus �exp correlation
(Table 2) is much better when these chemical shifts are
excluded. Thus, the ab initio calculations at the HF/
B3LYP level of theory (geometry optimization) with the
3-21G and 6-311G (GIAO) basis sets reproduce the
experimental 13C chemical shifts with very good
accuracy. Similar results were obtained for 2-phenacyl-
pyridines and (Z)-2-(2-hydroxy-2-phenylvinyl)pyridines
using the same basis set.17


It is seen in Table 1 that the chemical shift of H7 is


8.05–8.12 ppm (it was ca 7.9 ppm for the ortho protons in
acetophenone18). On the other hand, the position of the
H13 signal is ca 7.6 ppm. The hydrogen bond is
responsible for this downfield shift.


Since only one carbonyl group is involved in the
hydrogen bonding, the chemical shifts of C4 and C5 are
different from each other (Table 2). The differences
�(C4) ��(C5) range from 0.75 to 1.71.


The chemical shifts of some atoms were found to be
linearly dependent on substituent constants. This is the
case for the dependence of H1 (correlation coefficient:
0.972), N1 (0.988), and N2 (0.974) versus � and H1
(0.990), N1 (0.961), and N2 (0.941) versus ��. On the
other hand, there were no correlations found between the
C3, C4, and C5 chemical shifts and both � and ��. Thus,
the substituent effect in compounds 1–14 is transmitted
effectively only to the hydrazone nitrogen and hydrogen
atoms. Electron-withdrawing substituents are expected to


-
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increase the acidity of the hydrogen atom bound to the
nitrogen atom (they cause an upfield shift of the N1, N2,
and H1 signals). This should result in strengthening of the
intramolecular hydrogen bond (Scheme 4).


In general, the calculated lengths of the intramolecular
hydrogen bonds in compounds 1–14 (Table 3) follow the
substituent effect.


The molecular geometry for 2 and 3 is shown in Fig. 1,
and selected geometric data are given in Table 4. In
general, the bond lengths and bond angles are comparable
for 2 and 3. Neither molecule is planar. The most
significant twist was observed around the C3—C5, C4—
C12, C5—C6, and N1—C18 bonds. Surprisingly, the
values calculated for 2 and 3 are close to 60°, whereas
those found in their crystal structures are close to
(�)140°.


One should bear in mind that not only the N—
H���O=C in KH but also the OH���N and OH���O=C
hydrogen bonds in the AE and AE� tautomers respec-
tively are of resonance-assisted hydrogen bond (RAHB)
type.7 The question arises why only KH, including the
N—H���O=C hydrogen bond, is present in chloroform
solution. Intramolecular hydrogen bonds in the KH and
AE tautomers are both expected to be strong. Another
acyl group in the molecule additionally strengthens this
bond in KH7 but not in AE (Scheme 5).


Theoretical calculations (Table 5) show that KH is the
most stable tautomer. Energetical differences between


the KH and AE tautomeric forms (strong RAHB are
expected to be formed in all these molecules) are large
enough to preclude them from being present in the


-
���� 3


)	0�� �1 �6 �	���
 71,9� #�:8 ���������� �	�����
��� �����	��� �	� ������� �	���� �
� �� � ����
���� �2�3


O24���H1 (pm) O24C4C12C17 (°) O25C5C6C11 (°) N2C3C4O24 (°) N2C3C5O25 (°)


1 188.65 �23.19 �15.26 �18.59 140.99
2 189.49 �23.47 �9.39 �18.99 �56.38
3 189.64 23.37 9.21 19.18 56.85
4 189.32 23.22 9.14 19.27 56.77
5 189.60 �23.07 �8.88 �19.57 �57.48
7 189.71 �21.08 �13.38 �21.35 137.84
8 190.15 �22.36 �14.21 �20.10 140.34
9 191.48 21.89 8.60 21.39 57.95


10 191.29 22.04 8.03 21.08 59.36
11 190.40 22.30 7.24 21.67 63.68
12 189.40 22.60 8.53 20.18 58.19
13 189.22 22.70 7.93 19.93 59.65
14 191.08 21.66 8.45 21.70 58.24


4�5��� �1 �� *3�;� �#� ��
�� 
� �� ������� ���������� 
�
�
��
�	�� � �	� �4 �� ������ ������
��� ��� ���<	 �� ��
"0= ��
6�6����� ����� �	� �� ���
��	 6
	�� ��� �
<	 ��
6�
)�	 6���
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tautomeric mixture. As a consequence, KH is the only
tautomer detected. The large difference in energy
between the most stable and the other tautomers is


noteworthy. The N—H���O=C in the ketohydrazone
tautomer seems to be much stronger than the other
hydrogen bonds (OH���N and OH���O=C) present in
the molecules of the other tautomers. The dependence of
the chemical shifts on the substituent is due to the
variation in hydrogen-bond strength.


�6���(#�$)/.


The compounds were obtained by coupling the benzene-
diazonium ion to 1,3-diphenyl-1,3-propanedione. In
principle, the synthetic procedure was that described
earlier.5 The products were purified by recrystallization
from ethanol. The yields were very high (71–95%). The
melting points (°C) are as follows: 1, 139–141 (14122); 2,
127–128 (127–12923); 3, 154–155 (154–15522); 4, 118–
121; 5, 143–145 (152–15322); 6, 146–148 (142–14323); 7,
174–176 (17324); 8, 154–156; 9, 160–162; 10, 153–154;
11, 160–164; 12, 152–153; 13, 163–165; 14, 170–173.
Satisfactory analytical data (�0.3% for C, H, and N) were
obtained for all compounds prepared.


1H, 13C and 15N NMR experiments were run with a
Bruker Avance DRX 500 spectrometer working at
500.13 MHz, 125.77 MHz and 50.69 MHz respectively,
and equipped with a 5 mm diameter inverse detection
probehead and z-gradient accessory for 0.1–0.2 M solu-
tions in CDCl3 at 303 K. 1H and 13C NMR chemical shift
assignments are based on homonuclear two-dimensional
(2D) double quantum filtered (DQF) correlated spectro-
scopy (COSY) and (2D) heteronuclear pulsed field
gradient (PFG) selected 1H, 13C heteronuclear multiple-
quantum correlation (HMQC) and HMBC experiments as
described in our previous papers.1,2 The 1H and 13C NMR
chemical shifts are referenced to the solvent signal
7.26 ppm from tetramethylsilane (TMS) in 1H experi-
ments and 77.00 ppm from TMS in 13C experiments
respectively. 15N NMR chemical shifts are measured
from PFG 1H, 15N HMBC correlation maps as before.1,2


A 1 mm diameter capillary of CH3NO2 inserted coaxially
inside the 5 mm diameter NMR-tube was used as an
external reference for 15N chemical shifts. Detailed NMR


)	0�� 31 �������� 6
	� ��	��� 7��8 �	� 6
	� �	� �������
�	���� 7°8 �
� �
��
�	�� � �	� � �� �>� ?


2 3


N1—N2 131.1 (2) 131.9 (1)
N2—C3 132.5 (2) 131.8 (2)
C3—C4 147.7 (2) 147.3 (2)
C3—C5 148.8 (2) 149.4 (2)
C4—C12 148.5 (2) 149.1 (2)
C5—C6 149.4 (2) 148.7 (2)
C4—O24 123.9 (2) 123.5 (2)
C5—O25 122.5 (2) 122.9 (2)
N1���O24 257.9 (2) 261.3 (1)
N1���O25 447.0 (2) 444.5 (1)
O24���O25 396.4 (2) 404.8 (1)
N1—C18 140.8 (2) 141.2 (2)
N1N2C3 119.3 (1) 121.2 (1)
N2C3C4 123.8 (1) 124.5 (1)
N2C3C5 115.8 (1) 113.3 (1)
C3C4C12 120.5 (1) 121.0 (1)
C3C5C6 122.6 (1) 120.4 (1)
O24C4C12 118.6 (1) 119.5 (1)
O25C5C6 119.9 (2) 121.4 (1)
C3C4O24 120.7 (2) 119.5 (1)
C3C5O25 117.5 (1) 118.2 (1)
C18N1N2C3 176.0 (1) �177.5 (1)
N1N2C3C4 �5.2 (2) 8.2 (2)
N1N2C3C5 165.5 (1) �164.9 (1)
N2C3C4O24 15.1 (2) �15.2 (2)
N2C3C5O25 �141.1 (2) 132.2 (1)
C3C4C12C17 �145.8 (2) 157.3 (1)
C3C5C6C11 �162.1 (2) 164.0 (1)
O24C4C12C17 39.4 (2) �26.1 (2)
O25C5C6C11 16.4 (2) �15.3 (2)
C19C18N1N2 165.3 (1) �153.6 (1)


-
���� 7


)	0�� 71 ����������� �������� �	������ 7)' �
���8 �
� � �	� ���
����
���� �	� �6�
���� �	���� 7�4�48 
� �� �
�� ���6��
����
���


Tautomer Energy


KH 0.00
AE 46.48
AE� 46.70
AK 53.79
Most stable tautomer �1066.5863705


a MP2/6-31G**//HF/6-31G** method, polarized continuum model of
solvation (solvent: chloroform).
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acquisition and processing parameters are available from
E.K. on request.


The X-ray crystallographic data for both compounds
were recorded with a Nonius Kappa CCD area-detector
diffractometer using graphite monochromatized Mo K�
radiation [�(Mo K�) = 71.073 pm] and temperature of
173.0 � 0.1 K. Lattice parameters were determined from
ten images recorded with 1° � scans and subsequently
refined on all data. The data collections were performed
using � and � scans with 3° steps, an exposure time of
30 s per frame for 2 and 20 s for 3, and the crystal-to-
detector distance was fixed at 30 mm. The data were
processed with Denzo-SMN v0.93.025 and no absorption
correction was applied.


The structures were solved by direct methods (SHELXS-
9726) and refined on F2 by full-matrix least-squares
techniques (SHELXL-9727). The hydrogen atoms were
located from the difference Fourier maps, but in the final
refinement they were calculated to their idealized
positions with isotropic temperature factors (1.2 or 1.5
times the carbon temperature factor) and refined as riding
atoms. Other experimental X-ray data are given in Table
6.


Crystallographic data (excluding structure factors) for
the structures reported in this paper have been deposited
with the Cambridge Crystallographic Data Centre as
supplementary publication nos CCDC-157090 and
CCDC-157091. Copies of the data can be obtained free
of charge on application to CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK.


The substituent constants used are these compiled in


Ref. 28. Quantum chemical calculations were performed
at the HF and B3LYP levels of theory with the Gaussian
94 package.29 Geometries were optimized to the global
minima at the ab initio HF level with the 3-21G basis
set using C1-symmetry (no symmetry constraints). The
GIAO/DFT calculations for 13C chemical shifts were
performed at the B3LYP level with the 6-311G basis set.
The chemical shifts are referenced to TMS for 1H and 13C
NMR (both in experiment and in calculations), and to
nitromethane for 15N NMR.
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Z 4 4
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��max, ��min/e� Å�3 0.198, �0.185 0.154, �0.181
R/%a 4.02 3.60
Rw/%a 8.77 8.46
GOF 1.058 1.059


a I �2�I


Copyright  2001 John Wiley & Sons, Ltd. J. Phys. Org. Chem. 2001; 14: 797–803


802 R. GAWINECKI ET AL.







26. Sheldrick GM. SHELXLS 97, a Program for Automatic Solution of
Crystal Structures. University of Göttingen, 1997.


27. Sheldrick GM. SHELXL 97, a Program for Crystal Structure
Refinement. University of Göttingen, 1997.


28. Hansch C, Leo A, Taft RW. Chem. Rev. 1991; 91: 165.
29. Frisch MJ, Trucks GW, Schlegel HB, Gill PMW, Johnson BG,


Robb MA, Cheeseman JR, Keith T, Petersson GA, Montgomery


JA, Raghavachari K, Al-Laham MA, Zakrzewski VG, Ortiz JV,
Foresman JB, Cioslowski J, Stefanov BB, Nanayakkara A,
Challacombe M, Peng CY, Ayala PY, Chen W, Wong MW,
Andres L, Replogle ES, Gomperts R, Martin RL, Fox DJ, Binkley
JS, Defrees DJ, Baker J, Stewart JP, Head-Gordon M, Gonzalez C,
Pople JA. Gaussian 94, Revision E2. Gaussian, Inc., Pittsburgh,
PA, 1995.


Copyright  2001 John Wiley & Sons, Ltd. J. Phys. Org. Chem. 2001; 14: 797–803


TAUTOMERIC PREFERENCES OF 2-ARYLHYDRAZONES 803








��� ������� ��	��
�� ��
�� �� ��� �	�����
�
� �
��
�������� �� 
��� ��� 
�� �
�� �� �	���
�	��� ��������
�	��������


����
� ��	��
�� ���
�� �
�� ��� �	�����  �
���������


���������	�
 �� ������� �	��������� �� �������� ����� �������� �����


Received 30 October 2000; revised 21 December 2000; accepted 28 December 2000


ABSTRACT: Nucleophilic substitution on meta- and para-substituted methyl benzenesulphonates was studied with
two chloride salts with different structures: NBu4Cl or KCl-Kryptofix 2,2,2. Treating the results with the Acree
equation shows that the reaction proceeds by two reaction paths, one involving the chloride ion and the other, slower
one, involving the ion pairs. Treating the results with the Hammett equation gives consistent data, and shows that � is
positive and nearly the same for the two reaction paths (���2). The reactivity of methyl p-nitrobenzenesulphonate
was compared with that of the corresponding ethyl derivative, and it is shown that the methyl derivative reacts faster
than the ethyl derivative in both paths. The results are interpreted based on the assumption that in both paths a
negative charge is developed on the leaving group in the transition state, and that the activated complex is linear.
Copyright  2001 John Wiley and Sons, Ltd.
Additional material for this paper is available from the epoc website at http://www.wiley.com/epoc


KEYWORDS: Hammett equation; ions; ion pairs; nucleophilic displacement
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The importance of ion pairs in chemistry is well known.1


Several properties of a process, such as reactivity and
stereochemistry, can depend on the reacting species, ion
or ion pair.1 Studies to estimate the relative reactivities of
free ions and ion pairs have been reported in the literature
and the data were treated with the classical Acree
equation.2 Recently, we studied the reactivity of ions and
ion pairs in CH2Cl2 on a classical organic substrate
(methyl p-nitrobenzenesulphonate) by applying the
Acree equation. We used a series of chloride salts with
different requirements, and found that the ion reactivity
was always the same, and that the reactivity of the ion
pairs was lower than that of the ion and variable as a
function of the dissociation constants of the salts.3 We
also studied the reactivity of ions and ion pairs on an
organometallic substrate,4 obtaining similar results. The
aim of this research was to study how the reactivity of
ions and ion pairs varies upon changing the substituents
in the aromatic ring, determine if there is a Hammett
correlation and if the � value is different or similar for
ions and ion pairs. Moreover, we checked how the


reactivity is influenced when an ethyl group is substituted
for the methyl group of the substrate.


 '�%(�� �"$ $!�&%��!#"


Pseudo-first-order rate costants (kobs) were measured for
the nucleophilic substitution reactions on methyl para- or
meta-substituted benzenesulfonates induced by tetrabu-
tylammonium chloride or KCl-Kryptofix 2,2,2 (KCl-
Krypto) salts at 22°C in CH2Cl2; the nucleophile can be
both the free ion (Cl�) and the ion pair (A�Cl�). We used
the solvent dichloromethane, as in previous studies,3,4


owing to its very low permittivity (� = 9.08),5 low donor
number (DN = 2) and good acceptor number
(AN = 20.04).6 We chose Bu4NCl because it has a very
low interionic distance7 with partial interpenetration
between the ions8 and KCl-Krypto because the distance
between K� and Cl� is fairly high. Their dissociation
constants are 1.6 � 10�5 and 26.1 � 10�5 mol dm�3,
respectively, at 22°C.9 In one case bis(triphenylpho-
sphoranylidene)ammonium chloride (PPNCl) was used
(KDISS = 34.1 � 10�5 mol dm�3); it has a large interionic
distance (11.3 Å) because some solvent molecules are
interposed between the ions.7 The substituents used were
p-CH3 (1), m-NO2 (2), p-H (3), p-Cl (4) and p-Br (5), and
the data for p-NO2 were available from previous work.3


The processes involving competition between nucleo-
philes ions and ion pairs are shown in Scheme 1.
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Kinetics with the m-NO2 derivative were followed by
monitoring the increase in absorbance at � = 280 nm,
while the decrease of absorbance was followed in all the
other substrates at � = 266 nm. In every case, good
pseudo-first-order plots were obtained. It should be
considered that the dissociation constants (KDISS) are
measured at low concentration (10�5–10�4 mol dm�3),
while the kinetic studies are carried out at higher
concentrations (10�3–10�2 mol dm�3). In order to evalu-
ate the ion and ion pair activities, the degree of
dissociation of the salt (�) and the activity coefficients
(f�) of the free ion were calculated by the method of
successive approximations using the Debye-Hückel equa-
tion.10 In this treatment the activity coefficient of the ion
pairs is taken equal to one, owing to their neutral nature.


We observed a decrease in the kobs/[salt] versus [salt] plots
(see Fig. 1); this is an indication that the reaction proceeds
through two parallel paths involving both the free ions and
the ion pairs, as shown in Scheme 1. As an example, in
Fig. 1 is reported this plot for the reaction of methyl
m-nitrobenzenesulphonate with NBu4Cl.


The data were then treated with the Acree equation,2


kobs � ki�ion� � kip�ion pair� 	1



kobs�c�f � � ki � kip	1 � �
��f � 	2



where � is the degree of dissociation, f� is the activity
coefficient, evaluated as reported previously,3,4 and c is
the total concentration of the salt. A plot of kobs/c�f�
versus (1��)/�f� is expected to give a straight line, with
intercept ki and slope kip. The contribution of the free ion
to the total reactivity is small; nevertheless, the
consistency of the data obtained for three salts both in
this paper and in the preceding one3 confirms the
significance of the data. The kobs values for the various
substrates are given as supplementary material at the
epoc website at http://www.wiley.com/epoc. Tables 1
and 2 report the data with X = m-NO2 (2), as an example,
and the related Acree plots are shown in Figs 2 and 3.
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	��� *�� �'�(�� �	 �./��/ �� //°�


[NBu4Cl]
(10�3 mol dm�3) � f� kobs(10�3 s�1)


12.7 0.078 0.431 2.15
10.4 0.082 0.456 1.74
8.45 0.086 0.481 1.46
7.18 0.089 0.500 1.21
6.34 0.092 0.514 1.10
4.78 0.100 0.545 0.829
3.59 0.109 0.575 0.647
1.69 0.139 0.646 0.324
1.06 0.163 0.685 0.213
0.761 0.183 0.710 0.167


����� ,* ,������� -���+
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��	!�	�����
	��� *�� 0��+0����
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[KCl]
(10�3 mol dm�3) � f� kobs(10�3 s�1)


17.8 0.524 0.160 6.78
15.1 0.518 0.176 5.87
12.0 0.513 0.201 4.87
8.88 0.509 0.236 3.64
6.22 0.511 0.280 2.60
3.56 0.527 0.353 1.57
2.67 0.541 0.391 1.07
1.78 0.567 0.445 0.815
0.889 0.623 0.534 0.414
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Table 3 and Table 4 report the rate constants obtained
from the Acree equation for all the substrates with
NBu4Cl and KCl-Krypto, respectively.


From the data of Tables 3 and 4, it can be seen that the
rate constants for the ion, ki, obtained with the two salts
are in good agreement, taking into account that such data
are not very precise since they are obtained from the
small value of the intercept of the straight line. We also


applied the Acree equation to the m-NO2 derivative (2)
with bis(triphenylphosphoranylidene)ammonium chlor-
ide (PPNCl)7 and obtained consistent ki = 0.52 (0.06)
dm3 mol�1 s�1 and kip = 0.63 (0.02) dm3 mol�1 s�1


values. The data in Table 3 and Table 4 show that with
NBu4Cl the reactivity of the free Cl�, ki, is always larger
than that of the ion pair, kip; this can be explained by the
lower nucleophilicity of the ion pair with respect to the
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X ki
a(dm3 mol�1 s�1) kip


a(dm3mol�1 s�1) �b rc


p-NO2
d 1.07 (0.07) 0.12 (0.003) �0.78 0.998


m-NO2 0.62 (0.04) 0.159 (0.002) �0.74 0.999
p-Br 0.072 (0.033) 0.0167 (0.0011) �0.22 0.978
p-Cl 0.083 (0.034) 0.0137 (0.0012) �0.22 0.965
p-H 0.018 (0.006) 0.0053 (0.0002) 0 0.994
p-CH3 0.011 (0.008) 0.0027 (0.0003) �0.16 0.936


a Standard deviations in parentheses.
b Substituent constant from Ref. 11.
c Correlation coefficient for the Acree plot.
d From Ref. 3.
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X ki
a(dm3 mol�1 s�1) kip


a(dm3 mol�1 s�1) �b rc


p-NO2
d 0.98 (0.12) 0.52 (0.03) �0.78 0.982


m-NO2 0.54 (0.06) 0.70 (0.02) �0.74 0.998
p-Br 0.065 (0.020) 0.059 (0.005) �0.22 0.970
p-Cl 0.071 (0.025) 0.049 (0.006) �0.22 0.934
p-H 0.016 (0.004) 0.0179 (0.0008) 0 0.990
p-CH3 0.010 (0.002) 0.0068 (0.0004) �0.16 0.983


a Standard deviations in parentheses.
b Substituent constant from Ref. 11.
c Correlation coefficient for the Acree plot.
d From Ref. 3.
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free ion, due to the bond strength between the ion and the
counterion, which are very close to each other, as
previously discussed.3


With KCl-Krypto, ki is similar to that found with
NBu4Cl and the reactivities of free Cl� and the ion pair
are similar to each other: this is due to the weakness of the
bond of the ion pair in this system. In fact, the distance
between the ion and the counterion is larger than in
NBu4Cl. Comparison between the kip values of the two
salts shows that the rate constant for the KCl-Krypto ion
pair is always larger than that of the NBu4Cl ion pair; this
result can also be explained by the different bond
strengths between the ion and the counterion.


Application of the Hammett equation11 [Eqn. (3)] to
the data in Table 3 and Table 4, i.e.


log 	kX�kH
 � �� 	3



gives information about the structure of the transition
state for the process involving either the ion or the ion
pair. The Hammett plots for the free ion and the ion pair
with NBu4Cl are shown in Figs 4 and 5, respectively.


Good correlations were also obtained with the KCl-
Krypto system. The Hammett constants are reported in
Table 5, which shows that the � values are positive (ca
�2). This is in agreement with the development of a
negative charge on the leaving group in the transition
state of the nucleophilic substitution reaction. Very
similar � values were obtained for the free ion and ion
pair in both salts. This is evidence that the two processes
are very similar and, even though the cation in the ion
pair influences the rate, it does not influence the
distribution of the charge developed in in the leaving
group in the transition state.


To our knowledge, only one group has studied the
influence of some para and meta substituents on the rate
constants ki and kip.2b Cayzergues et al.2b studied the
nucleophilic substitution of some benzylic chlorides with


EtO�Na� in EtOH and applied the Hammett equation to
it. They only examined four substrates and one (the
unsubstituted one) deviated from linearity. They found
two different mechanistic pathways with different �
values: �2.2 for the free ion and �0.6 for the ion pair, but
they did not explain this fact. However, it has to be
considered that their system is different; in fact, the effect
of the substituents is on the benzylic carbon atom,
whereas in our case the effect of the substituents is on the
leaving group.


Another relevant paper is that of Lee et al.,12 who
studied the reaction of substituted benzenesulphonates
with anilines, and they also found a positive � value of
about �1 in CH3OH and CH3CN. This result compares
well with our results. Moreover, they found that ‘the SN2
reactions of ethyl derivatives occur 10–30 times less
readily than those of methyl compounds’, and attributed
this fact to the bulkiness of the reaction centre, in
agreement with our results (see below).


 ����
�� �� ���/� ��
�����������	������� 012
3
�� "4	.&� �� 5&��5�/�� �����


In order to obtain some information about the steric
effects of the ion or ion pair nucleophile, the ki and kip


values for ethyl p-nitrobenzenesulphonate (6) with
NBu4Cl or KCl-Krypto were determined (Table 6).
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Salt � (ion)a �(ion pair)a rb rc


NBu4Cl �2.05(0.11) �1.85(0.09) 0.993 0.995
KCl-Krypto �2.06(0.11) �2.06(0.11) 0.994 0.994


a Standard deviations in parentheses.
b Correlation coefficient of the Hammett plot for the ion.
c Correlation coefficient of the Hammett plot for the ion pair.
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It can be seen that there is good agreement between the
reactivity of the ion, ki, determined with the two salt
solutions (0.021 vs 0.023 dm3 mol�1 s�1). The reactivity
of the ion pair, kip, with KCl-Krypto is higher than that
obtained with NBu4Cl, in agreement with the data for the
methyl derivatives. The average ki(CH3)/ki(CH2CH3)
ratio is 48. The kip(CH3)/kip(CH2CH3) ratio is 19.3 for
both salts. Steric effects in the SN2 process are relevant
for both ions and ion pairs . However, the steric hindrance
of the ethyl group as compared with the methyl group is
higher for the ion than for the ion pair. An explanation of
this fact can be that the ion approaches the centre of the
nucleophilic attack more than the ion pair, and so it is
more influenced by the bulkiness of the alkyl group.
Moreover, the fact that the kip ratio is the same for both
salts can be attributed to the fact that the activated
complex is linear and that the influence of the cation on it
is very low.


If we compare our results with the theoretical results
obtained by Streitwieser13 for the reaction of alkyl
chlorides with chlorides, it can be seen that in his case the
ions react faster than the ion pairs and that in the ion pair
path the bulkier alkyl groups react faster than the smaller
groups. He interpreted these results by saying that the
activated complex for the ion pair is cyclic and influenced
by the bulkiness of the reacting substrates. The
differences between our experimental results and the
theoretical studies by Streitwieser can be explained
considering that our processes occur in solution and
solvation energies play a role. Moreover, the large
difference in the structure and size of our ion pairs can
favour the conditions for a linear transition state.


'7�' !�'"��(


7��������3 The solvent and salts were purified as
described previously.3 Methyl p-methylbenzene-
sulphonate (1) was a commercial product (Aldrich). All
the other substituted benzenesulphonate derivatives were
synthesized from the corresponding benzenesulphonyl
chloride (commercial) by a common procedure which
is described here for methyl m-nitrobenzenesulphonate
(2).


7���� �+	���
��	!�	�����
	��� "/#3 m-Nitroben-
zenesulphonyl chloride, 2.4 g (11.5 mmol), was added
in small aliquots to a stirred solution of 1.6 ml
(11.5 mmol) of triethylammine in 100 ml of CH3OH at
0°C. The solution was left with stirring for 2 h at room
temperature. The solvent was then removed by rotary
evaporation and H2O and Et2O were added to the solid
residue. The ether phase was washed with water up to
neutrality. Evaporation of the Et2O gave a yellow solid.
Recrystallizing twice with Et2O–n-hexane at 0°C yielded
the sulphonate (1.06 g, 42%), purity by vapour-phase
chromatography (VPC) always �99%, m.p. 87–89°C.
Found: C, 38.87; H, 3.26; N, 6.94. C7H7NO5S requires C,
38.71; H, 3.25; N, 6.45%. NMR: �H (200 MHz, CDCl3)
3.8 (3 H, s, Me), 7.8 (1 H, t), 8.23–8.27 (1 H, m) 8.51–
8.52 (1 H, m), 8.76–8.78 (1 H, m). MS: m/z 217 (M�,
100%), 186 (34), 171 (68), 123 (88), 75 (84), 50 (83).


7���� ��	!�	�����
	��� "-#3 VPC always showed
purity �99%. Found: C, 48.82; H, 4.66. C7H8O3S
requires C, 48.83; H 4.68%. NMR: �H(200 MHz; CDCl3)
3.8 (3 H, s, Me), 7.5–7.95 (5 H, m, Ph).


7���� �+��
�
��	!�	�����
	��� "(#3 VPC always
showed purity �99%; m.p. 51–52°C. Found: C, 40.73;
H, 3.5. C7H7ClO3S requires C, 40.69; H, 3.41%.
NMR:�H(200 MHz; CDCl3) 3.8 (3 H, s, Me), 7.51–7.89
(4 H, AaBb system, m, Ar).


7���� �+��
�
��	!�	�����
	��� "4#3 VPC always
showed purity �99%; m.p. 59– 60°C. Found: C, 33.51;
H, 2.73. C7H7BrO3S requires C, 33.48; H, 2.81%.
NMR:�H(200 MHz; CDCl3) 3.8 (3 H, s, Me), 7.68–7.80
(4 H, AaBb system, m, Ar).


2��� �+	���
��	!�	�����
	��� "�#3 M.p. 89–91°C.
Found: C, 41.35; H, 4.06; N, 6.01. C8H9NO5S requires
C, 41.56; H, 3.92; N, 6.06%. NMR: �H (200 MHz;
CDCl3) 1.4 (3 H, t, Me), 4.25 (2 H, q, CH2), 8.1–8.5 (4 H,
AaBb system, m, Ar).


0�	���� ���������	��3 All kinetic measurements were
carried out on a Kontron Uvikon 923 double-beam
spectrophotometer. The path length of the quartz cell was
1 cm. The reaction was started by adding with a
microsyringe the appropriate amount of substrate solu-
tion to the thermostatted salt solution in the cuvette. The
rate constants (kobs/s


�1) were determined for Bu4NCl or
KCl-Krypto solutions by following the decrease in
absorbance at 266 nm due to the disappearance of the
reagent with p-CH3 (1), p-H (3), p-Cl (4) and p-Br
benzenesulphonate (5); with methyl m-nitrobenzenesul-
phonate (2) and ethyl p-nitrobenzenesulphonate (6) the
increase in absorbance due to the formation of the m- or
p-nitrobenzenesulphonate anion product was monitored
at 280 nm. For the reaction of methyl m-nitrobenzene-
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Salt
ki


a


(dm3 mol�1 s�1)
kip


a


(dm3 mol�1 s�1) R


NBu4Clb 1.07 (0.07) 0.12 (0.003) CH3
KCl-Kryptob 0.98 (0.07) 0.52 (0.03) CH3
NBu4Cl 0.021 (0.002) 0.00624 (0.00012) CH2CH3
KCl-Krypto 0.023 (0.008) 0.027 (0.002) CH2CH3


a Standard deviations in parentheses.
b Data from Ref. 3.
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sulphonate (2) with PPNCl the increase in absorbance
was followed at 290 nm.


The classical equation ln [(A��A0)/(A��At)] = kobst
or ln [(A0�A�)/(At�A�)] = kobst was used. Linearity was
observed up to 80% of the reaction. Duplicate runs
showed that the reproducibility was within 6%. To obtain
a pseudo-first-order condition, there was always an
excess of salt (at least 10-fold). Most of the reactions
were followed to completion. The slower reactions were
followed up to �70% and the A� value was calculated
from the data for the faster reactions. The same final
absorbance value was obtained even with different
excesses of nucleophile, which shows that the reactions
are not an equilibrium but go to completion. Blank
experiments showed that the substrates and salts were
stable under the kinetic experiment conditions.


��8��3����������
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ABSTRACT: The C4H7
� cations were formed from cyclopropylcarbinyl, cyclobutyl and homoallyl chlorides via


chloride atom loss from the radical cations in a chemical ionization source. Their structures were probed on a short
time-scale (of the order of 10ÿ6 s) as a function of internal energy by utilizing collisionally activated dissociation with
tandem mass spectrometric methods. The results show that the radical cations of cyclopropylcarbinyl and homoallyl
chlorides generate primarily the cyclopropylcarbinyl cation,3, whereas the radical cation of cyclobutyl chloride
generates a substantial amount of bicyclobutonium ion,4. Ion 4 reacts with nucleophiles via multiple competing
reaction pathways, unlike3. Ion 3 undergoes a cycloaddition reaction with ethene to generate the cyclopentylcarbinyl
cation. Ion4, although reactive with ethene, does not generate, to any appreciable degree, the cyclopentylcarbinyl
cation. Copyright 2000 John Wiley & Sons, Ltd.


KEYWORDS: bicyclobutonium ion; cyclopropylcarbinyl cation; ion structures; ion–molecule; reactions; tandem
mass spectrometry


INTRODUCTION


The structures and isomerizations of the C4H7
� cations


resulting from cyclopropylcarbinyl,1, and cyclobutyl
substrates,2, [Eqn. (1)] have been the focus of more
studies than any other cationic system with the singular
exception of those from 2-norbornyl substrates.1


Early interest in these systems stemmed from the
surprising observation that neutral cyclopropylcarbinyl
and cyclobutyl substrates solvolyze at unexpectedly
high rates to cations.1–4 The rapid solvolysis of cyclo-
propylcarbinyl substrates is a result ofs-bond participa-
tion from the ring, presumably generating a
symmetrically stabilized cyclopropylcarbinyl cation,3
[Eqn. (2)].3,4


The enhancement in the rate of solvolysis of cyclo-
butyl substrates may also be the result ofs-bond parti-
cipation from the ring in the generation, either directly or
indirectly, of 3 [Eqns (3) and (4)].3,4


Is the cyclopropylcarbinyl cation the first formed ion in
the solvolysis of cyclobutyl derivatives? Majerski,et al.5


reported significantly reduced H–D label scrambling in
ions that come from isotopically labeled cyclopropylcar-
binyl substrates compared with those that arise from
cyclobutyl derivatives. The interpretation was that the
cyclopropylcarbinyl derivatives solvolyze directly to3,
whereas the cyclobutyl derivatives solvolyze initially to
ions with a cyclobutyl structure.


In contrast, orbital symmetry considerations, coupled
with measurements of relative solvolysis rates for


JOURNAL OF PHYSICAL ORGANIC CHEMISTRY
J. Phys. Org. Chem.2001;14: 17–24


Copyright  2000 John Wiley & Sons, Ltd. J. Phys. Org. Chem.2001;14: 17–24


*Correspondence to:M. L. Gross, Department of Chemistry,
Washington University, One Brookings Drive, St Louis, Missouri
63130, USA.
E-mail: mgross@wuchem.wustl.edu
Contract/grant sponsor:National Center for Research Resources of the
NIH; Contract/grant number:P41RR00954.







substitutedcyclobutyl derivatives,suggestthat a sub-
stantial, if not quantitative,amountof the cyclopropyl-
carbinyl cation is formed directly from cyclobutyl
substrates.6


Althoughthereis disagreementregardingthenatureof
the ions formedinitially uponsolvolysis,it is clearthat,
uponsolventcapture,mixturesof neutralproductsresult.
Roberts and Mazur7 showed that cyclopropylcarbinyl
chloride reactswith ethanol-waterto give the product
mixture shown in equation Eqn. (5). The analogous
reactionstarting with cyclobutyl chloride gave similar
products.8


Brown9 postulatedthat thecyclopropylcarbinylcation
is in rapid equilibrium with the classical cyclobutyl
cation,bothof which reactwith solventto give products.
In contrast,Robertsandco-workers,10–13positedthatthe
observedproductsresult from a commonintermediate,
the bicyclobutoniumion, 4, which is the prototypical
‘non-classical’carbocation.Furthermore,theypostulated
that 3, from either cyclopropylcarbinyl or cyclobutyl
substrates,isomerizesto 4 [Eqn. (6)], which is then
attackedby a nucleophileat any of the threesitesthat
bearcation character,leading to the cyclobutyl, cyclo-
propylcarbinyl,andhomoallyl derivatives.


A major difficulty in understandingthe ionic inter-
mediatesinvolved in solvolysis reactions is that the
natureand extent of ionic interconversions is inferred
from theproductsformeduponnucleophilicattackonthe
intermediate(s).However,direct observationof the ions
themselves,generatedas long-lived intermediatesin
super acid media and analyzed by various NMR
techniques,hasaffordedadditionalinsight.


The outcomeof NMR investigationsof thesesystems
in superacidmediadoesnot supportBrown’s interpreta-
tion. Olah et al.14 reportedthat cyclopropylcarbinoland
cyclobutanolon reactionwith SbF5–SO2ClF at ÿ80°C
gave identical 1H and 13C NMR spectra.The NMR
resultscoupledwith thoseusinglabeledprecursors15 led
to theconclusionthatthereis no significantparticipation
by theclassicalcyclobutylcation.Evidencegeneratedby
the NMR deuteriumisotopicperturbationtechniqueled
Saundersand Siehl16 to postulatethat 4 is the major
speciespresentin an equilibrating mixture and that 3
servesasa transitionstatebetweenthebicyclobutonium
forms. In 1984, Brittian et al.17, however, generated


stereoisomers of trideuterated cyclopropylcarbinyl
cationsin superacid anddemonstratedvia NMR that 4
is indeed in equilibrium with a less abundantisomer,
presumably3. Thus, somequantity of 3 co-existsand
interconvertswith 4, afindingthatis supportedby related
work.16–22 By comparingexperimentaland calculated
shifts to make a quantitativeassessment,the 3:4 mole
ratio wasdeterminedto rangefrom 25:75at ÿ61°C to
16:84 at ÿ132°C.23,24 Boltzmann population analysis
basedon thesedatashowedthat4 is 0.20kJmolÿ1 more
stablethan3.


NMR studiesdealwith cationsthatarerelativelylong-
lived,whereasthoseformedby solvolysisareshort-lived,
solvated species.In both cases,the ions formed are
solvated and experience numerous collisions. Mass
spectrometry,in contrast,deals with the formation of
ionsin thesolvent-freegasphaseunderconditionswhere
the ions may be sampledat short timesafter formation,
andwherethenumberof collisionswith a selectedtarget
can be controlled. The opportunitiesof massspectro-
metry motivate the direct observationof the C4H7


�


cations in the dilute gas phase.The purposeof the
researchreportedherewas to comparethe resultswith
thoseobtainedin solutionandto determinewhetherthe
two isomericprecursors,cyclopropylcarbinylandcyclo-
butyl, producethesameinitial ionic species.


Cyclopropylcarbinyl,cyclobutyl,andhomoallylchlor-
ides,when ionized to radical cationsin a high-pressure
chemicalionizationsource,produceC4H7


� speciesvia Cl
radical loss. We formed the C4H7


� ions with differing
internal energy and analyzed their product-ion mass
spectraproducedby usingcollisionalactivation.We also
comparedthe gas-phase,bimolecularreactivitiesof the
C4H7


� with neutral methanoland etheneto learn more
about3 and 4. The logic of using etheneas a probeis
basedon the theoretical investigationsof Cramer and
Barrows,25 who predicted that ethenewill undergoa
cycloaddition with 3 but not with 4. This work thus
provides an experimentaltest for the applicability of
etheneasa selectivereagentfor thecyclopropylcarbinyl
cation.


EXPERIMENTAL


CAD mass spectrometry. All collisionally activated
dissociation(CAD) massspectrawereobtainedby using
a Kratos MS50-TA tandemmassspectrometerof EBE
design, which consisted of a high-resolution mass
spectrometer(MS-1) of Nier–Johnsondesignfollowed
by an electrostaticanalyzer (ESA-2 as MS-2).26 Ions
formed in the Kratos Mark-V CI (chemicalionization)
sourcewereacceleratedto a kinetic energyof 8 keV and
weremassselectedat a mass-resolvingpowerof 2500–
3500 (10% valley definition) by using MS-1. The ions
were activatedby 8 keV (laboratory frame) collisions
with heliumgas(UHPgrade)in thecollision cell located
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betweenMS-1 andESA-2; sufficienthelium wasadded
to suppresstheion beamby 50%.ESA-2wasscannedto
give theCAD spectrumof theresultingfragmentions.In
a typical CAD experiment,20–40scanswere acquired
and then signal averaged.Relative abundanceswere
calculatedfrom themeasuredpeakheightsfor all ionsin
thespectrum,fragmentandprecursor,with the latter set
to 100%.Theprecisionfor all peakheightsreportedwas
approximately5% relative as determinedby replicate
experiments.The peakheightsof replicateexperiments
wereaveraged;theseresultsspanningall reportedCAD
processesarereportedin Table1.


Ion formation. All ions werepreparedin the CI source
that was operatedat a temperatureof 100°C and at an
electronenergyof 280eV. Samplesand reactantswere
introducedthrougha custom-builtglassreservoirprobe
such that total sample pressure was 1� 10ÿ6


Torr (1 Torr = 133.3Pa) as registeredon the external


pressuregaugeon the sourcehigh-vacuummanifold.
GaseousCS2, which servedasbotha buffer andcharge-
exchangegas, was admitted through a custom-built
heatedglassinlet systeminto theCI sourcesuchthat the
pressuresexternalto thesourcewereashigh as1� 10-4


Torr. (An externalpressureof 1� 10-4 Torr, measured
by a Bayard–Alpert vacuum gauge mounted on the
vacuummanifoldoutsideof theion source,corresponded
to an internal source pressure of �0.2Torr, as
determinedby a custom-builtpressureprobe,basically
a sample inlet probe with a thermocouple-element
vacuum gaugemountedon it.) Furthermore,the resi-
dence time for ions in the CI source was a few
microseconds.


The ions of interest were generatedeither by ion–
molecule reactionsor from the radical cations of the
appropriatechloridevia chlorideatomloss.Thepressure
of the CS2 bath gaswas usedto modulatethe internal
energyof the ionsvia collisional cooling.27–31


Table 1. CAD production, the relative abundances (%) of CAD fragments as a function of ion internal energya


m/z


Source Energyb 25 26 27 28 29 37 38 39 40 41 49 50 51 52 53 54


Cyclopropylcarbinylchloride L 0.8 4.6 16.8 3.7 7.7 2.7 5.0 20.3 1.7 1.5 2.0 8.1 7.6 2.4 8.6 7.0
H 0.8 4.8 18.7 4.3 8.8 2.7 5.3 21.9 1.4 0.9 1.9 7.6 6.8 1.9 7.1 5.0


Cyclobutyl chloride L 2.8 11.0 11.3 6.1 4.8 3.3 9.1 17.3 2.1 1.1 1.7 7.9 6.9 1.7 8.1 5.4
H 2.9 12.1 13.8 6.7 4.5 3.6 8.9 17.2 1.9 0.8 1.9 7.7 5.2 1.8 6.8 4.5


4-chloro-1-butene L 0.7 4.7 19.0 3.8 11.0 2.8 5.3 21.8 1.8 0.8 1.8 7.2 6.5 1.8 7.5 4.1
(homoallyl chloride) H 0.8 4.3 17.8 3.7 8.9 2.6 4.9 20.6 1.7 0.9 1.9 7.8 7.2 2.3 9.2 5.8


m/z


27 29 39 41 43 45 53 55 57 58 71 72


Cyclopropylcarbinyl�
methanol


L 4.6 4.8 3.5 5.3 3.0 39.0 1.3 8.1 8.6 7.3 7.3 2.3


Cyclobutonium�methanol L 3.5 3.5 3.1 4.0 2.4 37.6 1.1 14.8 11.5 5.3 9.7 1.5


m/z


27 29 39 41 43 50 51 53 55 63 65 67 68 77 79 81 82


Cyclopropylcarbinyl� L 4.8 2.3 9.3 12.0 1.4 1.4 2.0 4.5 33.9 0.7 2.0 14.0 1.8 1.5 1.8 2.1 5.0
ethylene H 4.2 2.1 9.3 11.7 1.4 1.4 2.1 4.7 33.5 0.6 2.0 14.4 1.6 1.3 1.9 2.2 5.3


Cyclobutonium� ethylene L 4.3 2.5 10.0 12.6 1.3 1.3 2.3 4.5 36.1 0.6 1.6 12.3 1.3 1.0 1.5 2.1 4.0
H 3.8 1.9 9.0 12.1 1.3 1.0 2.0 3.8 45.1 0.5 1.2 10.6 0.6 1.0 1.4 2.0 2.7


Cyclohexylchloride L 3.4 1.9 8.5 11.6 0.8 1.3 2.3 4.5 28.2 0.7 1.3 19.3 0.8 2.5 4.1 5.0 5.3
H 3.9 2.2 9.1 12.0 0.6 1.2 1.9 4.5 22.6 0.6 1.7 19.6 0.5 2.6 4.1 5.0 6.8


Cyclopentylcarbinylchloride L 3.0 1.8 8.3 11.4 0.5 1.1 1.9 4.0 43.3 0.3 1.5 14.9 0.3 1.9 2.8 3.0 1.5
H 3.7 2.1 10.1 13.3 0.5 1.1 2.0 4.4 33.6 0.5 1.5 14.4 0.8 1.9 3.1 3.6 3.6


3-Chloro-1-hexene L 3.7 2.5 8.0 12.2 0.9 0.9 2.3 4.0 46.2 0.4 1.6 11.6 0.8 1.0 1.2 1.8 2.9
(n-propylallyl chloride) H 3.6 2.1 8.3 11.9 0.7 0.7 2.1 4.6 42.6 0.4 1.4 13.0 1.1 1.4 1.8 1.8 2.9


6-Chloro-1-hexene L 4.1 2.4 8.4 11.3 0.9 1.2 2.1 3.9 39.1 0.3 1.5 11.6 1.8 1.2 1.8 2.4 4.2
H 4.2 2.4 9.1 12.4 1.3 1.0 1.9 4.2 38.3 0.4 1.6 11.8 2.6 1.4 1.6 2.6 4.5


1-Chloro-1-methylcyclopentane L 4.3 2.4 10.9 13.8 0.5 1.2 2.2 4.4 29.4 0.5 1.7 15.6 0.5 1.7 3.3 4.4 3.3
H 4.3 2.4 10.5 14.0 0.6 1.2 2.2 4.4 28.5 0.4 1.3 15.8 0.6 1.8 3.5 4.8 3.6


aAbundancesarederivedfrom measuredpeakheightsandnormalizedrelativeto the main beam(100%).
b‘L’ and‘H’ designateions formedfor low andhigh internalenergies,respectively(seeExperimentalsection).
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All chemicalswere obtainedfrom Aldrich Chemical
(Milwaukee, WI, USA) and used without further
purification.


CAD Spectra as a function of internal energy. Changes
in the structure or composition of analyte ions that
originate from the various precursorswere probedby
usingtandemmassspectrometry,wheretheion structure
was evaluatedas a function of internal energy by an
established technique.27–31 Via this technique, the
internal energy was varied by generatingthe analyte
cations within a high-pressure,chemical ionization
sourcein the presenceof an inert bath gas. The bath
gas,CS2, which also servedas a chargeexchangegas,
collisonally stabilized the analyte ion of interest once
formed. At the maximum bath-gaspressure,thesetwo
processesformedionswith low averageinternalenergy.
As thepressureof thebathgaswasreduced,theextentof
direct ionization increasedandthe degreeof collisional
stabilization of the analyte ion decreased,and, conse-
quently,theaverageinternalenergyof theproducedions
increased.The CAD spectraof the analyte ion were
collected in a set of experiments, where in each
successiveexperimentthe CS2 pressurewas incremen-
tally reduced.The evaluationof spectralchangesas a
function of bath gas pressureallowed the study of
structural or compositional change as a function of
internalenergy.


At themaximumbathpressure(0.2Torr, internal)ions
would experienceanaverageof abouttwo collisionsper
microsecondbeforeleavingthe source.Higher bathgas
pressuresdid not yield any additional changesin the
CAD spectraof the ions and adducts.By analogywith
other systems,32 the ions and adductsproducedin this
studywould be thermolyzedby <10 collisionswith the
CS2 bath gas.This indicatesthat the sourceresidence
time involved in ion formationis <5ms.


With no CS2, the ions producedhave the highest
internalenergy;andwith CS2 at an externalpressureof
1� 10ÿ4 Torr (internal pressureof �0.2Torr), ions of
the lowest internalenergywereproduced.Thesesetsof
ionsaredesignated‘H’ and‘L’, respectively,in Table1.


Spectral comparison method. The differencesin the
CAD spectrafrom theseexperimentsarenot character-
izedby thepresenceor absenceof distinctfragmentions,
but rather are reflected in differences in the overall
patterns of fragment ion abundances.To compare
quantitatively the CAD spectra for ions at differing
internal energiesand/or origins, we used a spectral
comparisonmethod33,34wherethem/zvaluesof selected
n fragmentions were usedto definea basisover an n-
dimensionalspace.EachCAD spectrumwasrepresented
asan n-dimensionalvectorwheretheelementswerethe
peaksheightsat thecorrespondingm/zvalues.Colinear-
ity definedsimilarity, evenin the presenceof different
scalefactors.Theanglebetweenthevectors,�, whichwe


termed the divergenceangle, was processedfrom the
vector dot-product and was used as the measureof
similarity. An angleof zeroindicatedthatthetwo spectra
being compared were identical. Angles >5° were
consideredlarge enoughto allow us to concludewith
confidencethat the spectraarosefrom eithera different
structure,a different mixture of structuresor a different
composition of a mixture with common structures.
Angles <5° were consideredidentical within experi-
mental error (basedupon repeatedexperimentson the
same ions under identical conditions), and probably
representedthe formation of common structures or
mixturesof structures.


RESULTS AND DISCUSSION


CAD spectra of C4H7
� ions


We generatedthe various C4H7
� ions with varying


internal energyby changingthe numberof stabilizing
collisions with the bath gas, CS2. We then used the
spectralcomparisonmethod,describedin the Experi-
mentalsection,to comparetheCAD spectraof theC4H7


�


ions generatedfrom the same neutral precursor at
differing energies(e.g.theC4H7


� ionsfrom cyclopropyl-
carbinylchlorideat low energyversushigh energy).The
divergenceangleexceeds6° for eachspecies(Table2).
Theseresultsindicate that the C4H7


� speciesgenerated
from eachof theisomericprecursorsisomerizeto asmall
extentwhich changesthecompositionof theion mixture
with increasinginternalenergy.


Two conclusionscomefrom comparisonof the CAD
spectrafrom the C4H7


� speciesgeneratedfrom cyclo-
propylcarbinyl chloride with C4H7


� from other sources
(Table 2). First, the C4H7


� derived from cyclobutyl
chloride is significantly different from that generated
from cyclopropylcarbinylchloride.Second,basedupon
divergenceangle,theC4H7


� generatedfrom cyclopropyl-


Table 2. Comparison of the CAD spectra of C4H7
� ions


generated from cyclopropylcarbinyl chloride with those from
other sources


Divergenceangle,� (°)a


Precursorto C4H7
� LH LL ' LH' HL' HH'


Cyclopropylcarbinyl
chloride


6.3


Cyclobutyl chloride 6.8 19.4 21.0 20.4 20.5
4-chloro-1-butene


(Homoallyl chloride)
6.1 8.8 4.2 3.7 4.9


aL' and H' representthe CAD spectrafor the C4H7
� ions generated


from cyclopropylcarbinylchloride at low energyand high energy,
respectively.L andH representthe CAD spectrafor the C4H7


� ions
generatedfrom thespecifiedneutralprecursorat low energyandhigh
energy,respectively.(seein Experimentalsection).
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carbinyl chlorideis mostsimilar to that from homoallyl
chloride.Thateachof theC4H7


� ionsoriginatingfrom the
threechlorideprecursorsshowschangesin therespective
CAD spectra with increasing internal energy is not
surprisingin view of the many studiesindicating that
thesespeciesindeedarehighly susceptibleto rearrange-
ment. Thesevariations of CAD spectrawith internal
energyindicatethat,duringtheshorttimeafterC4H7


� ion
generationaffordedby ourexperiments,someisomeriza-
tion of the initially formed ions occurred,at least for
thoseionsformedwith high internalenergy.In addition,
the C4H7


� ions generatedfrom the cyclopropylcarbinyl
andhomoallyl chloridesaresimilar, particularlyat high
internalenergies,which is consistentwith thetheoretical
prediction of Hehre and Hiberty35 that the homoallyl
cationwould collapseto the cyclopropylcarbinylcation,
3, without activation.


The observationthat the initial C4H7
� ions generated


from the cyclopropylcarbinyl and cyclobutyl chlorides
aresignificantlydifferent(Table2; � >10°) hasstructural
andmechanisticimplications.Majerski et al.,5 basedon
labelingstudiesin solvolysischemistry,proposedthatthe
cyclopropylcarbinyl and cyclobutyl derivatives each
solvolyze to initial ions that are similar in structureto
the respectivestartingmaterial.However,Schneideret
al.6 contendthat theC4H7


� ionsfrom bothprecursorsare
thecyclopropylcarbinylcation.TheC4H7


� ionsgenerated
in our studyareformedin the solvent-freegasphaseby
the loss of chloride radical from the radical cations.
Although our experimentalconditionsaredifferent than
thoseof solvolysis,the samequestionarisesconcerning
the natureof the initially formed C4H7


� ions from the
cyclopropylcarbinyl and cyclobutyl precursors. Our
resultsareconsistentwith thoseof Majerski et al.,5 that
is, theradicalcationsof cyclopropylcarbinylchlorideand
cyclobutyl chloride, on loss of the chloride radical,
generaterespectiveion populationsthataresignificantly
enrichedin thecarbeniumions,3 or 4, respectively.


Althoughtheinitial C4H7
� ionsor ion mixturesformed


from thecyclopropylcarbinylandcyclobutylchloridesin
the gas phase differ significantly, those same two
precursorsin superacidmedia generateessentiallythe
sameion mixture.In superacid,bothionsarelong-lived,
being producedand analyzedover a period of time
rangingfrom millisecondsto tensof seconds.Henceion
formation, rearrangementand subsequentequilibration,
which would entail carbonscrambling,occur over this
time period.However,massspectrometrysamplesions
within a muchshortertime aftergeneration(of theorder
of 10ÿ6 s), beforesuchprocesseshaveoccurred,andin
thecompleteabsenceof solvent.


In solvolysis experiments,5 there is significantly
reducedH–D label scramblingin ions originating from
isotopically labeled cyclopropylcarbinyl substratesas
comparedwith labeled cyclobutyl derivatives.On the
time-scale of our experiments, we expect that H
migration in ion 3 would be insignificant.For ion 4, a


1,2-Hshift from C-2or C-4 to C-1wouldbefunctionally
equivalentto rotationby 90° abouta perpendicularaxis.


Evaluation of bimolecular adduct ion mixtures
generated from C4H7


� ion±neutral reactions


We conducted two series of bimolecular gas-phase
reactions (see Experimental section), using methanol
andetheneasneutralreagentsin separateexperiments,to
gain further insight into the C4H7


� species initially
producedfrom cyclopropylcarbinylandcyclobutyl sub-
strates.We chosemethanolasa reagentbecauseit is a
goodgas-phasenucleophileand,in fact, it reactsreadily
with theC4H7


� ionsto produceadductions.Furthermore,
we expectedthat methanol,which possessesa hetero-
atom,would produceadductions that would dissociate
via heteroatom-driven,structure-specificpathwaysand
hencewould provideinsightinto theskeletalstructureof
the reactantC4H7


� ions. We choseetheneasa potential
selectivereagenton the basisof Cramerand Barrows’
computationalwork.25 The bimolecular reactionscon-
ductedareshownin Eqns(7)–(10).


MeOH� C4H
�
7 from cyclopropylcarbinyl chloride


ÿ! adduct�s� �7�
MeOH� C4H


�
7 from cyclobutyl chloride


ÿ! adduct�s� �8�
ethene� C4H


�
7 from cyclopropylcarbinylchloride


ÿ! adduct�s� �9�
ethene� C4H


�
7 from cyclobutyl chloride


ÿ! adduct�s� �10�


The C4H7
� ionsderivedfrom cyclopropylcarbinyland


cyclobutyl chloridesgenerateC5H11O
� adduct ions at


m/z87[Eqns(7) and(8)]. Onthebasisof theconclusions
of Majerski et al.5 andSchneideret al.,6 we expectthat
the C4H7


� reactant,generatedfrom the cyclopropylcar-
binyl precursorandinvolvedin reactionwith methanol,is
principally 3. In the previous section, we presented
evidencethat the C4H7


� generatedfrom the cyclobutyl
precursorcannotbe predominantly3. Instead,4 likely
representsa significant, if not exclusive,speciesin the
C4H7


� ion populationderivedfrom cyclobutyl chloride.
Thestructuresof theC5H11O


� adductions,asreflected
in their CAD spectra, are significantly different, as
establishedby a divergenceangleof 11.0° (derivedfrom
data in Table 1). The difference is consistentwith
expectationsthat3 is thereactantin reaction(7) and4 is
the major reactantin reaction(8). The differencemay
maskthe lesserpresenceof 3 in the compositionof the
C4H7


� derivedfrom cyclobutyl chloride.
The specific dissociationsof the C4H7


�–methanol
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adductsprovideevidenceregardingthenatureof 3 and4
and of their reactionswith methanol.The predominant
fragmention (�40% total ion current) generatedupon
dissociationof the adduct formed in reaction (7) is a
C2H5O


� ion of m/z 45. This ion can reasonablybe
derivedfrom anadductwhosecarbonskeletonresembles
that of cyclopropylcarbinyl.However, an adduct that
containsan intact cyclobutyl moiety is not expectedto
undergofragmentationreadily to yield a C2H5O


� ion of
m/z45 [compareEqns(11) and(12)].


The C2H5O
� ion of m/z 45 is also the predominant


fragment ion (�34% total ion current, a reproducible
differencefrom that of reactionwith 3) generatedfrom
the methanol adduct formed in reaction (8). If the
cyclobutyl precursorgeneratesinitially only 4, then 4
must react with methanol to produce an adduct ion
possessinga cyclopropylcarbinylmoiety. This common
reactivity implies that 3 and4 sharea commonreactive
outlet. Robertsand co-workers10–13 proposedthat the
bicyclobutonium ion, 4, was initially formed from
cyclobutyl precursorsbut that the cyclopropylcarbinyl
andcyclobutylproductswereproducedduringsolvolysis
by nucleophilic attack at carbonsC-2 (C-4) or C-1,
respectively,of 4.


Nucleophilicattackby methanolatC-2or C-4of 4 is a


reactive outlet that is the functional equivalent of
nucleophilic attack at the exocyclic carbon of 3, and
explains the shared reactivity between 3 and 4. In
contrast,methanolattackat C-1 generatesanadduction
not producedin the reactionbetweenmethanoland 3.
(Nucleophilic attackat C-3 would not producta viable
adduct.)Thus,methanolattackat varioussitesof 4 gives
differentproduct(s)thanattackon 3, which canundergo
methanol attack only at the exocyclic carbon, thus
explaining why the adduct ions producedin reactions
(7) and(8) arenot identical.Nevertheless,bothproducea
fragmention of m/z45 uponcollisional activation.


If, instead,the cyclobutyl precursorgenerateseither
initially or within thetimeframeof theseexperiments(of
the order of 10ÿ6 s) a C4H7


� ion mixture consistingof
both 3 and4, considerationsin addition to thoseof the
precedingdiscussionmustbe made.The componentsof
such a mixture would then react with methanol as
outlined in both reactions(7) and (8). As discussed
earlier,3 wouldreactwith methanolto produceanadduct
ion that has a cyclopropylcarbinylmoiety and would
decomposeupon collisional activation to yield the
C2H5O


� fragment ion at m/z 45 [reaction (11)]. The
differencesobservedin the CAD spectraof the adducts
formed from C4H7


� ions from cyclopropylcarbinyland
cyclobutyl substratessuggest that 4 must possess
reactiveoutlet(s)not availableto 3, themostreasonable
being methanol attack at C-1. The question then is
whether4 necessarilypossessesa reactiveoutlet that is
commonwith 3. We note that the CAD spectraof the
adduct ions generatedin reactions(7) and (8), while
different from one another, are more similar to one
anotherthanare the CAD spectraof the reactantC4H7


�


ions (divergenceangle,�, of 11° for the adductsvs �
>19° for the reactant C4H7


� ions in Table 2). This
observationimplies that 3 and 4 possessa common
reactiveoutlet,presumablymethanolattackatC-2or C-4
of 4, which is functionallyequivalentto methanolattack
directly upon3.


Table 3. Comparison of the CAD spectra of the C6H11
� adduct ions formed in the bimolecular


reaction of the C4H7
� from cyclopropylcarbinyl chloride with ethylene and the C6H11


� ions
from other sources


Divergenceangle,� (°)a


Precursorto C6H11
� ions LH LL ' LH' HL' HH'


C4H7
� (cyclopropylcarbinylchloride)� ethene 1.3


C4H7
� (cyclobutyl chloride)� ethene 8.1 4.1 4.8 11.3 11.8


Cyclohexylchloride 7.9 12.5 11.7 18.6 17.9
Cyclopentylcarbinylchloride 9.6 9.6 9.7 4.8 4.8
3-Chloro-1-hexene(n-propylallyl chloride) 3.3 11.2 11.6 8.5 8.9
6-Chloro-1-hexene 2.4 7.1 7.6 5.7 6.4
1-Chloro-1-methylcyclopentane 1.6 8.8 8.6 9.9 9.6


a L' andH' representthe CAD spectrafor theC6H11
� adduction generatedin the reactionof theC4H7


� ions
from cyclopropylcarbinylchloride with ethyleneat low energyand high energy,respectively.L and H
representtheCAD spectrafor theotherC6H11


� ionsgeneratedfrom thespecifiedprecursorat low energyand
high energy,respectively(seein Experimentalsection).
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Evaluation of C4H7
� ion±ethene bimolecular


adducts


Basedon thetheoreticalwork of CramerandBarrows,25


we expectetheneto undergoa cycloadditionwith 3 to
givethecyclopentylcarbinylcation[Eqn.(14)],butnotto
reactwith 4.


The C4H7
� speciesfrom cyclopropylcarbinylchloride


does react with ethene to product a C6H11
� adduct


[reaction (9)]. The CAD spectraof the C6H11
� adduct


does not change appreciably with internal energy
(� = 1.3°, Table3). This result indicatesthat the adduct
ion is stableandits bondingis covalent.If theadducthad
an appreciablepopulation of ion–dipole complex (a
C4H7


�–ethene complex), the amount of m/z 55 ion
producedupon collision activation would exhibit sig-
nificant changeswith ion internal energy,becausethe
stability of an ion–dipole complex is sensitive to its
internalenergy.


Model C6H11
� cationswere generated,and their CAD


spectraasafunctionof internalenergywerecollectedfor
the purposeof comparison.The specific model com-
poundschosenfor generationof the C6H11


� specieswere
cyclohexyl, cyclopentylcarbinyl, n-propylallyl, 5-hexe-
nyl and 1-methylcyclopentylchlorides.Theseions are
generatedvia a unimolecular decompositionof the
precursorradicalcations,andareexpectedto becovalent
species.Hence,direct comparisonof CAD spectrawith
thatof theadductof reaction(9) shouldbejustified.The
predominantfragmentationchannelof all C6H11


� ions is
the lossof neutraletheneto give an m/z55 ion. Among
the CAD spectra of the model cations, that of the
cyclopentylcarbinyl cationcomparesmostfavorablywith
theCAD spectrageneratedfrom theadduction [reaction
(9)]. As theinternalenergyof themodelcyclopentylcar-
binyl cation is increased,its CAD spectraconvergeto
thatof theadductwith a divergenceangleof <5° (Table
3). This result is consistentwith Cramerand Barrows’
predictionthatthecycloadductformedfrom 3 andethene
is thecyclopentylcarbinylcation.


Ethenealso reactswith the C4H7
� from cyclobutyl


chloride [reaction (10)], forming an adduct.The CAD
spectra of the adduct change with internal energy
(� = 8.1,Table3), unlike theCAD spectraof theprevious
adduct which is nearly invariant. For the adduct in
reaction(10), themajorcontributorto spectralchangeis
the fragmentationto the m/z55 ion, the relativeyield of
which increasesby �30 % with increasing internal
energy.Theyieldsof them/z55ionsfrom themodelions,
on the other hand, decreasewith increasing internal
energy. The fragmentationof the adduct formed in


reaction(10),therefore,mustoccurvia someexit channel
not accessibleto theotheradductor themodelions.


Comparisonof theCAD spectraof theadductformedin
reaction (9) under both low and high internal energy
conditionswith thoseof theadductformedin reaction(10)
underlow internal energyconditionsyields a divergence
angle in both casesof <5°, thus implying a common
structurewithin theproducts.However,theCAD spectraof
theadductgeneratedwith high internalenergyin reaction
(10) do not matchany of thoseof the adductformed in
reaction(9). Furthermore,the CAD spectraof the adduct
formed in reaction (10) do not match those of the
cyclopentylcarbinylcation (� >5.0 for all internalenergy
conditions, data not shown). Thus, reaction (10) must
generateanadductthat is eitherdifferentfrom thatformed
in reaction(9) or amixturein whichtheproductof reaction
(9) is a minor component.The differencesin the CAD
spectraof the adductsmust be attributableto 4 reacting
differentlywith ethenethandoes3. Forthepurposesof this
investigation,we are interestedin whether4 reactswith
etheneto producea cycloadditionproduct,the cyclopen-
tylcarbinyl cation, as does3. It doesnot, verifying the
theoreticalpredictionsof CramerandBarrows.25


CONCLUSION


The C4H7
� populationformed initially from cyclobutyl


chloridein thedilutegasphaseis notexclusively,or even
predominantly,cyclopropylcarbinylcation 3. A signifi-
cant contribution from the bicyclobutonium ion 4 is
indicated basedon differences in reactivity with the
nucleophile,methanol.The bicyclobutoniumion 4 must
havereactiveoutlet(s)with methanolnotavailableto the
cyclopropylcarbinylcation3. Nucleophilicattackat C-2
or C-4 is thefunctionalequivalentof nucleophilicattack
at theexocycliccarbonof thecyclopropylcarbinylcation,
whereasnucleophilicattackat C-1 yields productsthat
cannotbe generatedby nucleophilicattackon 3. These
experimentalobservationsare in agreementwith the
predicted reactivity of the bicyclobutonium ion as
originally postulatedby Roberts and co-workers.10–13


Furthermore,the cyclopropylcarbinylcation reactswith
ethene to generate the cyclopentylcarbinyl cation,
whereasthebicyclobutoniumion, althoughreactivewith
ethene,does not generateany significant amount of
cyclopentylcarbinylcation. These observationsare in
accordwith the theoreticalpredictionsof Cramerand
Barrows,25 andalsoprovideexperimentalevidencethat
thecyclopentylcarbinylcationdoesreactdifferently than
thebicyclobutoniumion.
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ABSTRACT: Hydrogen bond enthalpies �H° for the interaction of 4-fluorophenol with 18 fluoro-, chloro-, bromo-,
and iodo-alkanes in CCl4 solution have been determined through the temperature variation of hydrogen-bond
equilibrium constants. A statistical analysis of the �H°–�S° correlation shows that this extrathermodynamic
relationship is valid for the family of halogenoalkanes. The enthalpic data are also used to test the correlation of �H°
versus ��(OH), the IR frequency shifts of the OH band of 4-fluorophenol caused by the hydrogen bonding (the
Badger–Bauer relationship). This relationship is family dependent, and, for fluoroalkanes and iodoalkanes, does not
pass through the origin. These findings allow a safer use of the Badger–Bauer relationship to predict hydrogen-bond
enthalpies accurately. Copyright  2001 John Wiley & Sons, Ltd.


KEYWORDS: hydrogen-bond enthalpy; halogenoalkanes; basicity; isoequilibrium relationship; Badger–Bauer
relationship
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Despite the importance of the hydrogen bond in
chemistry,1–3 physics,1 and biology,4 there is a serious
dearth of reliable hydrogen-bond enthalpies. Discrepan-
cies amounting to 5–10 kJ mol�1 are often found3


between the results obtained by different workers study-
ing the same system by the same or different methods.
For example, the results of 16 determinations3 of the
enthalpy of complexation of the phenol–pyridine system
vary from �20.9 to �31.8 kJ mol�1. In view of the fact
that most hydrogen-bond enthalpies3 for neutral hydro-
gen-bond donors and acceptors fall between �10 and
�40 kJ mol�1, these discrepancies seriously reduce the
usefulness of such measurements. The difficulties of
finding good data for weak organic bases (hydrogen-bond
acceptors) are even more critical. Among these, halo-
genoalkanes have such reduced basic properties that it
was stated in the literature that ‘fluorine atoms attached to
carbon do not have significant power to act as proton
acceptors in the formation of hydrogen bonds’,5 ‘evi-
dence for the formation of intermolecular hydrogen
bonds involving halogen atoms seems to be very slight’,6


or ‘covalently bound fluorine hardly ever acts as a
hydrogen-bond acceptor’.7


We have recently8 provided a contrasting view to these
conclusions by determining the Gibbs energy for the
complexation of a reference hydrogen-bond donor,
4-fluorophenol, with halogenoalkanes. These Gibbs
energies (on the mole fraction scale) extend
from �1.79 kJ mol�1 (1,1,1-trichloroethane) to �7.55
kJ mol�1 (1-fluoroadamantane). Significant shifts upon
complexations were also found for the OH stretching
vibration of 4-fluorophenol. These ��(OH) shifts range
from 13 cm�1 (1,1,1-trichloroethane) to 101 cm�1 (1-
iodoadamantane).


The primary aim of this work is to determine the
enthalpy of complexation of 18 fluoro-, chloro-, bromo-
and iodo-alkanes with 4-fluorophenol in order to
construct an enthalpic scale of hydrogen-bond basicity
(basicity towards hydrogen-bond donors). Subsequent
articles will be devoted to nitrogen, oxygen, and sulfur
bases. A few studies3,9–11 on the enthalpies of hydrogen
bonding to halogenoalkanes have been reported, but they
were not carried out in a systematic manner. Literature
data are (i) scarce, since only cyclohexyl,9,11 n-heptyl,10


and n-butyl halides11 have been studied, and (ii)
inhomogeneous, because they refer to various hydro-
gen-bond donors (phenol,9,10 4-fluorophenol11 or 1-
butanol11) and various solvents (CCl4,9,11 C2Cl4,10 or
pure base11). In contrast with these results, our data will
be homogeneous (4-fluorophenol and CCl4 as standard
donor and solvent respectively) and will cover a wide
basicity range. For this purpose we have selected
halogenoalkanes substituted with groups spanning a wide
range of electronic effects, from 1-adamantyl, which
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enhances basicity through a high polarizability effect, to
1-halogenopropyl, which decreases basicity through a
field-inductive electron-withdrawing effect.


We shall outline the IR procedure for obtaining
accurate enthalpy data from the temperature dependence
of complexation constants. Reliable enthalpy values are
necessary in order for comparison with quantum-
chemical enthalpy calculations, but also for testing such
extrathermodynamic relationships as the isoequilibrium
(enthalpy–entropy) relationship12 or the Badger–Bauer1–


3 correlation of the hydrogen-bond enthalpy with the IR
shift.


Opinion is divided about the matter whether the
enthalpy or the Gibbs energy is the better parameter to
employ for measuring basicity.13 This dilemma can be
solved by the existence of an extrathermodynamic
relationship between enthalpy and entropy. In 1960,
Pimentel and McClellan1 proposed a monotonic relation-
ship between �H° and �S° for hydrogen-bond formation
on the basis that a ‘higher value of ��H implies stronger
bonding, with a more restricted configuration in the
complex, hence greater order, leading to a larger value of
��S’. However, in 1974, the reliable hydrogen-bonding
data of Arnett et al.14 indicated that ‘in general, a straight
line correlation between �S° and �H° does not hold,
although a trend is clear’.


The enthalpy–IR-shift relationship has also been
supported by some workers15–25 and challenged by many
others.9–11,14,26–32


The second aim of this work is to assess the Badger–
Bauer and isoequilibrium relationships in the family(ies)
of halogenoalkanes. This family should be instructive,
since it covers four periods of the periodic table.
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Tetrachloromethane, 4-fluorophenol and halogenoalk-
anes were purified as described elsewhere.8 The FTIR
spectrometer, the cell, and the method of measuring the
IR wavenumber shifts, ��(OH), are also described in
Ref. 8.


#����(	���	�� � ��������


The formation of a 1:1 complex from 4-fluorophenol and
halogenoalkanes RX can be represented by the equi-
librium Eqn. 1.


FC6H4OH � XR � FC6H4OH � � �XR �1�


If Cc, Ca, and Cb are the equilibrium concentrations, on
the molar scale, of the complex, the acid 4-fluorophenol,
and the base RX respectively, and if C�


a and C�
b are the


initial concentrations, then the equilibrium constant is
given by Eqn. 2.


Kc�dm3 mol�1 � Cc�CaCb


� �C�
a � Ca��Ca�C�


b � C�
a � Ca� �2�


Ca � A��� �3�


Ca is obtained [Eqn. 3] from the absorbance A of the free
OH band of 4-fluorophenol at 3614 cm�1, the absorption
coefficient � (238 dm3 mol�1 cm�1), and the pathlength
(1 cm). C�


a and C�
b are obtained by weighing. C�


a is kept
below 5 	 10�3 mol dm�3 in order to neglect the self-
association of 4-fluorophenol. This concentration re-
quires a 1 cm pathlength cell to give a good signal. C�


b is
adjusted so that the complexation of 4-fluorophenol lies
in the range 15–20%. The solutions are prepared in a
glove box under dry atmosphere at room temperature. A
density correction is made on the concentrations C�


a and
C�


b in order to take into account the difference of
temperature between the room and the cell. A new
absorption coefficient � is calculated in each experiment
in order to check the concentration C�


a . A small variation
in the limits of 238 
 4 dm3 mol�1 cm�1 is allowed. This
compensates for different variables in the experiment,
such as the position of the cell in the spectrometer or
different acquisition parameters of the interferogram.
When � is found outside this range, a weighing error on
C�


a is suspected and a new stock solution of 4-
fluorophenol is prepared. Finally, a small absorbance
correction must be made to take into account a small
overlap of the free OH band and the broad OH band of the
complex. We corrected for this overlap by using the
Curve Fit Bruker software, which enables overlapping
bands to be mathematically resolved into their Gauss–
Lorentz components.


Very precise enthalpy measurements are obtained by
following the absorbance of a single solution as a
function of temperature. In a typical measurement, the
spectra of a solution containing ca 3 	 10�3 mol dm�3 of
4-fluorophenol and a halogenoalkane concentration
adjusted as described before are generally recorded at
five temperatures between �5 and �45°C. The thermal
stability of the solution is checked by comparing the final
and the initial spectra at 25°C. The temperature of the
measuring quartz cell is controlled to 
 0.1°C by means
of a Peltier thermoelectric device. The temperature of the
solution is checked by a thermocouple inserted in the cell
centre during the spectral record of a reference solution
containing only CCl4 and halogenoalkanes. The method
requires knowledge of the temperature dependence of the
absorption coefficient. � falls off linearly in the �5 to
�55°C range with increasing temperature t/°C according
to Eqn. 4:


��t� � ��25� � 0�624733�t � 25� �4�
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Figure 1 shows the IR spectra recorded for the 4-
fluorophenol–1-fluoroadamantane complex. The absor-
bance and concentration data and the calculation of
complexation constants at the various temperatures are
reported in Table 1. The enthalpy �H�


c is obtained from
the slope of a ln Kc versus 1/T van’t Hoff plot:


ln Kc � ��H�
c


R
1
T
��S�


c


R
�5�


Over the 50°C temperature range employed, no
evidence for a change in �H�


c with temperature was
found. It should be noted that the experiment is controlled
in three ways. Firstly, the accuracy of the 4-fluorophenol
stock solution concentration C�


a is tested by a calculation
of �, which must fall within the limits 238 
 4
dm3 mol�1 cm�1. Secondly, the equilibrium constant
calculated at 25°C must match the value found in our
previous work.8 In the latter work, Kc was the average of
five determinations in which the halogenoalkane con-
centration was varied in order to complex various
quantities of 4-fluorophenol (ca 15, 20, 30, 35, and


45%). A new stock solution of halogenoalkane is made if
the two Kc values obtained from the concentration and the
temperature variation differ by more than 10%. Thirdly,
the least-squares treatment of the van’t Hoff plot must
give a squared correlation coefficient greater than 0.9990.


���
����	��� � �������


The entropy can be calculated from the intercept of the
van’t Hoff plot [Eqn. 5]. It can also be obtained [Eqn. 6]
from the enthalpy of the single solution experiment and
the Gibbs energy, calculated [Eqn. 7] from Kc,298, which
is obtained as the mean of five equilibrium constant
determinations with various halogenoalkane concentra-
tions. The two methods give results that are in excellent
agreement.


�S�
c�298 � ��H�


c ��G�
c�298��298�15 �6�


�G�
c�298 � 298�15R ln Kc�298 �7�


)������� ������


The enthalpies, entropies, and Gibbs energies of Eqns
(5)–(7) are calculated on the molar concentration scale,
since the Kc unit is dm3 mol�1 [Eqn. 2]. Hepler33 has
shown that this �H�


c value relative to molarity is not the
correct ‘standard-state infinite dilution’ �H°. The
thermodynamically correct value must be calculated
from Kx relative to mole fraction and is related to �H�


c by
Eqn. 8


�H� � �H�
c � �RT 2 �8�


where � is the coefficient of thermal expansion of the
solvent. For CCl4 at 298 K the correction term amounts to
0.9 kJ mol�1. Kx values lead to standard Gibbs energies
�G�


x � �RT ln Kx and entropies �S�
x that are different


*	���� �+ &' 	������������ �( �� ������) (�� )	��*��
���	��* �( + ,�����	�������� �� ! ,��������� �� $$�!-
�� ���������� �( �� .� ���	 �( (��� ! ,��������� ��
"/+! ���+ 	�������� 0�� 	��������* ����������� �� ��
����1� �( �� .� ���	 �( �� ������% �� "2!! ���+


!���� �+ 3������������ �( �� ������%����� ������) (�� )	��*�� ���	��* �( ,�����	�������� �� ! ,��������� �� $$�!
�


t/°C �4.8 25.0 44.6


Absorbance A 0.3334 0.3430 0.3342


Temperature-corrected concentrations and absorption coefficient
C�


a 1.76 1.70 1.66
C�


b 102.42 98.84 96.47
�/dm3 mol�1 cm�1 261.63 242.55 229.92
Ca = A/� l 1.27 1.41 1.45
Cc � C�


a � Ca 0.49 0.28 0.20
Cb � C�


b � Cc 101.94 98.56 96.27
Kc/dm3 mol�1 3.74 2.04 1.46


��H�
c � 13�52 kJ mol�1 ��S�


c � 39�4 J K�1 mol�1


a All concentrations in mmol dm�3.
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from �G�
c and �S�


c :


�G�
x�kJ mol�1 � �G�


c � 5�8 �9�
�S�


x�J K�1 mol�1 � �S�
c � 16�3 �10�


)���	��	
�� �����(��� � ����


In the single solution method, the precision of the results
(due to random error) is certainly overestimated if taken
from the error limits of the slope and intercept in the
regression analysis of the van’t Hoff plot. An illustration
is given by the 4-fluorophenol–fluorocyclohexane
complex. A first experiment gives ��H�


c � 12�04

0�20 kJ mol�1 and ��S�


c � 38�48 
 0�67 J K�1 mol�1.
The precision is certainly worse than 0.2 kJ mol�1 for
enthalpy and 0.7 J K�1 mol�1 for entropy. Indeed,
a second experiment leads to ��H�


c � 11�43

0�14 kJ mol�1 and ��S�


c � 36�24 
 0�48 J K�1 mol�1.
The arithmetic means from these two measurements have
standard deviations of 0.3 kJ mol�1 and 1.1 J K�1 mol�1,
which seem more realistic estimates of the precision. The
correctness of the results is still more difficult to estimate
because of the systematic and the gross error. It is
interesting to compare our van’t Hoff complexation
enthalpies of 8.81 kJ mol�1, 7.46 kJ mol�1, and 6.24
kJ mol�1 for the complexes of 4-fluorophenol with


chloro-, bromo-, and iodo-cyclohexane respectively with
the results obtained by Arnett et al.11 from their pure base
calorimetric method: 8.87 kJ mol�1, 8.13 kJ mol�1, and
6.11 kJ mol�1 respectively. For the chloro- and iodo-
cyclohexane, the results differ by 0.06 kJ mol�1 and
0.13 kJ mol�1 respectively, probably by chance. The
difference of 0.67 kJ mol�1 for the bromocyclohexane
seems a more realistic estimate of the correctness of our
hydrogen-bond enthalpies.


"%)$�!)


Table 2 presents the Gibbs energies �G�
x�298, the


enthalpies �H°, and the entropies �S�
x�298 for the


complexation of 18 halogenoalkanes with 4-fluorophenol
in CCl4. Statistical corrections of �RT ln 2 and �R ln 2
are applied, respectively, to the Gibbs energies and
entropies of dihalogenoalkanes. For the IR shifts ��(OH)
of the 3614 cm�1 band of 4-fluorophenol, we use the data
measured in a previous study.8 This IR spectroscopic
scale of hydrogen-bond basicity is illustrated in Fig. 2.
The agreement of these data with the results of West et
al.,9 obtained by a near-IR method,27 for the complexes
of phenol with four halogenoalkanes can be appreciated
by the correlation coefficient r, the standard error of the
estimate s, the Fisher test F, the slope greater than unity
(4-fluorophenol is a better hydrogen-bond donor than


!���� ,+ �����	)����� (�������� �4� �� 567 ����+8� ��	 �
57 9�+ ����+8 ��	 &' ��(�� 5���+8 (�� )	��*�� ���	��* �(
���*�����6���� �� ! ,��������� �� $$�!


��H°a ��S�
x�298


a ��G�
x�298


b ��(OH)c


Fluoroalkanes
1-fluoroadamantane 14.43 23.1 7.55 70
fluorocyclohexane 12.65 21.1 6.29 58.7
1-fluoropentane 10.47 15.8 5.44 44
1,3-difluoropropane 9.71 12.1 (17.9)d 5.95 (4.23)d 31.6


Chloroalkanes
1-chloroadamantane 10.17 18.0 4.81 85
chlorocyclohexane 8.81 15.1 4.24 76.9
1-chloropentane 6.96 10.4 3.61 63
1,5-dichloropentane 6.41 3.8 (9.6)d 5.27 (3.55)d 58.5
1,3-dichloropropane 5.82 4.6 (10.4)d 4.53 (2.81)d 48


Bromoalkanes
1-bromoadamantane 9.68 16.5 4.53 97
bromocyclohexane 7.46 10.2 4.30 88
1-bromopentane 7.15 11.2 3.73 75.8
1,3-dibromopropane 5.29 2.2 (8)d 4.47 (2.75)d 58.7


Iodoalkanes
1-iodoadamantane 8.52 13.4 4.70 102
2-iodo-2-methylpropane 6.74 9.6 3.90 95
iodocyclohexane 6.24 7.6 3.90 91.5
1-iodopentane 5.25 5.1 3.72 79
1,3-diiodopropane 4.96 1.2 (7)d 4.53 (2.81)d 66


a Calculated from Eqn. 5.
b �G�


x�298 � �RT ln Kx�298.
c Ref. 8.
d Statistically corrected.
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phenol), and the intercept close to zero, of Eqn. (11):


�H��FC6H4OH� cHexX� � 1�12�
0�07��H��C6H5OH� cHexX� � 0�6�
0�6��11�
n � 4 r � 0�997 s � 0�28kJ mol�1 F � 295


#�)�$))�� 


-��	�	�� � ��.���
� ��	��/�������� 
�������	���


There has been a continuing controversy in the
literature15–32 concerning the validity of the Badger–
Bauer relationship between ��H° and ��(OH), the shift
of the OH stretching mode upon hydrogen-bond forma-
tion. The present data furnish an interesting test of the
relationship, because (i) accurate enthalpies and IR shifts
have been measured, (ii) the data pertain to weak
hydrogen-bond acceptors, which should allow one to
study the domain near the intercept, (iii) the data refer to
four different hydrogen-bond acceptor atomic sites
spreading over four periods of the periodic table, and
(iv) the basicity of each site is varied as widely as


chemistry allows, from the 1-halogenoadamantanes to
the 1,3-dihalogenopropanes.


The plot of ��H° versus ��(OH) shows (Fig. 3) that
there is no connection between �H° and ��(OH) for
halogenoalkanes (n = 18, r = 0.09).


Each halogen atom draws its own line in the �H°–
��(OH) plane (full lines of Fig. 3). In other words, the
Badger–Bauer relationship exists, but only as a family-
dependent relationship. Here, a family is defined by a
common hydrogen-bond acceptor atomic site. If one tries
to define an RX family by a common group R and various
halogens X, one observes (dashed line of Fig. 3) that
��H° decreases in the order F 	 Cl 	 Br 	 I, the reverse
of the IR-shift order. This inverse Badger–Bauer
relationship does not seem to have received a theoretical
interpretation since it was first observed in 1962.9


The comparison of Eqns (12)–(15) for fluoro-, chloro-,
bromo-, and iodo-alkanes


*	���� ,+ &' ��(�� �( �� .� ���	 �( ! ,��������� (�� ��
! ,���������:�������6���� ������%��; 5<8 +�" 	������ 
�������= 5�8 +�2 	�������������= 5$8 + ������������= 538
������)����%���= 5>8 + ������	��������


*	���� 0+ ���� �( �� ��° ?����� ��5.�8 (�� �� ������%�� �(
! ,��������� 0�� 5�8 ,������6����� 5�8 �������6�����
5�8 �������6����� ��	 5�8 ��	���6����- �� 	���	 ����
���������	� �� �� )��������� (����) �( ���*����)����% 
����


��H��FC6H4OH�RF� � 0�13�
0�02����OH � � � F� � 5�4�
0�8� �12�
n � 4 r � 0�986 s � 0�44kJ mol�1 F � 68


��H��FC6H4OH�RCl� � 0�12�
0�01����OH � � �Cl� � 0�4�
0�8� �13�
n � 5 r � 0�984 s � 0�37kJ mol�1 F � 94


��H��FC6H4OH�RBr� � 0�10�
0�02����OH � � �Br� � 0�9�
1�9� �14�
n � 4 r � 0�952 s � 0�68kJ mol�1 F � 19


��H��FC6H4OH�RI� � 0�09�
0�02����OH � � � I� � 1�45�
2�1� �15�
n � 5 r � 0�906 s � 0�69kJ mol�1 F � 14


�H��FC6H4OH� cHexX� � 1�12�
0�07��H��C6H5OH� cHexX� � 0�6�
0�6� �11�
n � 4 r � 0�997 s � 0�28kJ mol�1 F � 295
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shows that only the chloro- and bromo-alkanes can be
considered to pass through the origin [the poor quality of
Eqn. (15) prevents any conclusion for iodoalkanes].
Thus, the Badger–Bauer relationships in Eqns (13) and
(14) constitute a satisfactory method for providing
reliable �H° data for any chloro- and bromo-alkane from
an easily measured IR spectroscopic shift, over the entire
basicity range from CCl4 [��(OH) = 0 cm�1] to 1-
chloroadamantane [��(OH) = 85 cm�1]. On the contrary,
the prediction of �H° in the fluoroalkane and iodoalkane
family seems limited to the experimental range of
frequency shifts. For frequency shifts outside this region,
we know nothing about the extrapolation that is allowed.


����.�	�	��	�( �����	����	��


A linear dependence of enthalpy and entropy within a
series of related reactions has the form of Eqn. 16:


�H� � 
�S� � constant �16�


This apparently simple equation hides difficult statistical
problems, since both �H° and �S° are loaded with
correlated errors. Since �H° and �S° are obtained from
the linear regression in Eqn. 5, any experimental error
that makes �H° greater also makes �S° greater. There-
fore, their correlation cannot be pursued for fear of
merely generating error contours from two sets of
numbers (�H° and �S°) extracted from the treatment of
the same set of experimental data.


Exner and Beranek12,34,35 have achieved a statistically
correct solution by returning to the original experimental
quantities. By substituting �S° from Eqn. 16 into Eqn. 5
one obtains:


ln K � ��H��R��
�1 � T�1� � constant �17�


In the coordinates ln K and T�1, Eqn. 17 represents a
family of straight lines with different slopes (��H°/R)
intersecting at one point at T = � (the isoequilibrium
temperature). A linear dependence in the coordinates
�H° and �S° is thus mathematically, but not statistically,
strictly equivalent to the constraint of a common point of
intersection in the coordinates ln K and T�1.


Exner and Beranek have solved algebraically (in a
special case)34 and by successive approximations (in the
general case)35 the mathematical problem of several
regression lines with one point of intersection. Recently,
Ouvrard et al.36 wrote a program37 that can test several
hypotheses: whether the lines are parallel (��1 = �,
isoenthalpic reactions), intersect at ��1 = 0 (isoentropic
reactions), or intersect at any other ��1 value (isoequili-
brium relationship). The program also estimates from the
� Exner test38 whether the isoequilibrium relationship
is acceptable as an experimental relationship of an
approximate validity.


In the field of hydrogen-bond complexation we are not
aware of any correct statistical treatment of the extra-
thermodynamical Eqn. 16, although this relationship has
often been anticipated3 on the basis of wrong statistics.
For the hydrogen bonding of 4-fluorophenol to halogeno-
alkanes in CCl4 [Eqn. 1], Fig. 4 shows that the van’t Hoff
plots intersect approximately at one point. The isoequili-
brium relationship is accepted as an approximate
relationship (� = 0.084). The isoequilibrium temperature
(� = 592 K) is determined with some uncertainty, but the
confidence interval (529–701 K) does not include the
isoentropic relationship.


Attempts to divide the family of halogenoalkanes into
four sub-families (RF, RCl, RBr, and RI) lead to
isoequilibrium relationships with confidence intervals
for the isoequilibrium temperature including the isoen-
tropic relationship. However, the structural variation and
the data number inside each sub-family are too restricted†


to allow safe conclusions on the isoentropic behaviour. In
particular, we are unable to prove that the isoentropic
values (J K�1 mol�1) for the chloroalkanes (�12),
bromoalkanes (�11), and iodoalkanes (�9) are different,
taking into account the experimental uncertainty.


�� ��$)�� )


(1) We have constructed, from the complexation of
halogenoalkanes by 4-fluorophenol in CCl4, a reliable
enthalpic scale of hydrogen-bond basicity for halogeno-
alkanes spanning from �14.4 kJ mol�1 (1-fluoroada-
mantane) to �4.96 kJ mol�1 (1,3-diiodopropane).


*	���� 1+ &������������� ����������� @>��- +AB (�� ��
)	��*�� ���	��* �( ! ,��������� �� ���*�����6����
�� $$�!- ��� �� ��6� �( ������) ���) ��% ?��C� ��(( ����� ���
��0� 5,�����)����%���� ,������������ ������)����% 
���� ������)����%���� ��	��)����%���� +�" 	���	���� 
����8


†We cannot introduce more powerful substituents for varying the
basicity more widely, because they introduce a new hydrogen-
bonding site. This is for example the case of RC�CX, C6H5X,
RCH=CHX (� site), or X�(CH2)nX (second halogen site).
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(2) For this series of reactions, we have established the
validity of the isoequilibrium relationship (�H° versus
�S°) by a statistically correct procedure.
(3) We have shown the validity of the Badger–Bauer
relationship [�H° versus ��(OH)] as a family-dependent
relationship. Reliable hydrogen-bond enthalpies can be
calculated from IR shifts either on the whole basicity
range, for RCl and RBr, or on a restricted range, for RF
and RI, depending on whether the Badger–Bauer line
passes through the origin or not.


�
���2�����(����
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ABSTRACT: Spectral characteristics of two different types of electron donor–acceptor (EDA) complexes with
charged components (arene–carbenium and anion–� acceptor) are presented. The UV–Vis absorption maxima of the
charge-transfer (CT) band (�max,CT) of the EDA complexes were measured in various solvents and after adsorption on
silica. Tropylium, triarylmethylium and diarylmethylium ions in combination with aromatic � donors, e.g. pyrene,
acenaphthene and methoxy-substituted benzene derivatives and also the tetraethylammonium iodide–1,3,5-
trinitrobenzene complex have been investigated by means of a special UV–Vis technique in transparent slurries of
silica nanoparticles in 1,2-dichloroethane. Multiple linear regression analyses of the �max,CT values of the EDA
complexes in various solvents and on silica with the Kamlet–Taft solvent parameters and structure–reactivity terms of
the complex components, e.g. the oxidation potential of the arene component or the Hammett substituent constant,
�p
�, of the arylmethyl component, show their related properties to the solution complexes. The influence of the


electron-pair donating capacity of a solvent on �max,CT of carbenium/arene complexes was compared with the
property of the silica surface in order to link EDA complexes. For the diarylmethyl carbenium ion–pyrene complexes
on silica, the presence of a �-like structure is discussed. Copyright  2001 John Wiley & Sons, Ltd.


KEYWORDS: solvatochromism; carbenium–arene EDA complexes; silica; adsorption
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The formation of weak electron donor–acceptor (EDA)
complexes between various kinds of organic and
inorganic components in solution has been studied by
numerous workers and reported in more than 1000
original papers, review articles and books. A selection of
important reviews and recent original contributions in
this field are cited in the references.1–6


EDA complex formation on surfaces of inorganic
materials has not been extensively studied. In earlier
work by Kortüm and co-workers7 it was shown that the
nature of the inorganic material plays an important role in
the stability of the adsorbed EDA complex. A higher
polarity of the support (silica) competes with the
components of the molecular complex, e.g. pyrene–
1,3,5-trinitrobenzene, and its stability decreases. Accord-
ing to the influence of polar solvent on the stability
constant of EDA complexes,2c,d a high polarity of the
inorganic material (e.g. silica)7c also decreases the


concentration of the complex whereas a neutral inorganic
support, e.g. NaCl, has no influence. Kochi and co-
workers8a reported that it is possible to use inorganic
particles (silica or alumina) as a support for tropylium–
arene complexes. Then, the UV–Vis charge-transfer (CT)
absorption bands were measured by means of the
reflectance technique. However, specific effects of the
polarity of the inorganic solid on the position of the
maxima of the CT absorption bands were not discussed
by the authors. In two other papers,8b,c Kochi and co-
workers showed that acceptor cations (e.g. tropylium or
viologens) with iodide or complex manganate as donor
anions can be used to measure distinct geometric effects
when a component is located within the cavities of zeolite
supercages. UV–Vis spectroscopic properties of violo-
gen–arene complexes on silica and their photochemical
behaviour in zeolites were reported by Dabestani et al.9a


and Park et al.,9b respectively. Furthermore, CT com-
plexes of 1,2,4,5-tetracyanobenzene with arenes serve as
a probe for surveying chemical properties inside
zeolites.9c


In this paper, we report on EDA complex formation of
silica surface-linked carbenium ions with arenes in
organic solvent suspension.


Surface-coordinated arylmethylium ion pairs can be
obtained by adsorption of the corresponding haloaryl-
methane on various moderately strong solid acids and
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also supports with basic sites, e.g. silica, alumina,
aluminosilicates and magnesia:10


silica�OH� X�CR1R2R3 �
silica�OH � � �X� � � �C�R1R2R3 �1�


The interaction of X—CR1R2R3 with various kinds of
silica particles in non-polar or weakly polar solvents (e.g.
cyclohexane, toluene or 1,2-dichloroethane) usually
gives a coloured slurry because the corresponding UV–
Vis absorption band of the R1R2R3C� carbenium ion can
be monitored on the particle surface.11 The primary step
of the heterolytic dissociation process of X—CR1R2R3


on the silica surface is the electrophilic attack of the
silanol groups upon the negatively polarized halide atom
X. Thus, the degree of heterolytic dissociation of the
carbon–halide bond depends on both the electrophilicity
of C�R1R2R3 and the basicity of X�.11b


For the generation of arylmethylium ions on silica, we
used mainly the corresponding halides because the
corresponding carbinols do not ionize sufficiently for
this purpose. In Eqn (1) it is shown that a silanol–halide
bridge seems to be responsible for the linking of the
carbenium ion at the silanol group. This mechanism
was suggested based upon results from model reactions
and UV–Vis spectroscopy of triarylmethyl model
compounds.11a,b However, several criticisms regarding
this adsorption mechanism can be mentioned.11 It is still
not clear whether a proton transfer from silanol groups to
the coordinated halide takes place and a silanolate
carbenium ion pair is also present. Hence the donor
strength of the counter ion, either a halide coordinated by
silanols or silanolate, is probably influenced by both the
carbenium and the silica surface groups.


Arylmethylium–silica adsorbates are well suited as
initiators for cationic surface polymerizations of vinyl
ethers,11d 4-methoxystyrene11a or cyclopentadiene.11e


In the course of further studies on the utility of surface-
coordinated carbenium ion pairs on silica Eqn (1),11d we
have also investigated their interaction with several
arenes in order to produce the corresponding Friedel–
Crafts alkylation products by a heterogeneous catalysis
reaction. As expected, triarylmethylium– and diaryl-
methylium–silica adsorbates do not react with arenes of
low Friedel–Crafts reactivity such as benzene, toluene or
mesitylene. Arenes with higher nucleophilicity,12 e.g.
1,3-dimethoxybenzene or 1,3,5-trimethoxybenzene, give
the expected extractable Friedel–Crafts products in good
yield (see later). Surprisingly, many electron-rich arenes
did not yield the Friedel–Crafts product, only a fairly
strongly coloured silica sample was sometimes obtained.
The bis(4-methoxyphenyl)methylium (1�) chloride
Aerosil adsorbate (red suspension, �max = 510 nm) inter-
acts with 1,4-dimethoxybenzene and pyrene and a green
or violet suspension, respectively, is obtained. This
observation was unexpected and does not relate to the


behaviour in solution where only the Friedel–Crafts
reaction occurs. It is also well known that arylmethylium
salts are convenient �-acceptors which undergo CT
complex formation with arenes in homogeneous solu-
tion.13 EDA complex formation of positively charged
acceptors, e.g. tropylium and triarylmethylium, with
arenes have been investigated by several workers.13


However, diarylmethylium compounds, e.g. the bis(4-
methoxyphenyl)methylium (1�), which possess a similar
electrophilicity to triphenylmethylium (2�), react about
three to four orders of magnitude faster with several
arenes and, therefore, yield rapidly the Friedel–Crafts
product in solution.12 The reason for the higher reactivity
of diarylmethylium ions, as compared with triarylmethy-
lium ions, with � nucleophils in solution is due to the
smaller steric hindrance of the former.


The objective of this paper is to show that various
carbenium ion pairs on silica form EDA complexes with
arenes in special cases.


The appearance of the characteristic CT absorption
band in the visible region of the spectrum is attributed to
the rapidly reversible electron transfer from the neutral �
donor (D) to the positively charged carbenium (Cat�)
according to the equation.


Cat�X�HO�silica� D�K


Cat�DX�HO�silica���h�CT Cat�D�� X�HO�silica �2�


This is consistent with the Mulliken theory.1a,b


A specific objective of this work was to investigate the
influences of the structure of the �-donor (D) and electron
acceptor (EA �� Cat�) component and also of the counter
ion X� on the position of the CT band (h�CT) of the
Cat�D X�HO—silica complexes. The CT transition
energies of the complexes were tested for correlation
with the oxidation potential of the �-donor (E1


2ox.) and the
reduction potential of the carbenium (E1


2red.) according to
the well established relationship2b,13d


h�CT � E1
2 ox��D� � E1


2 red��EA� � Ec �3�


where Ec is the coulombic energy of the excited state of
the complex that is proportional to e2/rAD; rAd is the
distance of the components EA and D in the excited state
of the EDA complex.


The maximum of the CT energy (�max,CT) of
tropylium–arene and triphenylmethylium–arene EDA
complexes in solution shows also a significant depen-
dence on the donor strength of the solvent used.13f This is
documented by linear correlations of �max,CT with the
donor number (DN)14 of the solvent. Therefore, the
capacity of the relevant surface group for donating an
electron pair towards the electrophilic carbenium ion
centre during the EDA complex formation is expected to
be measured by a shift of �max,CT.
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Unprecedented solvatochromic shifts of �max,CT of
weak EDA complexes and of other solvatochromic
compounds can often be quantitatively interpreted in
terms of the Kamlet–Taft solvent parameters.15 The
simplified Kamlet–Taft linear solvation energy (LSE)
relationship applied to solvatochromic shifts is15


�max�CT � 	�max�CT
0 � a�� b� � s��� � d�� �4�


where � describes the HBD (hydrogen-bond donating)
ability and � the HBA (hydrogen-bond accepting) ability
(several workers16 have shown that the initially defined
solvent HBA ability correlates well with the basicity of
solvents; therefore, it makes no difference which of the
two is used), and �* is the dipolarity/polarizability of the
solvents; � is a polarizability correction term that is 1.0
for aromatic, 0.5 for polyhalogenated and zero for
aliphatic solvents; a, b, s and d are solvent-independent
coefficients.


The three empirical polarity terms �, � and �* can also
be used for characterizing the manifold properties of the
silica surface.17 The silica surface exhibits a fairly strong
dipolarity/polarizability (�* � 1), an evident hydrogen-
bond donating capacity (�	 1) and a very weak HBA
property (�
 0.1).17a


It is conceivable that the nature of the counter ion X�


influences the CT mechanism and consequently �max,CT.
Accordingly, a second objective of this work was the
investigation of the property of the relevant surface site
on the shift of �max,CT of adsorbed EDA complexes by
means of corresponding LSE relationships of the
solvatochromism of the EDA complexes in well-
behaved regular solvents which serve as the reference
system. For the measurements we selected tropylium,
triphenylmethylium and diarylmethylium halide–silica
adsorbates in conjunction with arenes and also the
iodide–1,3,5-trinitrobenzene (TNB) complex when ad-
sorbed on silica. The latter EDA complex was chosen to
see how relevant the surface coordination of anions can


really be measured by a shift of �max,CT. As the silica
component we used Aerosil 300, because it forms
transparent suspensions in 1,2-dichloroethane or dichloro-
methane as solvents, which allows one to take UV–Vis
transmission spectra of good quality. However, it is not of
importance whether Aerosil or neutral silica gels are used
for this purpose.


In homogeneous solutions, EDA complex formation is
usually weak for carbenium–arene complexes; Kc is of
the order of 0.5–5 l mol�1.13f As a consequence, one of
the two components must be present in a large excess in
order to measure the CT absorption band. This makes a
quantitative interpretation of adsorbed EDA complexes
difficult. Therefore, in this work we preferentially report
qualitative results on the EDA complex formation on
silica, because �max,CT is independent of the concentra-
tion of the EDA complex. The choice of the arene
components was determined from two different points of
view; a low ionization potential should favour the �- and
�-complex formation18 and a high nucleophilicity the
Friedel–Crafts product formation.12


 ��(*&� �%� �$�)(��$'%


+���	�� 	�
�	,� �� ���������	�
��
 � ���
��
������ -��� ���	��� ��
�������


Despite the knowledge from many papers reporting on
the solvatochromism of EDA complexes with charged
components,19–21 the Kamlet–Taft solvents parameter set
has been rarely used for quantitatively describing this
behaviour.6a,14b Therefore, we have calculated the LSE
equations according to Eqn (4) for seven tropylium– and
triphenylmethylium–arene complexes using the �max,CT


values and corresponding solvent parameters from the
literature (Table 1).12,14 The �max,CT data for the
triphenylmethylium–pyrene EDA complex in various


&���� ./ ���� 
	� �	�������	� ������� 
	� ��� �	����	���	���� 	
 ����� ���%�����&����� '�( �	����)�� ����� ��� *�����&��
�
�	����� ���������� � ��� �+�


(�max,CT)0


EDA complex  10�3 (cm�1) b s n r Ref. for the �max,CT data


C7H7
�–pyrene 18.30 5.40 – 8 0.951 13a,b


19.90 4.70 �1.83 6 0.968
C7H7


�–anthracene 20.80 3.96 – 11 0.832 13c
20.80 3.96 �2.33 11 0.857


C7H7
�–hexamethylbenzene 22.96 2.14 – 11 0.614 13c


27.30 2.69 �5.6 10 0.914
C7H7


�–acenaphthene 20.30 3.20 – 10 0.596 13f
N-Methylacridinium–anthracene 18.82 2.90 – 9 0.813 13c


17.85 2.90 1.2 9 0.827
(C6H5)3C �–acenaphthene 15.20 5.40 – 7 0.89 13f
(C6H5)3C �–pyrene 14.07 5.08 – 9 0.820 This work


17.20 6.06 �4.16 9 0.995 (Experimental)


a b and s are the coefficients according to Eqn (4), n is the set of solvents used and r the correlation coefficient.
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solvents were specially measured for this paper (see
Experimental section).


As expected, the basicity of the solvent causes a
hypsochromic shift of �max,CT of the carbenium–arene
EDA complexes due to the moderate interaction of the
lone electron pairs of the solvent with their electrophilic
carbenium component.22 According to the CT transition
mechanism for cation–arene complexes as shown by the
equation


�Cat�D�� Cat�D���X�
��h�CT �Cat�D�� �Cat�D���X� �5�


there is no remarkable difference expected between the
dipolarity of the ground and excited states. In Eqn (5), the
mainly contributing resonance structure of each electro-
nic state is underlined [see also Eqns (6) and (7)].


Despite this argument, for the triphenylmethylium–
pyrene and tropylium–hexamethylbenzene EDA com-
plexes, a significant bathochromic effect on the CT
absorption energy, caused by the dipolarity/polarizability
term of the solvent, is observed, also for some of the other
tropylium and triphenylmethylium complexes. The con-
tribution of the Cat .D.� species causes a larger dipole
moment of the excited state than does the Cat�D in the
ground state of the EDA complex. This is also consistent
with the result that the coefficient s in Eqn (4) for the
solvent influence on h�CT is also dependent on the nature
of the arene component D. However, a systematic
influence of the nature of D on b and s is still not
detectable on the basis of available data.


It should be noted that the solvatochromism of
carbenium–arene complexes occurs very similarly to
those of EDA complexes with non-charged components
(A–D), i.e. of the Michler’s ketone–TCNE complex or
others.6a,19 For both types of complexes, Cat�D and A–
D, the influences of the � term (hypsochromic effect) and
�* term (bathochromic effect) of the solvent upon h�CT


are opposite. However, only the solvatochromism of the
N-methylacridinium–anthracene complex approaches the
theoretically expected behaviour for cation–arene CT
complexes.13d


The influence of the dipolarity/polarizability term on
the shifts of h�CT of adsorbed EDA complexes cannot be
neglected for carbenium–arene complexes. As already
mentioned, silica as environment shows a large value of
the �* term. Therefore, the single correlation equations
1/� = f(DN) from Ref. 13f are not sufficient for the
quantitative description of the solvatochromism of EDA
complexes when considering silica as environment for
EDA complex adsorption.


The CT energy of halide (bromide, iodide)–acceptor
[1,3,5-trinitrobenzene (TNB), tetrachloro-p-quinone
(TCQ), tropylium] EDA complexes is also significantly
dependent on the nature of the solvent.20,21 For halide–�
acceptor complexes, the corresponding CT transition
mechanism is shown by20a,b


Cat�	�X�EA� �� �X�EA��

��h�CT Cat�	�EA�X� �� EA�X��
 �6�


For an intermolecular anion → cation CT transition, the
established mechanism is shown by21a,b


�Cat�X� �� Cat�X�� ��h�CT �Cat�X� �� Cat�X�� �7�


The Kamlet–Taft LSE correlations for the solvato-
chromism of several halide–acceptor and halide–cation
CT complexes are shown in Table 2. The LSE equations
were calculated using h�CT data from the literature and
some additional data specially measured in this work.
The measured data are given in the Experimental section.


For the tetraalkylammonium iodide–TNB and the
tetraalkylammonium bromide–TCQ EDA complexes
fairly good LSE equations, h�CT = f(�,�), are obtained.
h�CT increases with increasing HBD capacity of the


&���� 0/ ���� 
	� �	�������	� ������� 
	� ��� �	����	���	���� 	
 ������&� ������	� �	����)�� ����� ��� *�����&��
� �	�����
��������� �� � ��� �+ �


EDA complex r �0 10�3 (cm�1) a b s
Ref. for the
�max,CT data


I�–TNB 0.939 20.29� 0.50 5.66� 0.39 – 1.93� 0.96 20c,d
0.921 21.62� 0.17 5.48 � 0.43 –


Br�–TCQ 0.959 21.23� 0.45 3.48� 0.27 – 0.53� 0.61 20c
0.957 21.60� 0.11 3.38� 0.25 –


I�C7H7
� 0.976 15.56� 1.52 7.67� 0.86 – 2.63� 1.79 21c


0.963 17.61� 0.69 7.51� 0.95 –
0.969 17.90� 0.86 7.51� 0.49 – 6.06� 1.11 13a,b
0.910 22.36� 0.44 7.16� 0.79 –


Li�Br�–TCQ 0.501 22.31� 0.42 10.47� 0.01 – – 20c,d
0.521 23.78� 0.76 – 2.57� 1.33 –
0.568 23.33� 1.28 3.83� 7.92 –4.24� 2.70 2.03� 2.77


a a, b and s are the coefficients according to Eqn (4), n is the set of solvents and r the correlation coefficient.
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solvent, because the anion component of the complex is
strongly specifically solvated by these solvents. The
dipolarity/polarizability strength of the solvent (value of
the �* term) also has a significant hypsochromic effect on
h�CT. For the lithium bromide–tetrachloro-p-quinone
EDA complex, no significant contribution of any solvent
term is detectable. However, the � term causes a
bathochromic shift of h�CT because the lithium cation
is evidently complexated by the donor site of the
solvent.14 Unfortunately, the influence of the solvent on
h�CT of Li�X� → EA is manifold.20 Hence lithium
halide–acceptor complexes are not suitable as polarity
indicators for parameterizing.


It is also striking that the Kamlet–Taft correlation
analyses for the solvatochromism of Cat�X� complexes
give qualitatively similar results as for the EA–X�


complexes rather than those for the Cat�D complexes.
This result points out that the influence of the � term of
the solvent upon h�CT of the latter seems to be
unimportant. This result was unexpected for the tropy-
lium ion as acceptor because the basicity of the solvent
causes a significant hypsochromic effect on the CT
maxima of tropylium–arene complexes (see Table 1). For
pyridinium ions as acceptor, the solvatochromism has
been extensively discussed in the literature, e.g. the Z and
ET(30) scales of solvent polarity,15d and will not be
treated in this paper.


��� ��
������ �� ������


$������&%1/ For the tetraethylammonium iodide–TNB


complex adsorbed on undried Aerosil 300 (� = 1.17 and
�* = 0.94), �max,CT is expected at about � = 28500 cm�1.
This is also observed when the (C2H5)4N� iodide–TNB
complex is adsorbed on Aerosil 300 from a 1,2-
dichloroethane solution (�max,CT = 20000 cm�1). Then,
the CT absorption appears strongly hypsochromically
shifted at �max,CT = 28500 cm�1 as a shoulder in the UV–
Vis spectrum. Unfortunately, the CT absorption intensity
of the iodide–TNB complex on silica is rather weak and,
therefore, its detection is not easy to achieve. A similar
effect is observed for N-methylacridinium iodide (NMI),
which shows �max,CT at � = 20000 cm�1 in 1,2-dichlor-
ethane.13c After adsorption of NMI on silica, the former
CT absorption band in the UV–Vis spectrum is
completely disappeared. However, the iodide–TNB
EDA complex is not very suitable as a surface polarity
indicator, but the results clearly show that the Kamlet–
Taft polarity parameters for the silica particles surface
can be well used for the interpretation the electronic
behaviour of adsorbed anions.


&	��2���
 ��	������	��� ��
������/ In order to
demonstrate the importance of the role of the counter
ion for the adsorption of tropylium–arene complexes on
silica particles, a very simple experiment is recom-
mended that can be easily carried out with commercially
available chemicals in any laboratory.


Two separate solutions of the tropylium BF4
�-


acenaphthene and tropylium SbCl6
�–acenaphthene


(�max,CT = 20000 cm�1) EDA complexes should be
prepared in 1,2-dichloroethane or dichloromethane as
solvent (see Experimental). Then, either of the red EDA


����	� ./ ,���������� �-&-�� ������� 	
 ��� ��	�����&������������ �	����) �� � ����� 	
 ������ �� #�� �����	�	������. ���
�����	�� �������� % ��� ����������	� ������/�� ��� ��������� �� ��� �����. # ���	��� �010


�234
�5��� ������������ ��������


�� ��� ����������� �	����	� ��� � ���	��� �010
�234


� 5��� ������������ �������� 	� ��� ���
��� 	
 ��� ������ ���������6 7
���	��� �010


��%���
� 5��� ������������ �������� ������ �� ��� ����� 	� �� ��� ����������� �	����	�
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complex solutions is stirred with an amount of silica in a
glass vessel. One observes that in the case of the
tetrafluoroborate salt, the silica becomes orange–red and
the supernatant solution remains colourless. It makes no
difference for these measurements whether silica (KG 60,
Merck) or Aerosil 300 (Degussa) is used.11f


In contrast, the EDA complex with hexachloroanti-
monate as the counter ion remains quantitatively in the
surrounding solution and the silica is still colourless.
Both the intensity and the position of the CT band in the
UV–Vis spectrum of the tropylium SbCl6


�–ace-
naphthene EDA complex are unchanged on treating the
solution with silica. The corresponding UV–Vis spectra
are shown in Fig. 1.


Of course, both anions are weak hydrogen-bonding
acceptors23, (basicity parameters of weakly co-ordinating
anions are not well established; for a discussion to this
topic, see. Ref. 23a) but BF4


� is slightly more basic
towards OH groups than SbCl6


� when using the
corresponding stability constants with phenol (KC in
l mol�1) in CH2Cl2 as the reference value.23b Thus,
SbCl6


� (KC 
 0.1 l mol�1)23b is non-nucleophilic and
BF4


� (KC = 10 l mol�1) is a very weak basic anion. For
comparison, the Cl� ion is a fairly strong base (KC = 400
l mol�1).23b This reflection shows the importance of the
role of the basicity of the counter ion for adsorption
processes of carbenium ions on silica surfaces. UV–Vis
spectroscopic results for four different tropylium BF4


�–
arene complexes when adsorbed on silica are shown in
Table 3.


The adsorption of tropylium tetrafluoroborate–arene
EDA complexes on silica in dichloromethane is always
associated with a small hypsochromic shift of the CT
absorption band. The difference between the CT energy
of the tropylium–pyrene complex on silica and that of the
solution complex in CH2Cl2 is about �� = 600 cm�1.
This corresponds to a � value of the silica surface-
coordinated BF4


� ion of about 0.12 when using the LSE
equation for the tropylium–pyrene complex from Table 1
and the �* value for bare silica.


Tropylium salts with various counter ions can be
conveniently synthesized by the hydride transfer reaction
of cycloheptatriene with the corresponding triphenyl-
methylium salts.24 For producing silica surface-linked


tropyliums, we used triphenylmethyl halides when
adsorbed on silica as hydride-acceptor component
according to scheme 1.


The reaction shown in Scheme 1 occurs quantitatively.
The bare tropylium UV–Vis absorption is expected at
about � = 40000 cm�1,24b but a new UV–Vis absorption
is observed at � = 32000� 500 cm�1 on silica. This UV–
Vis absorption band is independent of the nature of the
halotriphenylmethane used, either the chloride or bro-
mide. The characteristic UV–Vis CT absorption bands of
C7H7


�Br� and C7H7
�Cl�, which occur in dichloro-


methane at �max,CT = 24900 and 30000 cm�1, respecti-
vely,24b are not observed on silica. Whether the bromide
ion is strongly coordinated by silanol groups or bonded in
the form of HBr2


� through an excess of HBr. Both
options would correspond to a strong hypsochromic shift
of the intramolecular halide or HX2


� tropylium CT
transition. For instance, the HBr2


� → tropylium CT
transition occurs in dichloromethane at
�max,CT = 28600 cm�1.24c Owing to the large � value of
undried Aerosil, a hypsochromic shift of about
�� = 9000� 1000 cm�1 is theoretically expected for
C7H7


�I� on silica (according to the results from Table 2).
Both of these tropylium silica adsorbates, the chloride


and also the bromide form give the typical EDA complex
with pyrene on silica. For these experiments, the pyrene
is added to the freshly prepared tropylium–Aerosil
adsorbate in the slurry.


The position of the UV–Vis absorption maxima of the
tropylium–pyrene complexes on silica is
�max,CT = 18800 cm�1 for X = Cl and 19200 cm�1 for
X = Br, similar to that for BF4


�. Therefore, we conclude
that the halide ions adsorbed are very strongly bonded on


&���� 3/ �-&-�� �� �%�	����	� ��)��� 
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�&
����� '�( �	����)�� �� #�� �����	�	������ 8��'9 ��� �
���
���	����	� 	� ����� (��	��� 7!!� �������� �� ��� ����
�	�����


�max,CT 10�3 (cm�1)
Arene component In DCE On Aerosil in DCE


Pyrene 18.3 18.9
Anthracene 18.4 19.0
Acenaphthene 20.0 20.6
Naphthalene 23.0 23.1
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the silica surface, because of the weak shift of �max,CT


observed.


&	��	2�
���2���
 ������ ��	����4�	��� ��
������/
Despite the fact that the arene component was used in a
large excess [D� 0.1 mol l�1), an evident charge-trans-
fer UV–Vis absorption of substituted triphenylmethylium
halide Aerosil adsorbates with acenaphthene or other �
donors at the solid–liquid interface in 1,2-dichloroethane
can be observed only in a few cases. With unsubstituted
triphenylmethylium halide Aerosil adsorbates, very weak
EDA complex formation with acenaphthene is observed.
Unfortunately, with pyrene as arene component, a CT
band cannot be detected. The EDA complex formation
can be easely detected visually. The colour of the silica


particles surface changes from yellow (the triphenyl-
methylium UV–Vis absorption appears at � = 410/430
nm) to green (CT absorption at about � = 600 nm) after
addition of acenaphthene. The formation of the EDA
complex is time dependent. The equilibrium state of
complex formation is usually accomplished after a 12 h
reaction time. For methoxy-substituted triarylmethylium
ions as acceptor component, the less intense CT
absorption of the EDA complex, which is expected at
about � = 500 nm, cannot be observed because it is
covered by the fairly intense UV–Vis absorption of the
carbenium ion. 4-Nitro- or trichloro-substituted chloro-
triarylmethanes do not ionize sufficiently on silica. Thus,
the carbenium ion concentration derived from these
compounds on the surface is too low for measuring UV–


&���� 5/ ���������� � ������ 
	� ���	�� 	� ������ ������� 
�	� ��� :�' �/����	�� �� ��%�� #


Anion � (in DCE)a � (in DCE)c
� (on silica)c for
Cu(tmen)(acac)�


� (on silica) for
(C6H5)3C� � (on silica) for C7H7


�


F� 2.95 – – – –
Cl� 1.00 1.63 1.13 0.37 0.12
Br� 0.67 1.51 0.95 0.20 0.20
BF4


� 0.55b – – – 0.12


a From Ref. 23e.
b Estimated value via correlation of data from Refs. 23b and 23e.
c Data from Ref. 17b.
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Arene
�max,CT 10�3 (cm�1)


(1� on Aerosil)
Yield of the extracted


Friedel–Crafts product (%)
�max,CT 10�3 (cm�1)


(with TCNE)


Benzene (25.62)a 0 26.04
Toluene (24.36)a 0 24.63
Mesitylene (21.80)a 0 21.69
Methoxybenzene (20.40)b 30c 19.56
1,2-Dimethoxybenzene 20.70 0 16.86
1,3-Dimethoxybenzene 18.40b 75d 18.18
1,4-Dimethoxybenzene 16.00 0 15.77
1,4-Diethoxybenzene 16.20 0 –
1,2,4-Trimethoxybenzene 16.80 90g 14.50
1,2,3-Trimethoxybenzene 19.80 82h 19.42
1,3,5-Trimethoxybenzene (20.62)a 95e 18.15
Naphthalene (18.64)a 0 18.18
Acenaphthene 16.70 0 15.30
2-Methoxynaphthalene 16.10 0 16.32
Pyrene 14.60 2–3 13.80
Anthracene 13.00f 2–3 –
Stilbene (17.41)a 0 16.80
4,4�-Dimethoxystilbene (15.03)a 0 14.12


a The EDA complex concentration on the surface is too low to detect the UV–Vis CT absorption band. The values in parentheses are the theoretically
expected UV–Vis absorption maxima calculated by means of Eqn (8a) or (8b).
b The UV–Vis CT absorption appears as a shoulder.
c Tris(4-methoxyphenyl)methane and (2,6-dimethoxyphenyl)bis(4-methoxyphenyl)methane are obtained in a product ratio of 2:1.
d (2,4-Dimethoxyphenyl)bis(4-methoxyphenyl)methane.
e (2,3,5-Trimethoxyphenyl)bis(4-methoxyphenyl)methane.
f Weak absorption intensity.
g The reactions proceed highly regioselectively: (2,3,5-trimethoxyphenyl)bis(4-methoxyphenyl)methane is exclusively obtained.
h (2,3,4-Trimethoxyphenyl)bis(4-methoxyphenyl)methane and (4,3,5-trimethoxyphenyl)bis(4-methoxyphenyl)methane are obtained in a product
ratio of 6:1.
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Vis spectroscopically the EDA complex of triarylmethy-
lium ions (see later for diarylmethylium ions). Hence
only halotriphenylmethanes where the corresponding
carbenium ions possess pKR� values25 between �7 and
�4 are suitable as acceptor components on silica in order
to form a detectable EDA complex with a � donor
component.


The CT band of the triphenylmethylium Aerosil–
acenaphthene EDA complexes can only be observed as a
broad shoulder in the UV–Vis spectrum. Their absorption
maxima are shifted hypsochromically as compared with
the corresponding EDA complex of (C6H5)3C� SbCl6


� in
1,2-dichloroethane. The extent of the hypsochromic shift
of the CT band corresponds to the basicity of the counter
ion: F�� Cl�	 Br�.23 For adsorbed (C6H5)3CF, the
UV–Vis CT absorption band with acenaphthene or
pyrene was not detectable.


For an estimate of the basicity of the surface-
coordinated anions we have used the LSE relationships
for the charge-transfer energies of the C7H7


�–� donor
and (C6H5)3C�–� donor EDA complexes from Table 1.
Calculated � values for the surface-coordinated anions
are shown in Table 4. They are apparent values.
However, the difference between these values and the
values for anions in solution is evident.


It seems that the � value of the adsorbed anion depends
also on the electrophilicity of the cation. However, the
results clearly show that anions on surfaces are
significantly reduced in their basicity.


According to the shift of �max,CT, three methyl groups
in the 4-position of the triphenylmethylium ion cause a
similar decrease in its acceptor strength as when a
surface-linked chloride ion is coordinated to it.


The hypsochromic shift of the CT absorption of the
ion-pair complexes, compared with analogous species in
1,2-dichloroethane solution, is attributed to a stronger
interaction of the electronic ground state of the complex
with the surface-coordinated counter ion. Hence the
electron affinity of the carbenium ion-pair intermediate
on the surface is slightly decreased as compared with the
same EDA complex in solution.


���	2�
���2���
 ������ ��	������	��� ��
������/
Amongst the triphenylmethylium ions (2�) as acceptor
component on silica we used bis(4-methoxyphenyl)-
methylium (1�) on Aerosil. Both carbenium ions possess
similar electrophilicity. This can be shown in terms of
their pKR� values (2�, pKR� =�6.3; 1�, pKR� =�5.9)25


and reduction potentials (2�, E1
2red. =�0.635V; 1�,


E1
2red. =�0.62V).26


The typical UV–Vis CT absorption band of the EDA
complex can be observed for the 1� chloride with some �
donors on silica in a 1,2-dichloroethane suspension. For
the measurements we used typical concentrations suita-
ble for synthetic procedures (see Experimental). The
experimental results regarding the yield of Friedel–Crafts


product and qualitative indications of EDA complex
formation are compiled in Table 5.


The CT complex formation can be clearly observed by
the characteristic change of colour of the silica gel phase
in the suspension. In the supernatant liquid phase, no CT
band was observed. For instance, with 1,4-dimethox-
ybenzene as � donor component the colour of the silica
particles changes from red to violet. Despite the charac-
teristic change of colour in the slurry, the detection of the
CT band was not easy to achieve because the UV–Vis
absorption bands of the diarylmethylium ion and that of
the corresponding CT absorption of this EDA complex
interfere.


EDA complex formation between 1� SbCl6
� and


arenes in dichloromethane solution cannot be observed,
because the tendency of 1�SbCl6


� to undergo Friedel–
Crafts and other electrophilic reactions with arenes
prevents the possibility of detecting UV–Vis CT absorp-
tion bands. Quantitative determination of the true EDA
complex concentration on the surface is very difficult to
achieve. The main restricting factor for these experiments
is that the EDA complex formation on the silica particles
takes place in a time-dependent manner. Usually, for 1�


on Aerosil with pyrene after 12 h the EDA complex
formation is complete as indicated by the invariably
remaining intensity of the new UV–Vis CT absorption
band at �max = 656–683 nm. Figure 2 shows characteris-
tic UV–Vis spectra for the interaction of 1-Cl with pyrene
on Aerosil 300 in dichloromethane.


Two notable experimental results are found. Immedi-
ately after mixing the components (4-CH3OC6H4)2CHCl,
Aerosil 300 and pyrene, only the UV–Vis absorption
band of the 1� carbenium ion at �max = 511 nm is
observable.


After 3 h, a broad CT band slowly appears at �max=
650 nm. This UV–Vis band shifts to longer wavelength
up to �max = 680 nm with increasing reaction time. Using
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a 10 fold amount of both (4-CH3OC6H4)2CHCl and
pyrene, the CT band appears much faster. As the intensity
of the CT band increases, an increase in the carbenium
ion UV–Vis absorption at �max = 511 nm also occurs.


After separation (filtration) of the solid complex from
the suspending liquid and careful extraction with
dichloromethane, the intense coloured EDA complex
remains strongly fixed on the silica particles surface.
With pyrene as � donor component, the CT absorption of
1�Py can be observed in the UV–Vis spectrum at about
� = 660–680 nm. This allows well-defined monitoring of
the UV–Vis CT absorption band because interference
with that of the precursor carbenium band is not a
disturbing factor. Radical-cation formation can be
excluded, as shown by EPR spectroscopy of the solid
samples: no evident signal is observed. The definitive
structure of the solid EDA complexes on silica is still not
clear in detail. The solid-state cross-polarization magic
angle spinning (CP/MAS) 13C {1H} NMR spectrum
clearly reflects the sum of all carbon atoms derived from
pyrene and 1-Cl (see Experimental). An ionic inter-
mediate is not detectable in the solid-state 13C NMR
spectrum.27,28 Quantitative elemental analysis (C, H, Cl)
indicates a too low chlorine content, only 10% of the
theoretically expected value when a 1:1 complex is
presumed. This result also shows that diarylmethylium is
probably adsorbed directly on the silanolate oxygen
atoms instead on an adsorbed halide ion. This is


consistent with the result that 1�Cl� and 1�Br� give
the same CT absorption maximum with pyrene on silica.


It must be mentioned that the EDA complexes are
formed in low quantity. They are, however, by-products
for some of the � donor–carbenium pairs studied. To
decide whether the new UV–Vis absorption band is
attributable to a CT transition from the arene to the
carbenium component or a new monomolecular species,
correlations of �max,CT and the ionization potential or
E1


2ox. [Eqn (3)] of D have been proved.5,29


The CT energies of the absorption maxima of bis(4-
methoxyphenyl)methylium ion Aerosil–arene complexes
correlate well with that of well established TCNE–arene
complexes.5,6b However, 1,2-dimethoxy-substituted ben-
zene gives an outlying point from the straight line, as
shown in Fig. 3.


�max�CT  10�3�silica�OHCl�1��arene�
� 1�045�max�CT  10�3�TCNE�arene� � 0�3172 �8a�


r = 0.931, n = 8 (the data for 1,2-dimethoxybenzene were
not included in the correlation)


As expected, the slope from Eqn (8a) approaches unity,
which shows an adequate influence of each arene
compound on �max,CT. Equation (8a) also shows that 1�


and TCNE have similar electron affinities, because the
intercept value is of the order of �� � 300 cm�1, which is
of the order of the error for detecting the �max,CT value. In
an earlier paper we have already discussed that TCNE
and (C6H5)3C� have similar electron affinities.13e


Disappearance of the CT absorption band of the
complex is observed when a competing � donor is added
which reacts irreversibly with the carbenium component,
i.e. trimethylethylene. According to Eqn. (3), for 1�–
arene complexes on silica the E1


2ox. values of the �
donor29 correlates with the CT energies of the EDA
complex:


�max�CT  10�3	cm�1
�silica�OHCl�1��arene�
� 1�727 E1


2 ox��arene�	V
 � 10�676 �8b�
r = 0.983, n = 6


This result confirms the presumption that the new UV–
Vis absorption band can probably be attributed to a CT
transition from the arene component to the carbenium ion
and is not derived from a new carbocationic species.27
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However, Hubig and Kochi18 showed that also the �
complex formation of cations with arenes is associated
with strong colour formation. The wavelength position of
the UV–Vis band derived from the � complex is also
dependent on the electron affinity and ionization potential
of the components E� (electrophile) and D [Eqn (9)].
This makes the qualitative interpretation of the UV–Vis
complex absorption on silica very difficult.


Analogous to the (4-CH3OC6H4)2CH�–pyrene Aerosil
complex, we measured various substituted diarylmethy-
lium–pyrene halide Aerosil complexes in suspensions of
1,2-dichloroethane and cyclohexane.


Some chlorodiarylmethanes, for which the difference
between the pKR� and pKs of the corresponding
carbocation and anion, respectively, is smaller than �1,
i.e. (4-CH3C6H4)2CHCl, (C6H5)2CHCl or (4-
ClC6H4)2CHCl, do not ionize sufficiently on Aerosil to
measure the corresponding UV–Vis absorption of the
carbenium ion. For these halodiarylmethanes we found
that CT complex formation with pyrene takes place very
slowly on silica. The UV–Vis absorption bands of both
the single diarylmethylium and corresponding CT
complex absorption appear simultaneously after addition
of the arene component pyrene. Characteristic time-
dependent UV–Vis spectra are shown in Fig. 4 for the
(4-CH3C6H4)2CHCl–pyrene Aerosil complex.


A catalytic influence of HCl via elimination from the
solvent 1,2-dichloroethane can be excluded because the
same result is found in cyclohexane suspension. In
principle, two different mechanisms are possible to
explain this experimental result, as follows


3���� 	���	�. The concentration of the former carbenium
ion pair (before adding the arene component) on silica is
very low ([R�] 
10�8 mol g�1). Therefore, the intensity
of the UV–Vis absorption band of the carbenium is too
low to be monitored by UV–Vis spectroscopy. Since the
rate-determining step (REDA) in forming a carbenium–
arene EDA complex is the formation of the carbenium
intermediate, then the rate for the formation of the EDA
complex is given by


REDA�on silica� � kEDA	R�Cl�
silica	D
 �10�


Assuming kEDA� 108 l mol�1 s�1,3b [D] =
0.01 mol l�1 and [R�Cl�]silica 
 10�9, this would ob-
viously explain why the rate for the formation of EDA
complex is low. REDA (on silica) is probably lower than
10�4 l�1 mol s�1. However, the EDA complex is evi-
dently more stable than the bare carbenium on silica.
Probably the cation–anion recombination and conse-
quently the desorption process [Eqn (1)] occur more
slowly between the �-complexed carbenium and the
anion than with the non-complexated one. It should be
noted that the diarylmethylium UV–Vis absorption also
occurs on Aerosil when using the pure-halodiaryl-
methane after 2 days. However, in the presence of the


arene component, the carbenium UV–Vis absorption
appears faster.


���	�� 	���	�. The nucleophilic attack of the � donor on
the adsorbed haloarylmethane component causes a
heterolytic dissociation (ionization) of the polarized
carbon–halide bond and, consequently, carbenium ion
UV–Vis absorption and CT band occur. It is established
that chloromethyl-substituted aromatics interact more
strongly with polar surfaces than do non-substituted
aromatics.30 The second option is also supported by the
fact that the EDA complex formation occurs even in
cyclohexane as solvent, which is non-polar in comparison
with 1,2-dichlorethane.


However, the experimental results are not sufficient to
decide which mechanism is the relevant one. Maybe both
mechanisms can occur in turn. The stability of the EDA
complex is probably attributable to the specific role of the
silica and the bonded counter ion and to the stabilizing
effect of the � donor. It seems that the presence of two
stabilizing components for the carbenium ion, the
negatively charged silica-surface group and the � donor,
are the reason why Friedel–Crafts product formation
occurs with very low yields and no cation–anion
recombination takes place.


Quantitative elemental analysis of the coloured solid
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Aerosil–1�–pyrene complexes show that only 10–15% of
chlorine remains in the whole EDA complex. Therefore,
we conclude that different types of counter ions—
silanolate versus adsorbed chloride—are present.


Qualitative UV–Vis spectroscopic results are summar-
ized in the Table 6. For some of the combinations, the
EDA complex absorption CT band is very weak (see
footnotes to the table).


As expected, substituents with electron-donating
capacity decrease the electron affinity of the diaryl-


methylium ion and the CT absorption of the correspond-
ing EDA complex shifts hypsochromically (Fig. 5).


However, the effect of the substituent (
�


��p
�) on the


shift of �CT is much lower than expected theoretically
when using Eqn (3) and the E1


2red. and E1
2ox. values from


the literature.26b,28 This hints at strong complexation of
the pyrene component or/and strong coordination of the
diarylmethylium on silica. Consequently, the coulomb
term plays an important role in �max,CT.


The weak influence of the electron affinity on �max,CT


&���� 7/ �-&-�� �%�	����	� ��)��� 
	� 8>#��14�1����14>
�9 	� (��	��� ��� �� ��� �������� 	
 ����� ��� ��� �� ��)��� 	
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��� �4 �9


R1 R2 ��p
� �max10�3 (cm�1) (carbenium) �max 10�3 (cm�1) (CT complex)


Without pyrene With pyrene In DCE In cyclohexane


4-CH3 4-CH3O �1.56 19.53 19.50 14.65 15.25
4-C6H4O 4-CH3O �1.31 19.53 19.50 14.65 15.00
4-C6H4O 4-C6H4O �1.06 20.20 20.00 14.55 14.70
4-CH3O 4-CH3 �1.09 20.66 20.50 14.50 14.45
4-CH3O 4-H �0.78 21.83 21.80 14.20 14.25
4-CH3O 4-Cl �0.67 21.28 21.20 13.95 14.20
4-CH3O 4-NO2 0.01 19.19 19.00 13.80 13.90c


4-CH3 4-CH3 �0.62 21.1�21.6a 21.98 13.80 13.80
4-CH3 4-H �0.31 21.9�22.3a 22.83 13.75 13.80


4-H 4-H �0 22.7�22.9a 23.26b 13.40 13.60
4-F 4-F �0.14 22.1�22.6a 23.26b 14.10 14.10c


4-Cl 4-Cl �0.23 20.6a 22.22b Not observed Not observed


a In the pure chlorodiarylmethane Aerosil suspension, the corresponding UV–Vis absorption band of the R1C6H4CH�C6H4R2 ion is not observed
after mixing the components, because the concentration of the carbenium ion is too low to be detectable. The data given are expected from the
literature.25


b The UV–Vis absorption of the carbenium ion appears as a shoulder.
c The concentration of the EDA complex is rather low; only a shoulder of the CT band appears between 700 and 800 nm.
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is also in accord with the second interpretation concern-
ing the nature of the new UV–Vis absorption, i.e. it is
probably attributable to a �-like complex as suggested in
Eqn (9).


)'%)*(�$'%�


The results presented indicate that tropylium and
diarylmethylium ions form stable CT complexes with
arenes on silica. For the sterically demanding triphenyl-
methylium ions, the EDA complex formation is very
weak and the detection of the CT band is possible only for
special cases.


The basicity of the silica surface, when linking a
carbenium ion, is evidently larger than that for the solvent
1,2-dichloroethane, but lower than that for acetonitrile as
solvent. Thus, the � values, according to the Kamlet–Taft
solvent parameters, for silica-linked anions (Cl�, BF4


�,
Br�) are about � = 0.1–0.3.


Owing to the rigidity of the adsorbed EDA complexes,
for diarylmethylium–arene complexes the coulomb term
contributes strongly to �max,CT, which is in accord with a
� complex-related structure.


�89� $:�%&�*


���������. Triphenylmethylium hexachloroantimonate
was synthesized from chlorotriphenylmethane and anti-
mony pentachloride in tetrachloromethane as solvent.
The crude product was recrystallized from 1,2-dichloro-
ethane.


Chlorotriphenylmethane and bromotriphenylmethane
were obtained from Merck. They were recrystallized
from a benzene–hexane mixture containing 2–3% of
acetyl chloride and bromide, respectively. Fluorotriphe-
nylmethane was synthesized from triphenylmethylcarbi-
nol and acetyl fluoride.


Tropylium hexachloroantimonate was synthesized
from cycloheptatriene and triphenylmethylium hexa-
chloroantimonate according to the literature.24a Tropy-
lium tetrafluoroborate, was obtained from Aldrich and
used without further purification.


The chlorodiarylmethane compounds were synthe-
sized from the corresponding carbinols in dichloro-
methane as solvent with HCl gas and CaCl2 powder as
drying agent. The procedure and NMR data for some of
these compounds are given elsewhere.10 Data for
chloro(4-methoxyphenyl) (4�-nitrophenyl)methane and
chloro(4-methoxyphenyl)(4�-chlorophenyl)methane were
not reported in the literature.31


The � donors pyrene, acenaphthene, anthracene,
hexamethylbenzene, 4-methoxybenzene, 2,4-dimethoxy-
benzene, 1,2-dimethoxybenzene, 1,3-dimethoxybenzene,
1,2,3-trimethoxybenzene, 1,2,4-trimethoxybenzene,
1,3,5-trimethoxybenzene, stilbene, and 4,4�-dimethoxy-


stilbene were commercially available products and were
recrystallized. All compounds were carefully dried over
CaH2 before use. The solvents employed were commer-
cially available products (UV grade) from Merck and
Aldrich. They were dried over CaH2 (excluding the
nitroalkanes, danger!) and freshly distilled before use.
Nitromethane and nitroethane were purified by fractional
distillation and used immediately.


�-&-�� ������	��	�. The UV–Vis spectra of the EDA
complexes in solution were recorded with a Specord M
40 instrument (Carl Zeiss Jena) in closed cuvettes. The
concentration of the carbenium salts was about
510�2 mol l�1 and that of the arene component was
about 0.1–0.5 mol l�1.


The following CT transition energies (in parentheses
as �max,CT) of the triphenylmethylium–pyrene hexachlor-
oantimonate complex in various solvents were measured
for the correlation analyses in Table 1: nitromethane
(�max,CT = 15500 cm�1), nitroethane (�max,CT = 15600
cm�1), nitrobenzene (�max,CT = 14800 cm�1), acetic
anhydride (�max,CT = 15100 cm�1), acetonitrile
(�max,CT = 16400 cm�1), benzonitrile (�max,CT =
16 000 cm�1), 1,1-dichloroethane (�max,CT =
14200 cm�1), dichloromethane (�max,CT = 14300 cm�1),
trichloromethane (�max,CT = 14800 cm�1), 1,1,2-tri-
chloroethane (�max,CT = 14100 cm�1) and 1,1,2,2-tetra-
chloroethane (�max,CT = 13900 cm�1).


The following CT maxima of the (C2H5)4N�I�–TNB
EDA complex were additionally measured: 1,1,2,2-
tetrachloroethane (�max,CT = 23000 cm�1), 1,1,1-tri-
chloroethane (�max,CT = 20500 cm�1), trichloroethene
(�max,CT = 22500 cm�1), and 1,1-dichloroethane,
(�max,CT = 21960 cm�1). The EDA complexes on silica
were prepared according to the following procedure.


A 1.000 g amount of Aerosil 300 (Degussa) was heated
for at least 12 hours at 400°C, and finally under vacuum,
and was then allowed to cool to room temperature under
argon. Then 0.75 mmol of the arene component and a
solution of 0.75 mmol (0.197 g) of chlorobis(4-methoxy-
phenyl)methane in 25 ml of dried CH2Cl2 were added.
The suspension was shaken gently for several hours.
Usually, about after 5 h a new absorption appeared which
was monitored using the transmission technique by UV–
Vis spectroscopy. The UV–Vis spectra of the complexes
on silica were recorded using an MC-41 diode-array
spectrometer, (Carl Zeiss Jena) with glass-fibre optics.
The transparent silica–1,2-dichloroethane suspensions
were measured by means of a TSM 5 immersion cell.11a


For preparing the surface-linked tropylium ions, the
same procedure was used. Solid-state CP/MAS CP 13C
{1H} NMR spectra of the (4-CH3OC6H4)2CHCl–pyrene
Aerosil EDA complex were measured by means of a
Bruker AMX 400 instruments. Chemical shifts were
determined by reference to adamantane for 13C.
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ABSTRACT: Gas-phase basicities (GB) of strong organic bases containing the imino group were re-examined in the
light of the re-evaluatedGBvalues for the reference bases given in a recent compilation of Hunter and Lias. Structural
(internal) effects which influence the basicity are discussed and general relations for theGB prediction are proposed
for simple alkyl amidines and guanidines. These relations were used for estimation of cyclization and intramolecular
H-bonding effects. Copyright 2000 John Wiley & Sons, Ltd.
Additional material for this paper is available from the epoc website at http://www.wiley.com/epoc
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INTRODUCTION


Systematic gas-phase studies on strong organic bases
containing the imino group started about 10 years ago.1,2


A great number of cyclic and acyclic nitrogen com-
pounds have been investigated: amidines, guanidines and
vinamidines. Their gas-phase basicities (GBs) have been
measured and results reported in a series of papers.1–12


Recently, we studied phosphazenes and biguanides
reported as the strongest organic bases known in
solution.13,14 However, theGB values could be deter-
mined with satisfactory precision only for three phos-
phazenes.12 Lack of the appropriate reference bases
renderedGB measurements impossible for other phos-
phazenes and biguanides.


In a search of structures having basicity comparable to
that of phosphazenes and biguanides, structural (internal)
effects in strong nitrogen bases have been re-examined.
For this analysis, all amidines, guanidines, vinamidines,
phosphazenes and biguanides (Scheme 1) studied pre-
viously have been considered. TheirGBvalues have been
revised according to the re-evaluatedGB values for the
reference bases given in a recent compilation of Hunter
and Lias,15 and a complete set of self-consistent data are
presented. Gas-phase substituent effects have been
analysed according to simple similarity models.16


RESULTS AND DISCUSSION


Gas-phase basicity (GB)


Deprotonation reactions in the gas phase for conjugated
acids of nitrogen bases are very endoergic,15,17–19and
thus the GB corresponding to the Gibbs free energy
change of the deprotonation reaction (1) is impossible to
determine in a direct experiment. Fortunately, the relative
basicity (DGB) can easily be obtained from the
equilibrium constant (K) of the proton-transfer reaction
(2) between two bases, one (B) with unknownGB value
and the other (B0), taken as reference base, for which the
GB value was determined earlier. TheGB value of the
base B can be determined from Eqn. (3)


BH� � B� H� �1�
BH� � B0� B� B0H� �2�
GB�B� � GB�B0� ÿ�GB� GB�B0� � RTlnK�2� �3�


For theGBmeasurements based on the proton-transfer
reaction (2), we used the Fourier transform ion cyclotron
resonance (FT-ICR) mass spectrometer constructed at the
University of Nice–Sophia Antipolis.20 The conditions
for measurements were the same for all bases investi-
gated: temperature of the cell 65°C (338 K), maximum
practical temperature of the inlet system 140°C (413 K)
and maximum pressures of bases B and B0 10ÿ6 mbar
(10ÿ4 Pa).


We started theGB measurements with series of
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N1,N1-dimethylformamidines(FDMs) (Scheme1) which
generallyareweakerbasesthan1,1,3,3-tetramethylgua-
nidine (TMG*H). Someexceptionswere found for the
FDM*1-adamantylandFDM*(CH2)3NMe2. At that time
(about 8–10 years ago), TMG*H was the strongest
monofunctionalorganicbase(in the gas-phasebasicity
scale)for which the GB valuewasknown.21,22 The GB
valuesfor pyridines,aminesanddiamines(weakerbases


thanTMG*H in thegasphase)werealsowell known,and
thesenitrogen derivativescould thereforebe used as
referencebasesfor theGB measurementsof FDMs.


The same referencebases(pyridines, amines and
diamines)wereusedfor amidinesweakerthanTMG*H.4


For amidinesof comparableor slightly strongerbasicity
thanTMG*H we usedFDMs andTMG*H asreference
bases.4 For other derivativesstrongerthan TMG*H we
could determine only their relative basicities (DGB
<12kJmolÿ1).4–6In thisway(stepby step),weextended
upwardsthegas-phasebasicityscalereportedby Lias et
al.22 in 1988 by �60kJmolÿ1, and we could try to
performmeasurementsfor vinamidines,biguanidesand
phosphazeneswhich have the highest strengthamong
organic neutral bases.We found that their gas-phase
basicitieswere higher than the correspondingprimary
aminesby �200kJmolÿ1.12


All revisedGB valuesobtainedfor amidines,guani-
dines, vinamidines, biguanidesand phosphazenesare
listedin Table1. Thesevaluesdiffer from thosereported
previously2–9,12,15 becausewe used the re-evaluated15


GB valuesfor all referencebasesin our GB determina-
tion. Previouslyreporteddatawerebasedonly on there-
evaluatedGB valuesof three referencebases:n-Pr3N,
n-Bu3N andTMG*H.12,15 In Table 1, our experimental
dataobtainedfor the imine PhCH=NMe arealsogiven.
TheGB revisedfor FDM*aryl andFDM*heteroarylhave
beendiscussedin a separatepaper.23 The averagedGB
valuesaregiven in kcalmolÿ1 andnext recalculatedin
kJmolÿ1 (1 cal= 4.184J).This kind of datapresentation
is thought to be useful for structural effect analyses,
which haveoften beenreportedin kcalmolÿ1 for other
derivatives.24,25


First comparisonof the GB valuesindicatesthat for
simplealkyl derivatives,the basicity in seriesincreases
with the polarizability of alkyl groups. We can
distinguishthe following ordersof gas-phasebasicities:
GB(PDMs)> GB(ADMs) > GB(FDMs), GB(DBU) >
GB(DBD) > GB(DBN), GB(TEGs) > GB(TMGs),
GB(ITBD) > GB(ETBD) > GB(MTBD) > GB(TBD),
GB(MTTT) > GB(TTT), GB(P1*Me) > GB(P1*H) and
GB(Pp*t-Bu) > GB(Pp*H). Effects of the aryl groups
dependon their positionin themolecule.Higherbasicity
is observedfor derivativesbearingthearyl group(Ar) at
thefunctionalcarbonthanfor derivativeswith Ar on the
imino nitrogen,e.g. GB(H*BTM) > GB(ADM*Me) >
GB(FDM*Me) whereasGB(FDM*Me) >GB(FDM*Ph),
GB(TMG*Me) > GB(TMG*Ph) and GB(TEG*Me) >
GB(TEG*Ph).Acyclic derivativescontainingthehetero-
alkyl groups[(CH2)nX, n = 2 or 3, X = OMe or NMe2] at
the imino nitrogen deservecomment.Although these
groups have an electron-acceptingpower due to the
presenceof a heteroatom,they induce the strongest
increasein basicity.Theorderof this increaseis thesame
in eachseries,i.e. GB[(CH2)2OMe]> GB[(CH2)2NMe2]
> GB[(CH2)3OMe]> GB[(CH2)3NMe2]. An increasein
the number of amino groups in the molecule has an


Scheme 1. Strong organic nitrogen bases
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exceptionallystronginfluenceon thegas-phasebasicity.
Generally, vinamidines,biguanidesand phosphazenes
whichcontainthreeaminogroupsarestrongerbasesthan
guanidineswhichhavetwo aminogroups.Guanidinesare
strongerbasesthan amidineswhich contain only one
aminogroup,andamidinesarestrongerbasesthanimines
which haveno amino group. The samebehaviourwas
foundin solution.ThepKa valuesin acetonitrile(AN) for
vinamidines(26–27),biguanides(27–32)and phospha-
zenes(26–46) were larger than for the corresponding
guanidines(23–26)13 (G. GelbardandF. Vielfaure-Joly,
unpublished results). Good correlation between the
pKa(AN) and GB values(reportedas Fig. 1 in Ref. 5)


predict the GBs for MTTT (1060kJmolÿ1), BEMP
(1070kJmolÿ1) andBG*i-Pr (1170kJmolÿ1) which are
outsideour superbasicityscale (>1050kJmolÿ1). The
E–Z isomerismpresentin acyclicandcyclic amidineshas
only a weakeffecton theGB values.All thesestructural
(internal) effects which increasethe basicity of the N-
imino basesneedparticularattentionand are discussed
separatelybelow.


Site of protonation in alkyl derivatives


Amidines, guanidines, vinamidines, biguanides and


Table 1. GBs of superbases revised according to the re-


GB(B)av


Base kcalmolÿ1 kJmolÿ1


FDM*CH2CN 218.85 915.7
FDM*OMe 218.9 915.9
PhCH=NMe 220.8 924.0
FDM*CH2CF3 223.15 933.7
FDM*(CH2)2CN 226.5 947.7
BNH2 228.2 954.8
IDM 228.3 955.1
HA 229.5 960.3
FDM*CH2C�CH 229.6 960.8
FDM*NMe2 230.1 962.9
HP 231.0 966.6
FDM*Me 232.0 970.5
FDM*CH2CH=CH2 232.3 971.9
4-NO2*BTM 232.7 973.5
FDM*c-C3H5 232.8 974.0
FDM*Et 233.3 976.1
IP 233.65 977.6
FDM*n-Pr 234.1 979.5
FDM*n-Bu 234.5 981.1
FDM*i-Pr 234.8 982.4
FDM*CH2Ph 234.8 982.5
FDM*i-Bu 235.05 983.4
BMP 235.5 985.2
FDM*n-C6H13 235.6 985.8
FDM*n-C5H11 235.85 986.8
FDM*s-Bu 235.85 986.8
FDM*(CH2)2OMe 236.1 987.9
FDM*c-C6H13 236.35 988.9
FDM*t-Bu 236.6 989.8
FDM*t-C5H11 236.8 990.9
ADM*Me 237.4 993.2
ADM*c-C3H5 237.55 993.9
TMG*4-C6H4Cl 238.1 996.3
FDM*(CH2)2NM2 238.3 997.0
ADM*n-Bu 238.4 997.6
ADM*Et 238.75 998.9
TMG*4-C6H4F 238.8 999.0
ADM*n-Pr 239.1 1000.3
ADM*i-Pr 239.4 1001.5
FDM*1-Adam 239.6 1002.6
H*BTM 239.7 1002.9
ADM*n-C6H13 239.8 1003.2
ADM*n-C5H11 240.1 1004.5
ADM*(CH 2)2OMe 240.55 1006.5


evaluated scale of Hunter and Lias15


GB(B)av


Base kcalmolÿ1 kJmolÿ1


TMG*Ph 240.7 1007.0
PDM*i-Pr 240.7 1007.2
ADE*n-Pr 240.75 1007.3
4-Me*BTM 240.8 1007.5
PDM*n-C5H11 240.9 1007.8
ADM*t-Bu 240.95 1008.1
DBN 241.0 1008.4
PMDBD 241.15 1009.0
FDM*(CH2)3NMe2 241.7 1011.2
TMG*4-C6H4Me 242.0 1012.6
PDM*t-Bu 242.15 1013.2
TEG*Ph 242.3 1013.9
DBD 242.5 1014.6
TMG*Me 242.8 1015.9
TMG*4-C6H4OMe 243.0 1016.6
DBU 243.4 1018.2
ADM*(CH 2)2NMe2 243.4 1018.4
TMG*Et 243.75 1019.9
ADM*1-Adam 244.0 1020.9
TBD 244.7 1023.8
TMG*i-Pr 244.8 1024.2
TEG*Me 246.1 1029.7
ADM*(CH 2)3NMe2 246.1 1029.8
TMG*t-Bu 246.4 1030.9
TMG*(CH2)2OMe 246.6 1031.7
MTBD 246.95 1033.2
TEG*Et 247.25 1034.5
ETBD 247.5 1035.4
TEG*i-Pr 248.0 1037.6
ITBD 248.3 1038.9
TMG*(CH2)2NMe2 248.4 1039.2
TMG*(CH2)3OMe 248.75 1040.8
TEG*(CH2)2OMe 248.8 1041.0
P1*H 249.2 1042.8
TMG*(CH2)3NMe2 250.65 1048.7
TEG*(CH2)2NMe2 250.7 1048.8
TEG*(CH2)3OMe 251.25 1051.2
TEG*(CH2)3NMe2 252.55 1056.7
P1*Me 253.25 1059.6
Pp*H 254.35 1064.2
TTT 254.85 1066.3
MTTT >258 >1080
BG*i-Pr >259.5 >1086
Pp*t-Bu >261 >1092
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phosphazenes(Scheme 1) contain the imino group
conjugatedwith one or more amino groupsby the n–p
resonanceeffect(theso-called‘push–pull’effect).14 This
conjugationstrongly increasesthe basicityof the imino
groupin comparisonwith thecorrespondingimines,and
stronglydecreasesthe basicityof the aminogroup(s)in
comparisonwith the correspondingamines.Ab initio
calculations performed for unsubstitutedacetamidine
(ANH2) andguanidine(GNH2) for protonationat theN-
imino atom are in good agreementwith experimental
results.10,11 Semiempiricalcalculationscarried out re-
cently for amidines7–9,26,27 and guanidines27 together
with the experimental results1–9 compared with the
correspondingimines confirm without any doubt that
the imino nitrogenis the preferredsite of protonationin
the gas phase.For example, the proton affinity (PA)
calculated26 for FDM*Me is higher by >100kJmolÿ1


whenprotonationoccurson the imino groupthanon the
amino group. On this basis,one can assumethat the
imino nitrogenis the preferredsite of protonationin the
gasphasefor vinamidinesandphosphazenes.Biguanides
contain two imino nitrogens.If the mechanismof n–p
conjugationis thesamein biguanidesasin other‘push–
pull’ molecules,the secondimino nitrogen(linked with
thealkyl groupR) is morebasicthanthefirst.


The n–p conjugationof the imino group with one
amino group in amidines,two amino groupsin guani-
dinesand threeamino groupsin vinamidinesaugments
thegas-phasebasicityby ca100,150and200kJmolÿ1,
respectively, in comparisonswith the model imines
(Scheme2). The GB valuesfor iminesweretakenfrom


Table1 andRef.15. It is interestingthattheeffectof the
amino group in imines is not additive. In 1,1,2,3,3-
pentamethylguanidine,theseconddimethylaminogroup
increases the basicity of the N-imino atom by
45kJmolÿ1 in comparison with N1,N1,N2-trimethyl-
formamidine,whereasthe first dimethylaminogroup in
formamidineaugmentsthebasicityof theN-imino atom
by 119kJmolÿ1 ascomparedwith N-methylimine.The
effect of the aminogroupin iminesdependsalsoon the
substituentat the functionalcarbonatom.The following
increasesin basicity havebeenfound for N1,N1,N2-tri-
methylformamidine(R@ = H), acetamidine(R@ = Me) and
benzamidine (R@ = Ph): 119, 102 and 79kJmolÿ1,
respectively.This indicates that a kind of resonance
saturationoperatesbetweenthe imino function and the
R@ group,althoughsomesteric interactionbetweenthe
introducedgroupsmay inducea decreasein the donor
effect of NMe2 by a geometryconstraint.A detailed
analysisof the effect of the R@ groupon the basicityof
amidineshasbeenreportedin a previouspaper.27


The n–p conjugationeffect of the imino group with
three amino groups in phosphazenesis difficult to
estimateowing to the lack of the GB (or PA) for the
respectivephosphoimine(e.g.H3P=NH or H3P=NMe).
However,comparisonof the GB of P1*Me with that of
FDM*Me andTMG*Me indicatesthatphosphazenesare
strongerbasesthan formamidinesandguanidinesby ca
100 and 50kJmolÿ1, respectively.Basicitiesof bigua-
nides may be comparedwith those of the respective
guanidines.Comparisonof the GB values of the iso-
propyl derivativesshows that biguanidesare stronger
basesthanguanidinesby ca50kJmolÿ1. Thesameorder
of magnitudehas beenfound recently by Maksić and
Kovačević betweentheprotonaffinitiesof unsubstituted
guanidineandbiguanideby ab initio calculations.28


The strongbasicity of amidines,guanidines,vinami-
dines,biguanidesand phosphazenesstudiedhereorigi-
natesfrom thehighstabilityof thecorrespondingcations,
resulting from protonationof the imino nitrogen atom
(Scheme3). The numberof resonancestructures,and
thusthe resonancestabilizationof thecation,dependon
the numberof the amino nitrogensconjugatedwith the
imino nitrogen.In amidinestherearetwo representative
resonancestructures(in which theresonanceeffectof R@
can be neglected)contributingto the basicity enhance-
ment, in guanidinesthreeandin vinamidinesandphos-
phazenesfour. Within thefamiliesof basesstudiedhere,
the basicity order follows roughly the possibilities of
charge delocalization: vinamidines, phosphazenes>
guanidines> amidines. In biguanidesthere are two
imino nitrogenatoms(guanidineandamidinefunctions).
The larger number of possible resonancestructures
indicatesthe preferredsite of protonation.For the first
(guanidine)imino-protonatedform only threeresonance
structures are possible, similarly as in guanidines,
whereasfor theother(amidine)four resonancestructures
are possible,similarly as in vinamidinesand phospha-


Scheme 2. Structural effects on gas-phase basicity of
nitrogen bases
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zenes.Thehighbasicityof biguanidesis similar to thatof
vinamidinesandphosphazenes(Table1). This is a good
indication that the secondimino nitrogen (with the R
group) is the preferredsite of protonation.The other
imino nitrogen may be engagedin an intramolecular
hydrogenbondingwith the NHR group.Representative
resonancestructures for the respective amidinium,
guanidinium,vinamidinium,biguanidiumand phospha-
zeniumcationsareshownin Scheme3.


Site of protonation in heteroalkyl and `push±pull'
derivatives


Heteroalkylderivativesin seriesof FDMs,ADMs, TMGs


and TEGs may be consideredas bifunctional bases,
containingtwo potentialbasicsites,theimino nitrogenin
theamidinegroupandtheheteroatomin theheteroalkyl
group. Separationof thesesites by methylenegroups
eliminatesany additional resonanceconjugationeffect.
Analysis of experimentalgas-phasebasicities of the
correspondingmonofunctional model series together
with theoretical calculations indicated that the imino
nitrogen in amidines and guanidines have stronger
basicity than the oxygen atom in ethersand than the
nitrogen atom in amines or nitriles.1–5,15,26,29 For
derivatives containing heteroalkyl groups bearing the
cyano,methoxyor dimethylaminogroupat theendof the
chain[(CH2)nX, n = 2 or 3, X = CN, OMe,or NMe2], the
imino nitrogenin theamidineandguanidinegroupis the
preferred site of protonation. Owing to the flexible
conformationof the side-chains,an intramolecularionic
hydrogenbond may be formed in the monoprotonated
form betweenthe protonatediminium group and the
unprotonatedheteroatomX (NH����X) in the methoxy
anddimethylaminoderivativesScheme4). This kind of
chelationof the proton explainsthe exceptionallyhigh
gas-phasebasicity of the heteroalkyl derivatives of
amidines and guanidines with the OMe and NMe2


groups. The same type of intramolecular interaction
effect (which stronglyinfluencesthe gas-phasebasicity)
has beenreportedin the literature for diamines,diols,
diethers,aminoalcoholsandaminoethers.15,17,30


Formationof an intramolecularhydrogenbondis also
possiblefor the monoprotonatedhistamine(Scheme4),


Scheme 3. Resonance structures for monoprotonated forms
of amidines, guanidines, vinamidines, biguanides and
phosphazenes


Scheme 4. Site of protonation in polyfunctional bases
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for which an exceptionally high basicity has been
observed.4,31 In histamine,thering imino nitrogenseems
to bemorebasicthantheside-chainaminonitrogen.5 The
same conclusion is possible for its N,N-dimethyl
derivative although the ab initio calculationsindicate
theside-chainaminonitrogenasslightly morebasicthan
the ring imino nitrogen.32


Biguanides(BG) discussedin theprevioussectionmay
be consideredas an exampleof ‘push–pull’ molecules.
Biguanidescontaintwo groups(guanidineandamidine)
linked in sucha way that they display complementary
electroniccharacter(pushingandpulling). Theguanidine
group (R'2N)2C=N linked by its imino nitrogento the
amidine group presents a strong electron-donating
character,and the amidinegroup C(NHR)=NR linked
by its functionalcarbonto theguanidinegrouppresentsa
strongelectron-acceptingcharacter.Therefore,the n–p
conjugation possible in the guanidine group may be
transmittedto theimino nitrogenin theamidinegroup.In
biguanides, this ‘push–pull’ effect may explain the
strongerbasicityexhibitedby theamidineimino nitrogen
than the guanidine imino nitrogen. The exceptionally
high basicityof biguanidesmayadditionallyresultfrom
theformationof intramolecularhydrogenbonds(Scheme
4).


Amidinescontainingastrongelectron-accepting group
(e.g. COPh, CN, 4-, 3- and 2-azinyl, 1,3-diazin-2-yl)
directly linked to the imino nitrogen atom in FDMs
(Scheme4) belong also to the family of ‘push–pull’
molecules.For thesebifunctional amidines,the imino
nitrogen in the amidine group is the preferredsite of
protonationonly for the benzoyl derivative.33 For the
cyano derivative, analysis of the experimental and
theoretical results indicates that both nitrogens(imino


andcyano) havecomparablegas-phasebasicity,andit is
difficult to indicate the preferred site of protona-
tion.15,26,34 For the azinyl derivatives, the experimental
resultsindicate,withoutanydoubt,thattheazanitrogenis
morebasicthanthe imino nitrogenin theamidinegroup,
independently on the position of the aza-nitrogenin the
ring, andthusit is thepreferredsiteof protonation.23 For
the ortho position, an enhancement of basicity was
observeddueto formationof anintramolecularhydrogen
bondin themonoprotonatedform. All theseeffectshave
beendiscussedin previouspapers.23,26,33


Substituent electronic effects


First perusalof thegas-phasebasicityof strongnitrogen
bases indicates that the total gas-phasesubstituent
electroniceffects are similar in all investigatedseries.
The GB values of alkyl and heteroalkyl derivatives
substitutedat the imino nitrogen(FDMs,ADMs, PDMs,
TEGs,P1s) correlatewell with thoseof TMGs takenas
model series [Fig 1(a)]. Similarly, the GB values of
derivatives substitutedat the amino nitrogen (TBDs)
correlatewell with theGBof TMGs(Fig. 1b). In Fig. 1b,
the GB of N-substitutedimidazoles(Ims) studiedpre-
viously by Taft andco-workers35 is alsoplottedagainst
theGB of TMGs. For unsubstitutedandN-methylimida-
zoles,theGB valuesweretakenfrom Ref. 15. For other
derivatives(Et andt-Bu), the GB valueswereestimated
on thebasisof substituenteffectsgiven in Ref. 35


Generally,theslopesof regressionlinesin Fig.1(a)are
close to unity (Table 2). Even for phosphazenes(P1s),
which contain three amino groupsand the phosphorus
atom (insteadof the functional carbonatom), the total
substituenteffectsseemto bealmostthesameasthosein
TMGs.This permitsusto esimatequickly theGB values
for otherderivativesin seriesof P1s.Forexample,theGB
valuesfor the Et, i-Pr, and t-Bu derivativesshouldbe
close to 254, 255 and 256.5kcalmolÿ1, respectively.
Assumingthatthetotalsubstituenteffectsin seriesof Pps
arecloseto thosein TEGs(owing to similarities of the
bulk amino groups),the following GB valuesproposed
for theMe,Et, i-Pr andt-Bu derivativesare258,259,260
and261kcalmolÿ1, respectively.Errorsof theseestima-
tionsshouldnot behigherthan1 kcalmolÿ1.


Figure 1. Correlation of the GB of nitrogen bases substituted
by alkyl group(s) at (a) the N-imino and (b) N-amino with the
GB of 1,1,3,3-tetramethylguanidines (TMGs)


Table 2. Slopes of regression lines given in Fig. 1 for
correlations between the GB of nitrogen bases and TMGs


Series Slope r(s) n


FDMs 1.19� 0.06 0.994(0.39) 7
ADMs 1.07� 0.07 0.990(0.45) 7
PDMs 0.91 1.0 2
TEGs 0.80� 0.04 0.994(0.28) 7
P1s 0.92 1.0 2
Ims 0.85� 0.10 0.986(0.58) 4
TBDs 0.55� 0.03 0.997(0.15) 4
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The slope of the regressionline for TBDs (cyclic
guanidines)in Fig 1(b) is considerably smallerthanthat
found for imidazoles (cyclic amidines).This is in good
agreementwith thepreviouslyobserved attenuation of the
n–p conjugationeffectin guanidines(‘Y- conjugation’)in
comparisonwith amidines(Scheme2).5,27 As shownin a
previoussection,one NMe2 group in TMG*Me has a
smaller effect on the GB of N-methylimine than one
NMe2 group in FDM*M e (Scheme 2). The attenuation
factorof this effect is about 0.7.A slightly smaller value
(0.65) is found for the ratio of regressionline slopes
calculatedfor TBDs andimidazoles.


Seriesof TTTs containingdifferentsubstituentsat the
aminonitrogencannotbe consideredeitherasamidines
or asguanidines.Theybelongto vinyloguesof amidines
(vinamidines).Therefore,it is difficult to estimatetheGB
valuesfor other alkyl derivatives,becausethere is no
informationon the transmissionof substituenteffectsin
suchtypesof molecules.


Substituentelectroniceffectsat the functionalcarbon
atomhavebeenstudiedin previouswork27. It hasbeen
shownthattheGBvaluesof differently substitutedseries
of acyclic derivativescan be correlatedwith the GB
valuesof FDMs.However,separateregressionlineshave
been distinguished for aryl, alkyl and heteroalkyl
derivatives.For this reason,in searchof somegeneral
relations for the GB prediction in amidines and
guanidines,subfamiliesof aryl, alkyl and heteroalkyl
derivativesshouldbe consideredseparately.This is in
good agreementwith our observationsbasedon the
comparisonwith imines (Scheme2) that somekind of
‘Y-conjugation’ cantakeplacebetweenthe substituents
at the functionalcarbonatomandthe imino group.


The good correlations found for N1- and N2-alkyl
substitutedderivativeswhich display strongerbasicity
thanaryl derivativesentitleusto performcorrelationsfor
acyclic amidinesand separatelyfor acyclic guanidines
studiedhereaccordingto Eqn.(4):


GB� GB°ÿ ���Im����Im� ÿ ���Am�����Am�
ÿ ���F����F� �4�


GB° is thegas-phasebasicityof unsubstitutedderivative,
formamidineH2NCH,=NH for amidinesandguanidine
(H2N)2C=NH for guanidines;ra(i) and sa(i) are the
reaction constants for polarizability effects and the
directional polarizability parametersof Taft and co-
workers,25,36respectively,for substituentsat theN-imino


(Im), N-amino (Am) and C-functional atom (F). The
sumation� is madeon all alkyl groupsat the amino
nitrogenatom(s).


For thecalculationof theparametersin Eqn.(4), only
derivativeswith hydrogenandsimplealkyl groups(Me,
Et, n-Pr, i-Pr, t-Bu and l-Adam) at the atoms of the
functionalgroupwereconsidered.Their GB valueswere
taken from Table 1. For unsubstitutedacetamidine
[H2NC(Me)=NH], a componentequal to RTln4 was
added to the measuredGB value given in Ref. 15
(224.2kcalmolÿ1) to obtain the microscopic (statisti-
cally corrected)GB value(225.0kcalmolÿ1). Similarly,
for unsubstitutedguanidine[(H2N)2C=NH], a compo-
nentequalto RTln6 wasaddedto themeasuredGBvalue
given in Ref. 15 (226.9kcalmolÿ1) to obtain the
microscopic GB value (228.0kcalmolÿ1). We added
RTln2 for TMG*H. Themicroscopicbasicityparameters
result from the considerationof deprotonationreaction
(1). The formamidinium cation may lose one of four
hydrogensto give freebase,andtheguanidiniumcation
one of six hydrogens.In the case of TMG*H, the
guanidiniumcationmayloseoneof two hydrogens.The
microscopic GB values were taken into account in
calculationsof theparametersof Eqn.(4).


Parametersof Eqn. (4) calculatedfor acyclic alkyla-
midinesandguanidinesaregiven in Table3. Thesingle
substituentat theN-aminohasaslightly smallereffecton
thebasicityof bothamidinesandguanidinesthanthatat
the N-imino. It hasalsoa smallereffect thanthat at the
functionalcarbon.The orderof thera valuesis ra(F) >
ra(Im) > ra(Am). Thera valuesrepresentthesensitivity
to thepolarizability effect,which decreasesrapidly with
increasingdistancebetweenthe charge and the sub-
stituent in non-conjugatedsystems.25 In the system
describedhere,it canbe seenthat the sensitivity is not
directly linked to the distance substituent-function,
becauseof the chargedelocalizationon threeatomsor
more(Scheme3).


Thera(Im) valuesareconsiderablysmallerthat those
found for primary amines(18.65)and nitriles (19.03).2


Thevaluesobtainedfor thera(Am) parameterin acyclic
amidines(9.98) and guanidines(7.24) are of the same
orderof magnitudeasthosefoundin imidazoles35 (11.69)
and TBDs (5.77) consideredas cyclic amidines and
guanidines,respectively.Thera(F) parameterin acyclic
amidines (12.46) is close to that found for N,N-di-
methylamidesdifferently substitutedat the functional
carbon(12.3)25


Thegoodcorrelations(r > 0.99)obtainedin bothcases


Table 3. Parameters of Eqn. (4)) for alkyl derivatives of acyclic amidines and guanidines (GB° and ra are in kcal molÿ1)


Eqn.(4) Series Formula GB° ra(Im) ra(Am) ra(F) r s n


(4a) Amidines R'2NC(R@)=NR 220.8� 0.6 11.89� 0.77 9.98� 1.88 12.46� 0.76 0.994 0.57 16
(4b) Guanidines (R'2N)2C=NR 228.5� 0.5 9.98� 0.86 7.24� 1.15 — 0.997 0.53 9
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indicatethatEqns(4a)and(4b) (seeTable3) canbeused
for general GB prediction for other simple alkyl
derivatives.The most interestingare derivativeswith a
basicitycomparableto that of the strongestbasesin the
current scale (Table 1). However,applicationof Eqns
(4a) and (4b) to derivativescontainingthe i-Pr or t-Bu
groupsat eachatomof the functionalgroup(derivatives
not yet studied in the gas phase)shows that neither
amidinesnorguanidineshaveapredictedGBvaluelarger
than255kcalmolÿ1, andthereforetheycouldnotbeused
asreferencebasesfor the GB measurementsof vinami-
dines, phosphazenesand biguanideswith GB >258
kcalmolÿ1. Only for the1-adamantylderivatives(if they
couldbesynthesized)arethepredictedGB valueshigher
than260kcalmolÿ1. This indicatesthat for the stronger
basesin our scaleand proposedin the literature28,37–40


(GB> 258kcalmolÿ1), seriesof simplevinyloguesand
iminologuesof amidinesandguanidinesshouldbetested.


Cyclization effects


It is well known that for acyclic amidinestwo config-
urationsattheC=N doublebondarepossible,oneE with
theaminogroupandthesubstituentat theimino nitrogen
in the transpositionandtheotherZ with bothgroupsin
cis positions.Generally,acyclic amidinesprefer the E
form.14,41In thecyclic amidinesstudiedhere,eachatom
of the amidinegroup belongsto the ring, and thus the
configurationZ ontheC=N bondis well determined.To
seethe effect of cyclization on the basicity of the N-
imino, theGB valuesmeasuredfor cyclic amidineswere
comparedwith thosepredictedfrom Eqn.(4a)for acyclic
amidines(Table 4). For estimationof the GB value of
N-ethylbenzamidine,thera(Im) andra(Am) valueswere
takenfrom Eqn.(4a).For theunsubstitutedbenzamidine
(BNH2, Scheme1), thestatisticallycorrected(RTln4) GB
wasused.


The comparisongiven in Table 4 shows that five-
memberedcyclic amidines(IDM andIP, Scheme1) are
weaker basesthan the correspondingacyclic models,


whereassix-memberedcyclic amidines(HP,DBN, DBD
and DBU) are strongerbases.The differencesare not
very large,but they indicatethat thenumberof atomsin
thering determinesomekind of straineffects,e.g.strain
angleeffectswhichslightly changetheelectronicproper-
tiesof ring atoms.Bouchouxandco-workersattributeda
part of the cyclization effectsobservedin ketonesand
esters to hybridization changes.42,43 An increase in
basicity in lactones(in comparisonwith acyclic esters)
hasalsobeenexplainedby anextrastabilizinginteraction
betweentheprotonatedcarbonylgroupandtheether-like
oxygen.Exceptionshavebeenobservedfor b-propiolac-
tone44 and2-azetidinone,45 for which cyclizationeffects
werenegative.All theseexplanations,howevercannotbe
transferred to amidines and guanidines,becausethe
imino nitrogen atoms are intracyclic, whereas the
carbonyloxygensareexocyclic in ketonesandlactones.


In thecaseof guanidines,similar comparisonof cyclic
andacyclic derivativesgivespossibilitiesfor estimation
of the cyclization effect. For the cyclic guanidines
studiedhere (TBDs), the four atomsof the guanidine
group belongto two six-memberedrings. This cycliza-
tion increasesthe basicity of the N-imino by ca 2–
2.5kcalmolÿ1, relative to the GB of the corresponding
acyclic guanidines predicted from Eqn. (4b). The
cyclization effect in guanidinesis of the sameorder of
magnitudeasthat for six-memberedcyclic amidines.


Intramolecular H-bonding


IntramolecularH-bondingin monocationsof bifunctional
derivatives(Scheme4) inducesstrongenhancementof
the gas-phasebasicity.5,12,30–32Comparisonof the GB
values found for such derivatives with those of the
correspondingmonofunctionalmodelderivativespermits
us to estimatethis effect.


For bifunctional derivativesof the general formula
X(CH2)nY, where X is the OMe or NMe2 group and
Y is the amidine (N=CR—NR'2) or guanidinegroup
[N=C(NR'2)2], the monofunctional derivatives
H(CH2)nY can be taken as reference models. The
differencebetweenthe GB valuesof bifunctional and
modelderivatives(�totGB) is thesumof two effects:the
substituentelectroniceffect of the X group(�XGB) and
theintramolecularH-bondingeffect(�IHBGB). Assuming
that(i) the�XGB valuesfor theOMe andNMe2 groupin
eachtypeof acyclicamidinesarethesameasthosefound
for FDMsusingEqn.(4a)from Ref.3, and(ii) the�XGB
effects are smaller in guanidinesthan amidinesby the
samefactorasthera(Im) valuesin Table3 (1.2),we can
easily estimate the �IHBGB. The �totGB, �XGB and
�IHBGB estimatedin this way arelisted in Table5. The
GB valuesfor bifunctionalandmodelcompoundswere
takenfrom Table1. TheGBvaluesfor modelTMG*n-Pr
and TEG*n-Pr were calculated from Eqn. (4b). For
histamine, such a kind of estimation is difficult to


Table 4. Effects of cyclization (�GB in kcal molÿ1) estimated
for amidines and guanidines (see text)


Cyclic
compound GB Acyclic model GB �GB


IDM 228.3 H2NCH=NBut 229.7 ÿ1.4
IP 233.6 H2NC(Ph)=NEt 234.8 ÿ1.2
HP 231.0 H2NCH=NPrn 227.2 3.8
DBN 241.0 Et2NC(Me)=NMe 239.1 1.9


Me2NC(Et)=NEt 239.7 1.3
DBD 242.5 Et2NC(Et)=NMe 240.8 1.7


Me2NC(Prn)=NEt 240.3 2.2
DBU 243.3 Et2NC(Prn)=NMe 241.5 1.8
MTBD 246.7 Et2NC(NMe2)=NMe 244.15 2.55
ETBD 247.35 Et2NC(NMe2)=NEt 245.5 1.85
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performowing to lack of the GB value for model4(5)-
ethylimidazole,andeventhepossibilityof predictingits
GB.


The calculated�XGB valuesfor the NMe2 derivative
arevery smallandcanbeneglectedin estimationsof the
�IHBGB for other derivatives.However, for the OMe
derivativesthe �XGB are considerablylarger than the
error of this estimation(<0.4kcalmolÿ1), and should
alwaysbe takeninto account.


Generally, in amidines and guanidines,larger IHB
effectsarefoundfor theNMe2 thanOMederivatives,and
for three(n = 3) thantwo (n = 2) methylenegroupsin the
chain.This maybeexplainedby thefact thataminesare
strongerbasesthan ethers,and that the six-membered
ring with intramolecularH-bondingis morestablethan
the five-memberedring. The samebehaviourhas also
beenobservedfor diaminesandaminoethers.15,17,30IHB
effectshavebeenfoundto be(i) largerfor diaminesthan
for amino ethersand (ii) larger for compoundswith 3-
methylenethan2-methyleneside-chains.ThelargestIHB
effects have beenobservedwhen a 4-methyleneside-
chain links the basicsites,and this was attributedto a
chair-likeconformation46 In this geometry,thehydrogen
bondis almostlinear, reducingthestrainto a minimum.


All theseobservationsindicatethattheIHB effectsare
mainly dueto two contributions:thestrengthof thebasic
siteswhich can chelatethe protonand the geometryof
monocationswhich favours formation of an intramol-
ecularH-bond.


EXPERIMENTAL


The origin of acyclic (BMP, FDMs, ADMs, ADEs,


PDMs, BTMs, TMGs, TEGs, P1s) and cyclic (DBD,
MTBD, ETBD, ITBD, TTT, MITT, Pps, BEMP)
derivativeswasthe sameasdescribedpreviously2–5,9,13


Biguanidesweresynthesizedasdescribed47 by addition
of guanidinesto carbodiimides.Otherderivatives(imine,
BNH2, IDM, IP, HA, HP, DBN, DBU, PMDBD, TBD)
andreferencebaseswerecommercialproducts(Aldrich,
Merck or Fluka). The procedure for the gas-phase
basicity measurementswas the same as described
previously.2–5
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40. Maksić ZB, Kovačević B. J. Phys.Chem.A 1999;103: 6678.
41. Perrin CL. In The Chemistryof Amidinesand Imidates, PataiS,


RappoportZ. (eds),vol. 2. Wiley: Chichester,1991;Chapter3.
42. BouchouxG, DrancourtD, LeblancD, YánezM, Mó O. NewJ.
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ABSTRACT: Nine new ethyl 3-arylcarbamoyl-2,3-diazabicyclo[2.2.1]hept-5-ene-2-carboxylates were prepared by a
[4 � 2] cycloaddition and their FTIR, 1H, 13C and 15N NMR spectra were measured and assigned. Single crystals were
grown for five compounds and their X-ray data were obtained. The electronic structure and the conformations were
calculated by the semi-empirical AM1 method. Using correlations between the spectral, empirical and theoretical
structural data, the transmission of substituent effects and the preferential conformation connected with the
consecutive double nitrogen inversion and regarding the mutual orientation of N—H and C=O bonds were
investigated. The results are compared with those for a previously reported series of analogous ethyl 2-arylcarbamoyl-
4,5-dimethyl-1,2,3,6-tetrahydropyridazine-1-carboxylates. Copyright  2001 John Wiley & Sons, Ltd.
Additional material for this paper is available from the epoc website at http://www.wiley.com/epoc
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Diaza compounds, in general, are starting materials for
the synthesis of compounds with potential biological
activity. They have been used as key intermediates in the
preparation of 4-piperidazinethiols, which are efficient
antiradiation agents.1 Other derivatives are interesting as
prostaglandin endoperoxide analogues2 or show signifi-
cant insecticidal activity.3 Diels–Alder reaction4 of azo
compounds with cyclopentadiene leads in a [4 � 2]
cycloaddition to 2,3-diazabicyclo[2.2.1]hept-5-enes.
Such syntheses were reported,5–7 but there are only a
few cases using unsymmetrically substituted azo com-


pounds.8–10 The conformational flexibility, the mechan-
ism of interconversion and the biochemistry of various
cyclic diaza compounds make their structures interesting
to study.11–14 Therefore, analogously to the previously
described procedure,11 in a one-pot reaction, ethyl 2-
arylcarbamoylhydrazino-1-carboxylates were oxidized
with lead(IV) acetate to form non-isolated azo com-
pounds that reacted smoothly with cyclopentadiene
leading to ethyl 3-arylcarbamoyl-2,3-diazabicyclo-[2.2.1]
hept-5-ene-2-carboxylates (1a–1i). We found, that com-
pounds 1 react by intramolecular cyclization leading to
ring-fused triazolidinediones, which are good herbi-
cides;15 see also the previously reported examples.16–18


The aim of the present work was to study the FTIR and
NMR spectra as well as the X-ray structure and AM1
theoretical data for a series of unreported N,N�-disub-
stituted 2,3-diazabicyclo-[2.2.1]hept-5-enes (1a–1i in
Scheme 1) and compare them with those reported
previously11,12 for a series of N,N�-disubstituted
4,5-dimethyl-1,2,3,6-tetrahydropyridazines (2a–2k in
Scheme 1). The study of the conformation and the
transmission of substituent effects was also an important
target of this paper.
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The wavenumbers of the C=O, C=C and N—H IR
stretching vibrations for the series of compounds 1
measured in CHCl3 and CCl4 are listed in Table 1. The IR
spectra of these compounds strongly resemble those of
the analogous tetrahydropyridazine derivatives 2. How-
ever, the wavenumbers of the �(C5=C6) vibration are
always more than 20 cm�1 higher than in the case of
compounds 2. This is caused by the increased strain in the
five-membered ring of the bicyclic system of 1. On the
other hand, the same effect causes a moderate decrease in
the wavenumbers of the �(C9=O) and �(N10—H)
vibrations of 1. The exceptions are the wavenumbers of
the �(C8=O) vibrations in CHCl3, which e.g. for 1e is by
13 cm�1 higher than that for the monocyclic analogue 2
(X=H).11 This can be accounted for the steric effect of
the bridging CH2 group in the bicyclic system, which
partly hinders the weak hydrogen bonding solvent effect
of the CHCl3 molecules on the amidic carbonyl group.
The proximity of these groups are evident also from the
measured and calculated interatomic distances H7� � �O8


(see Table 5).
In elucidation of the NMR spectra different 2D


correlation techniques, such as pulsed field gradient
(PFG) heteronuclear multiple-quantum correlation


(HMQC) and heteronuclear multiple-bond connectivities
(HMBC) were used. The 1H NMR spectrum of the parent
compound (1e) was analysed using PERCH software.19


The 1H, 13C and 15N NMR chemical shifts of compounds
1a–1i are presented in Tables 2–4. The results of the 1H
NMR spectrum analysis with PERCH software for
compound 1e are listed in Table 1 of the supplementary
material on the EPOC website (http://www.wiley.com/
epoc).


The basic compound, 2,3-diazabicyclo[2.2.1]hept-5-
ene, has proved very unstable, and thus difficult to
prepare. This meant that its 1H NMR spectrum was not
published until 1993.20 However, its N,N�-disubstituted
derivatives are more stable and have been used in several
studies to elucidate the double nitrogen inversions.13,14


When the two N,N� substituents are methyl groups the
energetically more stable (12 kJ mol�1) trans configura-
tion with staggered conformation shows only one methyl
signal: a somewhat broadened multiplet for the bridge-
head protons and a triplet for the vinylic protons. This
means that the inversion of the nitrogen atoms and
interconversion of the two identical dimethyl derivatives
is fast on NMR time scale.13 Actually, the temperature
has to be lowered to �39°C for separate sharp peaks to be
seen for each proton. Structural features may slow down
or hinder the inversion so that an NMR spectrum for each
configuration can be measured. In the present case we
have two vicinal hydrogen atoms containing a hetero-
cyclic ring in a strained bicyclo[2.2.1]hept-5-ene skele-
ton. In the compounds 1 the double nitrogen inversion is
hindered by two bulky substituents, COOCH2CH3 and
CONHAr. This can be observed by inspecting the proton
spectra, which show separate peaks for each proton. Each
signal also has analysable coupling constants. These
spectra present an energetically more favourable trans
configuration, which seems to be rather stable at room
temperature.


The proton spectrum analysed for compound 1e
(EPOC, Table 1) shows that the geometry of the
substituents attached to the two nitrogen atoms (N2 and
N3) strongly affects the vicinal coupling constant values


0��� �� 6���	��'��� .����/ 
� �& ��������	 ��'����
	� �
� �
��
�	�� �


Compound


CHCl3 CCl4


�(C8=O) �(C5=C6) �(C9=O) �(N10—H) �(C8=O) �(C5=C6) �(C9=O) �(N10—H)


1a 1683.8 1715.5 1727.2 3415.1 1696.5 1712.9 1724.7 3428.7
1b 1687.1 1717.9 1729.6 3414.5 1698.2 1713.5 1723.6 3427.3
1c 1687.5 1716.8 1727.1 3412.7 1697.9 1714.0 1726.4 3426.9
1d 1686.0 1714.5 1715.7 3411.0 1697.7 1714.1 1726.0 3426.9
1e 1686.8 1714.6 1715.3 3411.2 1699.0 1714.5 1727.0 3425.9
1f 1689.4 1712.3 1721.6 3410.1 1699.1 1713.4 1726.3 3423.4
1g 1689.6 1710.8 1722.9 3409.1 1698.7 1713.2 1728.2 3423.5
1h 1690.3 1710.5 1724.4 3405.0 1698.9 1713.3 1731.1 3419.4
1i 1695.9 1718.3 1724.2 3399.6 1702.0 1714.9 1732.3 3415.2


���� �� 78 ��� !���-19 ��� !��-19 ��� !��"-#9 �	� 1�
�-19 �� -9 ��� !���9 � � !�$�9 ��� 1�!���"9 ��� !���"9 ��� !�
�-19 ��� "��-19 ��� !��"-#9 �	� 1��-19 �� -9 ��� !���9 � �
!�$�9 ��� 1���9 ��� !���-19 �#� !���"9 �4� "���
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between bridgehead and bridge methylene protons; for
H1 these are 3J1,7a = 0.86 Hz and 3J1,7b = 2.33 Hz,
whereas for H4 they are almost equal in size 3J4,7a =
1.58 Hz and 3J4,7b = 1.55 Hz.


The aromatic ring substituents clearly influence the
shielding of the diaza nitrogen atoms N2 and N3 over
seven bonds. The 15N NMR chemical shift values
collected in Table 4 show that when the aromatic ring
is unsubstituted, or substituted with a 4-alkyl group, the
shielding/deshielding effect in N2 and N3 is similar, but
all the other substituents have a different size effect on
the ring nitrogen atoms.


The investigation of the crystal packing of structures of
1a, 1e, 1f, 1g and 1i reveals both intra- and inter-
molecular hydrogen bonding stabilizing the conforma-
tion of the compounds and on the other hand the packing
of molecules to continuous chains (1e) or dimeric pairs
(1a, 1f, 1g and 1i) in the solid state. Compounds 1a, 1f, 1g
and 1i pack into dimeric pairs, which are stabilized by
doubled intermolecular hydrogen bonds between N10 and
O9 of the adjacent molecules (Fig. 1). In all the structures
the intermolecular hydrogen bonds are almost the same
length, being on average 3.08 Å (EPOC, Table 2). The
difference between the hydrogen bonding schemes of
these four crystal structures is observed when intramol-
ecular hydrogen bonds are investigated. In 1a an
intramolecular hydrogen bond, which is substantially
stronger than the intermolecular hydrogen bonding. In 1f
an intramolecular hydrogen bond of length 3.068(2) Å is
formed between N10 and the ester oxygen O10, whereas in


0��� �� �- �(& �������� ������ .���/ �	 ����1 �
�
�
��
�	�� �


Proton 1aa 1bb 1cc 1dd 1e 1f 1g 1h 1i


H1 5.08 5.10 5.09 5.10 5.10 5.09 5.09 5.10 5.13
H4 5.32 5.34 5.33 5.34 5.33 5.32 5.32 5.32 5.36
H5 6.57 6.59 6.58 6.60 6.59 6.59 6.59 6.59 6.62
H6 6.52 6.53 6.51 6.53 6.52 6.52 6.53 6.50 6.57
H7 1.74 1.76 1.75 1.77 1.74 1.76 1.77 1.79 1.83
H7 1.74 1.76 1.75 1.77 1.74 1.77 1.76 1.76 1.79
H10 7.84 7.85 7.88 7.89 7.96 8.06 8.05 8.18 8.65
H11 4.25 4.27 4.26 4.28 4.27 4.27 4.27 4.29 4.31
H12 1.30 1.31 1.34 1.32 1.31 1.31 1.31 1.33 1.34
H2� 7.33 7.30 7.33 7.28 7.42 7.38 7.33 7.68 7.63
H3� 6.81 7.08 7.10 – 7.27 7.22 7.37 – 8.15
H4� – – – 6.86 7.03 – – – –
H5� 6.81 7.08 7.10 7.16 7.27 7.22 7.37 7.30 8.15
H6� 7.33 7.30 7.33 7.20 7.42 7.38 7.33 7.24 7.63


a X=OCH3, 3.74 ppm.
b X=CH3, 2.28 ppm.
c X=CH2, 2.58 ppm; CH3, 1.19 ppm.
d X=CH3, 2.31 ppm.


0��� �� �1� �(& �������� ������ .���/ �	 ����1 �
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Carbon 1aa 1bb 1cc 1dd 1e 1f 1g 1h 1i


C1 65.23 65.47 65.37 65.50 65.42 65.46 65.46 65.55 65.57
C4 64.30 64.49 64.42 64.48 64.38 64.28 64.46 64.26 64.15
C5 137.38 137.72 137.58 137.74 137.58 137.51 137.73 137.54 137.28
C6 136.32 136.46 136.43 136.41 136.46 136.32 136.74 136.65 136.72
C7 47.50 47.78 47.67 47.80 47.69 47.70 47.92 47.76 47.70
C8 159.28 159.38 159.28 159.35 159.23 159.12 159.28 159.01 158.62
C9 160.01 160.32 160.20 160.34 160.21 160.19 160.40 160.24 160.13
C11 62.79 63.10 62.98 63.15 63.03 63.11 63.33 63.26 63.26
C12 14.11 14.36 14.24 14.35 14.24 14.24 14.46 14.27 14.09
C1� 131.08 135.51 135.62 138.65 138.02 136.78 137.73 137.81 144.29
C2� 121.05 119.45 119.43 119.97 119.26 120.46 120.99 120.80 118.23
C3� 113.77 129.26 127.97 137.97 128.64 128.59 131.75 132.36 124.60
C4� 155.71 132.95 139.33 124.25 123.30 128.12 115.89 126.20 142.35
C5� 113.77 129.26 127.97 128.59 128.64 128.59 131.75 130.10 124.60
C6� 121.05 119.45 119.43 116.43 119.26 120.46 120.99 118.51 118.23


a X=OCH3, 55.11 ppm.
b X=CH3, 20.64 ppm.
c X=CH2, 2.58 ppm; CH3, 1.19 ppm.
d


X=CH3 21.32 ppm.


0��� 5� �#� �(& �������� ������ .���/ �	 ����1 �
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Nitrogen 1a 1b 1c 1d 1e 1f 1g 1h 1ia


N2 �244.4 �244.1 �244.3 �244.0 �244.2 �243.9 �244.0 �243.8 �243.8
N3 �244.7 �244.1 �244.3 �244.1 �244.2 �243.8 �243.9 �243.6 �242.5
N10 �272.7 �270.6 �270.6 �269.8 �269.7 �270.9 �270.6 �271.0 �266.6


a X=NO2, 12.3 ppm.
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1g there are no intramolecular hydrogen bonds at all. The
‘maximized’ intramolecular hydrogen bonding is ob-
served in 1i: there are two intramolecular hydrogen bonds
from N10, one to N2 and the other to the ester oxygen O10.
Steric reasons are the cause for the hydrogen bond
N10� � �N2 being shorter than N10� � �O10 [2.709(2) Å and
3.053(2) Å respectively].


The packing of 1e is not dimeric-type packing, instead
the molecules form continuous chains via weak inter-
molecular hydrogen bonds [r(N10� � �O8*) = 3.396(2) Å]
(Fig. 2). Again, the intramolecular hydrogen bonding is
much stronger than the intermolecular, the hydrogen
bonding distance being 2.621(2) Å between N10 and N2.


To study the electronic structure, geometry and
preferential conformation of compounds 1, semi-empiri-
cal AM1 data were calculated using standard par-
ameterization.21 Generally, 16 different possible
conformations were considered regarding the mutual
orientation of the diazabicycloheptene skeleton and the
substituents attached to the N2 and N3 atoms. However,
with regard to the mutual orientation of the C=O bonds
and N—H bond, four optimized conformations A–D can
be obtained for the parent molecule 1e (see Scheme 2).
As in the case of the previously studied ethyl 2-
arylcarbamoyl-4,5-dimethyl-1,2,3,6-tetrahydropyrida-
zine-1-carboxylates,11,12 however, only the most stable
conformations A and B are chosen for further discussion,
since the conformations C and D have approximately


25 kJ mol�1 higher heat of formation �Hf values than A
and B. Further, it appeared that the energetically most
stable conformation is B. However, there is only a small
difference (2.9 kJ mol�1) in �Hf values between con-
formations A and B. The geometrical parameters of
conformation A fit satisfactorily the experimental results
of the X-ray analysis (see Table 5 and Fig. 4); in
conformation B, however, there is an intramolecular
hydrogen bond N10—H� � �O=C9, the calculated intera-
tomic distance H� � �O being 2.1 Å. The selected AM1
atomic charges and bond orders are listed in the
supplementary material (EPOC, Table 3).


The statistical results of the correlation of IR and NMR
spectral data with substituent constants and AM1 semi-
empirical bond orders and atomic charges are shown in
Table 6. The wavenumbers of the stretching vibrations of
both the C=O and N—H groups correlate with the
Hammett � constants of substituents X (except for
�(C=O) in CCl4). The same is true for the correlation
between the IR stretching vibrational wavenumbers and
the calculated bond orders and atomic charges for
conformation B (except for �(C=O) in CCl4). From
the NMR results, only the chemical shifts of H10, C8, C1�


and N3 nuclei show satisfactory correlations with the
Hamett � parameters and corresponding atomic charge
densities. In these correlations, in some cases the data for


6� �� �� :�� �&:;4���� ���� 
� ��� 7���� ������� ��������� 
�
������� ���� �
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1e 2 (X = 4-CH3)b


X-ray AM1 X-ray AM1


Interatomic distances r (Å)
r(N2—N3) 1.452(2) 1.416 1.405(2) 1.380
r(C1� � �O8) 2.940(3) 2.896 2.914(3) 2.887
r(H10� � �O9) 3.705(3) 3.843 3.88(2) 3.806
r(C11� � �N2) 3.602(3) 3.679 3.588(3) 3.707
r(N10� � �N2) 2.621(3) 2.895 2.687(2) 2.854
r(N10� � �C9) 3.384(3) 3.414 3.316(2) 3.321
r(O8� � �O9) 5.621(2) 5.748 5.352(2) 5.349
r(C1� � �C9) 4.677(3) 4.732 4.464(3) 4.633
r(C8� � �C9) 3.342(3) 3.380 3.160(2) 3.124
r(H7� � �O8) 4.560(3)/4.976(3)c 4.655/4.944c – –


Angles � (°)d


�(N2—N3—C9) 115.2(2) 118 120.2(1) 119
�(N3—N2—C8) 115.7(2) 117 118.8(1) 120
�(C8—N3—N2—C9) 107.5(2) 110 79.7(1) 65


a Compounds 1 and 2 are in the same conformation A.
b Data calculated on the basis of results in Ref. 12
c For the second bridgehead hydrogen atom.
d The calculated bond angles are accurate to �3° and the rotation angles to �14°.
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y x n r s F � q


�(C8=O)b � 9 0.919 1.45 38 8.46 1687.4
�(C8=O)c � 9 0.849 0.84 18 3.41 1698.2
�(C9=O)c � 9 0.940 1.03 53 7.15 1726.4
�(N10—H)b � 9 0.967 1.32 102 �12.64 3411.4
�(N10—H)c � 9 0.985 0.79 234 �11.54 3425.6
�(C1�) � 8d 0.788 2.29 11 7.35 136.3
�(H10) � 8d 0.963 0.08 77 0.75 8.0
�(N10) � 8d 0.828 1.04 13 4.12 �270.5
�(N2) � 9 0.876 0.11 23 0.50 �244.1
�(N3) � 8d 0.962 0.19 75 1.80 �244.1
�(C8=O)b p(C8=O) 9 0.973 0.85 122 622.4 620.7
�(C8=O)c p(C8=O) 9 0.926 0.61 42 258.2 1255.7
�(N10—H)b p(N10—H) 9 0.972 1.22 121 2130.0 1546.7
�(N10—H)c p(N10—H) 9 0.977 0.99 148 1919.5 1745.1
�(C8=O)b q(C8) 9 0.976 0.80 139 1340.9 1186.7
�(C8=O)b q(O8) 9 0.970 0.89 113 819.0 1995.6
�(C8=O)c q(C8) 9 0.934 0.57 48 559.7 1489.2
�(C8=O)c q(O8) 9 0.931 0.58 45 342.5 1827.1
�(N10—H)b q(N10) 9 0.857 2.68 19 1481.6 3846.1
�(N10—H)b q(H10) 9 0.974 1.19 128 �1432.1 3790.1
�(N10—H)c q(N10) 9 0.858 2.40 20 1329.3 3815.6
�(N10—H)c q(H10) 9 0.979 0.95 163 �1291.2 3767.0
�(C1�) q(C1�) 9 0.956 1.09 75 128.3 127.2
�(C8) q(C8) 9 0.901 0.110 30 �85.3 191.1
�(H10) q(H10) 9 0.977 0.06 144 75.4 �12.0
�(N2) q(N2) 9 0.895 0.10 28 �197.5 �277.5
�(N3) q(N3) 9 0.866 0.33 21 572.7 �144.4
�(N10) q(N10) 8d 0.907 0.78 28 �519.5 �423.1


a n is number of compounds used in the correlation, r is the correlation coefficient, s is the standard deviation of the slope and F is the Fisher–
Snedecor test for parameters significant at the 95% level.
b In CHCl3.
c In CCl4.
d Compound 1h omitted.
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the 3,4-disubstitued derivative (1h) were rejected as
outliers. Comparison of the slopes of the linear correla-
tions suggests that, in contrast to previously investigated
disubstitued tetrahydropyridazines (2), in compounds 1
the electronic effects are transmitted more readily to the
remote ester C9=O group than to the vicinal amide
C8=O group. This can be explained by the preference of
conformation B to be stabilized by an intramolecular
hydrogen bond, but also by a more efficient transmission
of substitutent effects via the small five-membered ring in
1 compared with that in the six-membered tetrahydro-
pyridazine ring of 2. The existence of the hydrogen-
bonded structure B is also strongly supported by the
aforementioned decrease of the �(C9=O) wavenumbers
with respect to those for the monocyclic analogues 2, in
which a conformation without intramolecular hydrogen
bonding but similar to structure B is preferred.11


Anderson and Lehn investigated the mechanism of
interconversion of two optical antipodes of 2,3-dimethyl-
2,3-diazabicyclo[2.2.1]hept-5-ene using temperature-
dependent NMR spectra.13 Our semi-empirical AM1
conformational calculations led to results that are in very
good agreement with the experimental results reported.13


Since compounds 1 are very similar to 2,3-dimethyl-2,3-
diazabicyclo[2.2.1]hept-5-ene, using the AM1 method
we decided to study the mechanism of their interconver-
sion, which in fact corresponds to the inversion of the two
nitrogen atoms N2 and N3. For preferential conformation
B of the parent compound 1e, eight optimized forms I–
VIII (see Scheme 3) can be obtained by this inversion.
The calculated �Hf values and the geometrical par-
ameters of these forms are listed in the supplementary
material (EPOC, Table 4). The forms I and II correspond
to the energetical minima, whereas the forms III and IV
have energies that are 25 kJ mol�1 higher. The energe-
tical maxima belong to the ‘half-planar’ forms (con-
formations) V–VIII (where one of the nitrogen sites is
nearly planar) and correspond to the transition states of
double nitrogen inversion. The transition states were


tested by one negative eigenvalue of the Hessian
matrix.21 The interconversion I � II may proceed in
two ways, depending on which nitrogen site the inversion
begins. If the inversion of form I begins on the N2


nitrogen site, then the mechanism I � VIII � IV � VI
� II might be considered. The potential curve of this
conversion is presented in Fig. 3A and is similar to that
obtained by us for 2,3-dimethyl-2,3-diazabicyclo[2.2.1]-
hept-5-ene by AM1 calculation. On the other hand, if
the inversion begins at the N3 nitrogen atom, then the
occurrence of mechanism I � V � III � VII � II can
be expected (see Fig. 3B). In the first case the
transgression of the transition state requires an energy
of 32 kJ mol�1 and in the second case an energy of
28 kJ mol�1. Since this energy difference is relatively
small it cannot be anticipated which of these two
mechanism is the preferred one. However, it can be
concluded, on the basis of the preceding discussion and
owing to the bulkiness of the substituents attached to the
ring nitrogen atoms N2 and N3, that in compounds 1 a
consecutive inversion process takes place, i.e. in which
the two nitrogen atoms invert one after the other.


*8"*(/%*,0!)


General procedures for the synthesis of starting sub-
stituted hydrazines have been described.22,23 Ethyl 3-
arylcarbamoyl-2,3-diazabicyclo[2.2.1]hept-5-ene-2-car-
boxylates 1a–1i were synthesized by using the following
procedure: a solution of lead(IV) acetate (25 mmol) in
dichloromethane (50–100 ml) was slowly added to a
stirred and cooled (water, 4°C) suspension of the
corresponding substituted hydrazine (25 mmol) in di-
chloromethane (100–200 ml) and freshly distilled 1,3-
cyclopentadiene (25 mmol). Stirring was continued at
room temperature until the yellow or orange–red colour
disappeared (4–24 h). The solid formed was collected by
filtration and the solvent was washed with water, 0.1 M


���� �


Copyright  2001 John Wiley & Sons, Ltd. J. Phys. Org. Chem. 2001; 14: 811–818


816 A. PERJÉSSY ET AL.







sodium hydroxide, 0.1 M nitric acid and again with water.
After drying with sodium sulfate the solvent was
removed under reduced pressure. The residue was
purified by recrystallization from ethanol, ethanol–water
or ethanol–n-hexane. The characteristic data of the newly
prepared compounds are listed in the supplementary
material (EPOC, Table 5). The compositions of the
compounds were in satisfactory agreement with the
results of elemental analysis (C, H, N). The structures of
the substances were confirmed using 1H NMR, 13C NMR,
IR and mass spectra.


The FTIR spectra were measured on a Bruker IFS 25
spectrometer at room temperature using NaCl cells of 0.5
and 3.2 mm thickness. The concentration of the solutions
varied in the range of 1–5 mg cm�3 in both solvents
CCl4 and CHCl3 (Uvasol, Merck). Peak positions were
determined with an accuracy of �0.1 cm�1 after
deconvolution and separation of absorption bands in the
region of the C=O and C=C stretching vibrations. The
band positions were fitted using Lorenz–Gaussian sum
functions.


The 1H, 13C and 15N spectra were recorded for
0.5 mol CDCl3 solution in a 5 mm sample tube at 30°C
on a Bruker Avance DRX500 spectrometer working at
500.13 MH3, 125.77 MH3 and 50.69 MHz respectively.
In the 1H NMR experiments the number of data points
was 64K, giving a spectral resolution of 0.05 Hz; the
number of scans was eight and the flip angle was 30°. An
exponential window function of the spectral resolution
was used prior to Fourier transformation. The 1H NMR
chemical shifts are referenced to the signal of residual
CHCl3 [� = 7.26 ppm from tetramethylsilane (TMS)]. In
the 13C NMR experiments the number of data points was
32K, giving a spectral resolution of 0.5 Hz; the number of
scans was 64 and the flip angle was 30°. A composite
pulse decoupling, Waltz-16, was used to remove proton
couplings. An exponential window function of the
spectral resolution was used prior to Fourier transforma-
tion. The 13C NMR chemical shifts are referenced to the
central peak of CDCl3 (� = 77.00 ppm from TMS). The


15N NMR chemical shifts are referenced to external
CH3NO2 (� = 0.0 ppm). The number of data points in
PFG 1H–13C HMQC24,25 and HMBC26 measurements
was 1024(f2) � 512(f1). This matrix was zero filled to
2048 � 1024 and apodized by a shifted sine bell window
function along both axes before Fourier transformation.
For PFG 1H–15N HMBC experiments a 50 ms delay was
used for evolution of long-range couplings. The number
of the data points was 1024(f2) � 512 ppm (f1 = 15N).
This matrix was zero filled to 1024 � 1024 and apodized
by a shifted sine bell window function along both axes
before fourier transformation.


The X-ray crystallographic data for compounds 1a, 1e,
1f, 1g and 1i were recorded with a Nonius Kappa CCD
diffractometer using graphite monochromatized Mo K�
radiation [�(Mo K�) = 0.710 73 Å] at a temperature of
173.0 � 0.1 K. The data were processed with Denzo-
SMN v0.93.027 and all structures were solved by direct
methods (SHELXS-97)28 and refined on F2 by full-matrix
least-squares techniques (SHELXL-97).29 The hydrogen
atoms were located from the difference Fourier map and
refined with isotropic temperature factors (1.2 times the
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carbon temperature factor). The absorption correction
was applied but not used in the final refinement, since it
had an unfavourable effect on the quality of the structure.
Suitable crystals for X-ray analysis were obtained from
slow evaporation of CDCl3. The experimental crystal-
lographic data and structure refinement details are listed
in the supplementary material (EPOC, Table 6). The
representative ORTEP-III graph30 for compound 1e is
shown in Fig. 4 and the graphs for compounds 1a, 1f, 1g
and 1i are given in the supplementary material (EPOC,
Figs 1–4.


Crystallographic data (excluding structure factors) for
the structures reported in this paper have been deposited
with the Cambridge Crystallographic Data Centre as
supplementary publication nos CCDC-165232–CCDC-
165236. Copies of the data can be obtained free of charge
on application to CCDC, 12 Union Road, Cambridge
CB2 1EZ, UK.
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ABSTRACT: Two organic-inorganic composites based on first-sphere coordination of calcium ions bya-
cyclodextrin, highlight the possible creation of different architectures, even when involving identical molecular
building blocksand inorganic clusters. In both forms, the mineral and organic matrices form separate motifs, with
40% of the crystal structure occupied by the mineral components. Copyright 2000 John Wiley & Sons, Ltd.
Additional material for this paper is available from the epoc website at http://www.wiley.com/epoc
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Recently, solid-state complexes of cyclodextrins with
salts have been considered as models for organic–mineral
composites.1,2 In such molecular composites, two types
of organization may be observed; in the first the organic
and mineral matrices form interlaced substructures, as is
the case for the complex fromb-cyclodextrin with
hydrated magnesium chloride;1 in the other, the two
matrices occur as separate substructures, as described for
the structure of the complex froma-cyclodextrin with
potassium silicate.2


Structures of metal complexes have been reported
previously for multideprotonatedb- and g-cyclodex-
trins3,4 with CuII and PbII ions, respectively, and later for
a series ofa-cyclodextrinatocuprates.5 The first structure
in which undeprotonated cyclodextrin acts as a multi-
dentate hydrogen-bond donor was described for the
complex ofb-cyclodextrin with calcium chloride.6 In this
complex, a distinct motif of mineral components was
lacking. We report here on the first molecular composites
based on first-sphere coordination of metal ions by an
undeprotonated cyclodextrin.


The crystal structure of thea-cyclodextrin–CaCl2
composite (1), of composition a-CD�3CaCl2�19H2O,
monoclinic, space groupP21, Z=2, a1 = 13.293(5),b1 =
15.947(2),c1= 16.827(8) Åb1 = 92.87(3)° 4536 unique
reflections, 3280 observed withI > 2s(I), R1 = 0.081,
reveals two levels of organization. These are associations
of molecularly hydrogen bondeda-cyclodextrin (a-CD)


building blocks, leading to layers of 10 A˚ height (Fig. 1),
and linkage of structural motifs of mineral components,
which span the intermolecular gap to join the layers. This
structural form contains water molecules of crystal-
lization distributed over seven sites (only three of which
have full occupancy). In addition, eight water molecules
are coordinated to two cations (four for each), while the
third cation is surrounded by water molecules positioned
on 12 sites (only one having full occupancy). The
molecular cavity contains only water molecules of
crystallization on partially occupied sites.


The molecular building blocks are constructed from
two a-CDs symmetry-related by the twofold screw axis.
The a-CDs are strongly tethered by lateral hydrogen
bonds (four per molecule) and covered on both hydro-
philic sides by mineral components. This leads to a large
sterically demanding local environment, which prevents
strong molecular interactions betweena-CDs from
adjacent layers and generates intermolecular spaces large
enough to accommodate well organized frameworks of
mineral components.


All the ions are external to the cyclodextrin cavity but
show direct interactions with thea-cyclodextrin matrix.
One anion is positioned above the face of the primary
hydroxyl groups and a second above the face of the
secondary hydroxyl groups. The cations display two
types of interactions. Two cations, Ca1A and Ca1B, are
situated within the layers, in identical positions relative to
two bidentate a-CD ligands. They adopt the same
eightfold first-sphere coordination, Fig. 2(a), composed
of four water molecules and four O atoms of twoa-CDs
(O-5/O-6 atoms and an O-2/O-3 pair of hydroxyls). These
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cationsare bridged,throughtheir aqualigands,by one
anionandonewatermoleculeof crystallization(WS), to
form an inorganic cluster. The third cation is placed
betweenthe layersandpresentsa coordinationenviron-
mentpredominantlycomposedof watermolecules,thea-


CD acting as an unidentateligand, Fig. 2(b). For this
cation (Ca2), two alternative,seven-or eightfold, first-
spherecoordinationshavebeendetermined.Theyhavein
common two sites fully occupied by one secondary
hydroxyl groupandonewatermolecule,with eitherfive
(occupancy0.6) or six (occupancy0.4) watermolecules
on the remainingsites.


The stacking of the layers gives rise to oblique
columnsof 10 Å width, filled by mineral components
(inorganic columns, IC ); each IC being intercalated
betweenfour parallel columnscontaininga-CDs. The
basic structural motif of IC is the inorganic cluster
formedwith Ca1A andCa1B.Within an IC , clustersof
adjacentlayers, relatedby crystallographictranslation,
are linked through a secondWS to give an infinite
obliquechainwhich joins theCa1A ions.The othertwo
cations(Ca1B and Ca2) are anchoredalong this chain,
through their aqua ligands (Plate 1). Several junction
zones of mineral components,passing through aqua
ligandsof Ca2,interconnectIC columns.


Further information concerningthe self-assemblyof
such organic/inorganicmatrices was provided by the
structure of a second1:3 complex from a-CD with
calcium chloride (2), with a nearbyequivalentamount
of water [0.5(a-CD)�1.5CaCl2�8.5(H2O), orthorhombic,
spacegroupI222,Z = 8; a2 = 16.010(2),b2 = 20.380(2),
c2 = 22.215(1)Å; 2960uniquereflections,2604observed
with I > 2s(I), R1=0.084; the parametersof threesites
denoted Cl* have been refined as though a water
moleculeanda chlorideanionsharedthesamesite,with
thesamedisplacementparametersandoccupancyfactors


Figure 1. Schematic sketch of the molecular building block
layer. The a and c in-plane dimensions of layers in 1,
appearing with an appropriate transformation of the unit
cell, are: a ' =ÿb1 = 15.943, b ' = a1, c ' = a1� c1 = 21.960 AÊ ,
a' = 130°07'. Each layer comprises two alternate symmetry-
related rows of a-CDs, each being constructed from A or B
molecules which have molecular sixfold axes perpendicular
to the layers, with primary faces directed up (A) and down
(B). The clusters are intercalated between four a-CDs. In 2,
the molecular layers are very similar with close a and c in-
plane dimensions


Figure 2. View of the coordination polyhedra of the calcium ions in 1: (a) the environment of CalA; (b) the two alternative
environments of Ca2
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Plate 1. A section of the structure 1, perpendicular to the layers (Calcium polyhedra, magenta
(Ca1A and Ca1B) or violet (Ca2); chloride ions, green; water molecules of crystallisation, orange;
cyclodextrin, black). Adjacent layers are transposed by about 7Å, forming oblique head-to-tail α-
CD columns, with A (or B) molecules linked by two anions through primary and secondary
hydroxyl groups. These columns are separated by the ICs columns. Parallel ICs are interconnected
by junction zones that cross-link the chains of Ca1A by bridging clusters of adjacent layers
through one anion, a WS, and aqua ligands of Ca2. As a result, each α-CD is surrounded by a
chain-like loop of mineral components


Plate 2. A section of the structure 2, perpendicular to the layers (color scheme as in Plate 1). A
and B α-CDs from adjacent layers, alternate in columns, with their secondary hydroxyl faces sep-
arated by a distance of about 7Å; they are connected by two doublets of symmetry-related WS
molecules. The primary faces are held together through direct interactions with two Ca2 ions. In
the ICs, two clusters related by symmetry are connected, at both sides, through Ca2; successive
such double clusters, related by translation, are linked through aqua ligands of Ca1 and those of
its symmetry counterpart. This gives rise to two interconnected infinite chains of calcium ions,
perpendicular to the layers
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of 0.5]. The molecular associationin the layers is
invariant (Fig. 1); the a-CDs and their environment
display a real axial binary symmetry (the a-CDs are
placedon twofold axes;theCal ion adoptsasimilar first-
spherecoordinationto thatobservedin 1 for theCalA and
CalB ions. Again, a cluster is formed: two symmetry-
equivalentCal arelinked througha doubletof atomson
symmetry-quivalentCl* sites. In contrast,the Ca2 ion
and all the mineral componentsnot involved in the
clustersdisplay different positionsand interactions(the
Ca2 ion is placedin a specialposition and presentsan
eightfoldfirst-spherecoordinationachievedwith apairof
O-5/O-6 atoms, two atoms on Cl* sites and their
symmetry counterparts).The resulting stacking mode
gives rise to ICs perpendicularto layers.Here, the ICs
containthe majority of ions and are not interconnected
(Plate2).Theyareintercalatedbetweencolumnsof head-
to-head stackeda-CDs. Within the ICs, the mineral
componentspresenta highly symmetrical schemein
whichsymmetry-relatedclustersfrom adjacentlayersare
joinedat bothsidesby interactionsinvolving all calcium
ions. This forms an extensivecollaborative inorganic
frameworkwhichgivesriseto two infinite parallelchains
of cationsper IC .


Thesetwo typesof self-assemblingsystemshighlight
the architecturalmodifications that arise simply from
changesin the coordinationenvironmentand relative
location of ions and water moleculesexternal to the
inorganicclusters.This is particularily the casefor Ca2
which in 1 is locatedin thegapsbetweencyclodextrins,
and in 2 is responsiblefor the organiccolumnstacking
andalsois implicatedin the IC structure.


When Ca2 is predominantly coordinatedto water
molecules,as for 1, it just interacts through its aqua
ligands,aspartsof junctionzones;it doesnot participate
in the stability of the whole organization.The WS
molecules,not hydrogenbondedto a-CDs,areessential
in linking the clustersalong and betweenthe ICs; the


anionsaredispersedandareinvolvedin thestabilityof a-
CD columnsandalsotheformationof junctionzones.In
this case,the a-CDs are partially encapsulatedin an
inorganic matrix (Plate 1). In completecontrast,when
Ca2 is less hydrated,as for 2, it simultaneouslycon-
tributesto thecohesionof thea-CD columns,two a-CDs
acting as bidentateligands,and to the formation of the
mineral substructurein ICs. The WS molecules are
mostlyexcludedfrom ICsandtrappedin a-CD columns,
beingfundamentalto their stability,whilst theanionsare
now mainly confinedin ICs. This resultsin an accumu-
lation of ions which gives well structurally organized
tubesof inorganiccomponentsexhibiting infinite chains
of calciumions,not interlacedwith theorganiccolumnar
matrix (Plate2).


In conclusion,we seethata relativelysmalldegreeof
changein coordinationabouta single cation can trans-
form the nanometerscaleorganizationof mineral and
organiccomponents.Applicationof thesolubility curves
of cyclodextrin–salt systems7 to systematic crystal
growth experimentswill allow a fuller determinationof
the structural motifs available from such molecular
composites.
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ABSTRACT: Binding of the phosphate, tris-(hydroxymethyl)-methylamine, aminomethylpropanediol, and
glycinemethylester buffers by cetyltrimethylammonium chloride (CTACl) in aqueous solutions has been probed
by investigating: (1) the dependence of the buffer pH (starting pH 7.9) on [CTACl], and (2) the micellar effect on the
kinetics of dephosphorylation of p-nitrophenyldiphenylphosphate (PNDPP) by the anion of isonitrosoacetylacetone
(INAA) in CTACl solutions in the presence of the same buffers. The pH–[CTACl] profiles showed a marked
dependence on the buffer employed and the coion, Y�, of its acidic component, RNH�


3 Y�. The sizeable pH decrease
observed with phosphate buffer (0.43 pH units for [Buffer] = 10�2


M at [CTACl] = 2 � 10�2
M) indicates that both


buffer components, namely H2PO�
4 and HPO2�


4 , exchange with the surfactant counterion, Cl�. This ion exchange
occurs at the expense of the nucleophile (anion of INAA)–Cl� counterpart. Indeed, the micellar acceleration of the
phosphate-buffered reaction is the smallest, kmax/kw = 410 (kmax and kw are the maximum pseudo first-order rate
constants in buffered micellar solutions and bulk water, respectively). Although CTACl micelles do not seem to
incorporate the neutral component of amino buffers, the pH–[CTACl] profiles were found to depend on the nature in
Y� (F�, Cl� or AcO�). The micellar accelerations (kmax/kw � 600), however, were not strongly altered by a change in
the buffer coion, except where Y� = F�. In the interfacial region, the partially desolvated fluoride ion behaves as a
nucleophile, competing with INAA anion for the dephosphorylation of PNDPP. The rate–[surfactant] profiles were
interpreted in terms of the pseudophase ion-exchange model, as applied to a reaction scheme involving competitive
exchanges of the oximate and Y� for the surfactant counterion. The second-order rate constant of the micelle-
mediated reaction, smaller (ca one-third) than that in bulk aqueous solution, is discussed in terms of the properties
(ionic strength and microscopic polarity) of interfacial water. Copyright  2001 John Wiley & Sons, Ltd.
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The study of acid–base equilibria in solutions of ionic
surfactants is of fundamental importance to rationalizing
micellar catalysis, e.g. of pH-dependent reactions in-
volving ionic species.1,2 However, the ‘buffering’ of
aqueous micellar solutions is a deceptively simple
problem that has not been conveniently solved for several
situations of interest.3–6 For example, use of ‘well-
behaved’ buffers has been recommended. This term
refers to buffers whose binding to the micellar interface is
much weaker than that of the surfactant counterion and
are capable, therefore, of maintaining their buffering


capacity of the aqueous pseudophase. A typical example
is to use boric acid/borate to buffer cetyltrimethylammo-
nium (CTA�) halide micellar solutions in the pH range
8–10. Absence of a significant surfactant-induced pH
change has been interpreted in terms of a negligible
micelle binding of the buffer.6 However, we have
recently shown that pH constancy may also arise from
similar binding of both buffer components by the CTA�


micelle.7


The following aspects of buffered micellar solutions
have been addressed by using the pseudophase ion-
exchange (PIE) model,1,8 the Poisson–Boltzman equa-
tion,1,9 the Brönsted–Bjerrum equation,3,4,10 as well as
other models:11,12 (i) micelle-induced pH changes of
aqueous buffers;1 (ii) micelle-induced pK changes of an
acid and its conjugate base;1,2,6 (iii) buffer-induced
changes of the properties of organized assemblies, e.g.
their critical micelle concentrations (CMCs), degrees of
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dissociation �, and geometry;1,13 (iv) buffer-induced
changes of the nature of the interfacial region, especially
hydration and ionic strength.8,12–14


There is only scant information on the above-
mentioned buffer-induced changes [points (iii) and (iv)]
that can be considered in the general context of salt
effects on organized assemblies.12,14,15 With regard to the
first two points, most authors employ the PIE model and
its recent extensions.7,11a,15 These assume that pH or pK
changes are due to preferential micellar incorporation of
one of the buffer components, due to a combination of
‘medium’ and electrostatic effects. The former stems
from differences between the properties (e.g. microscopic
polarity and ionic strength) of bulk and interfacial water,
whereas the latter is due to electrostatic interactions
between the charged interface and the buffer compo-
nents.5,7,16


A more complex situation arises, however, when the
reactants (in the buffered micellar solution) are them-
selves weak acids/bases, as in nucleophilic substitutions.1


Consider the reaction of a hydrophilic anionic nucleo-
phile Nu� with a lipophilic substrate in the presence of
CTACl micelles. The micellar kinetic effect depends on
[Nu�]m, the concentration of the nucleophile in the
interfacial region. This concentration depends, in turn, on
the ion exchange of Nu�, as well as the buffer
components with the surfactant counterion [Eqns (1)
and (2)]:


CTACl � Nu�
KNu


Cl


CTA Nu � Cl� �1�


CTACl � Buf
KBuf


Cl


CTABuf � Cl� �2�


where KNu
Cl and KBuf


Cl are the exchange constants of the
nucleophile and the buffer, respectively, with the
surfactant counterion. Consequently, the larger the buffer
binding, the smaller is [Nu�]m and the smaller is the
micellar effect on the rate. Moreover, because of the
buffer–surfactant ion exchange, the surfactant present is
a mixture of CTACl and CTABuf,1,7,11 as shown in
Scheme 1, where S is the substrate.


Consequently, the usual rate–[surfactant] profiles from
which micellar rate constants, km and KNu


Cl , are calculated


cannot be readily analyzed in terms of the PIE equation
[Eqn. (3)] since the composition of the organized
assembly changes as a function of increasing [CTACl].
In Eqn. (3), k2,w is the second-order rate constant in the
aqueous pseudophase, [Nu�]T is the total nucleophile
concentration, Ks is the micelle–substrate binding con-
stant and [Dn] = [CTACl] �CMC:


kobs � k2�w�Nu�	T � �kmKs � k2�w��Nu�	m
1 � KS�Dn	 �3�


In practice, the above-mentioned complications can be
avoided if the buffer components do not bind to the
micelle, i.e. KBuf


Cl 
 KNu
Cl [i.e. no competition from Eqn.


(2)], so that the buffer capacity is maintained, and [Nu�]T


and the micelle composition are kept constant.
The objectives of the present work were to identify


‘well-behaved’ buffers in order to obtain large micellar
accelerations and to interpret the experimental rates in
terms of the PIE model. In a recently published paper,7


the dephosphorylation of p-nitrophenyldiphenyl phos-
phate6c (PNDPP) by butanedione monoximate was
studied in the presence of buffered solutions of CTABr,
CTACl and CTAOAc. Comparison of pH and/or kobs


versus [CTACl] profiles showed that hydroxyamines,
ethanolamine in particular, but not borate are well-
behaved buffers in the pH range 9–10. By using a
different oxime and other buffers, we have now extended
this pH range to ca 8. It is shown that phosphate binds
significantly to CTA�, and that amine buffers, and
tris-(hydroxymethyl)-methylamine (tris) in particular,
give rise to marked micellar accelerations, with some
dependence on the counterion of the protonated amine.


+$%.0,% #�- -�%/.%%���


/����� �
 ��� �������	 �	� ������ �����	�	��


We have used a dephosphorylation reaction, namely the
nucleophilic esterolysis of PNDPP by oximate anions
(Ox�) in CTACl buffered solutions, Eqn. (4), in order to
compare buffer effects on pH and reactivity in micellar
solutions.


�4�


PNDPP is a convenient substrate because the liberated
p-nitrophenolate ion is readily monitored. Additionally,
this ester is very hydrophobic (with CTA� Ks �
104 M�1),17 so that its reaction in the aqueous pseudo-
phase is negligible.


Oximates are strong �-nucleophiles.18 Consequently,
the reaction of PNDPP with other nucleophiles present,
including H2O, OH� and amines, can be neglected.


�


�


%����� �
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Isonitrosoacetylacetone [INAA, (CH3CO)2—C=NOH,
also called hydroximinoacetylacetone] was employed
because its pKa in water (7.38)19 lies within the pH range
chosen for the present study, i.e. 7 to 8.


Finally, CTACl has been employed as surfactant. The
strong binding of the counterion of CTABr leads only to a
small micellar acceleration, due to unfavorable oximate–
Br� exchange.6c,7 Although the acetate ion of CTAOAc
is more readily exchangeable,20 this surfactant has not
been investigated because its effect on the rate is similar
to that of CTACl,7 and the micellar properties of the latter
surfactant have been studied in detail.


The buffers employed, phosphate and amines, differ
widely with regard to their binding to CTA�. In the pH
range studied, both forms of the phosphate buffer, namely
H2PO�


4 and HPO2�
4 , are anions and should, in principle,


bind to CTA�. It is frequently assumed, however, that
binding of the former component to CTA� can be
neglected.20,21 With amine buffers, the basic component,
i.e. the amine, carries no charge and, therefore, is not
expected to interact electrostatically with the CTA�


head-group. It can be incorporated into the micelle,
however, by hydrophobic interactions, akin to other
moderately hydrophilic nonionic solutes.22 Contribution
of this interaction is expected to be small, however,
because the buffers employed, viz. ethanolamine, tris, and
2-aminomethyl-1,3-propanediol (AMP), carry the hydro-
philic OH group.23 With regard to the acidic component


of the amine buffer, RNH�
3 Y��RNH�


3 is not prone to
micellar binding due to electrostatic repulsion with
CTA�, although Y�, its coion, may exchange for the
surfactant counterion.


��  ����� 1/,#/2 ���3�� �
 ��� ��

��� ��(
�����


Table 1 and Figs 1–3 show the effects of [CTACl] on
buffer pH, at total buffer concentration [Buffer]T = 10�1


and 10�2 M, with different Y�. Except for glycinemethyl-
ester (GME), no significant pH dependence on [CTACl]
(concentration range �2 � 10�2 M) has been observed at
[Buffer]T = 10�1 M, see Table 1 and Fig. 2. That is, the
buffer maintains its capacity, even if both components
exchange for the surfactant counterion, because concen-
trations of micelle-bound buffer components are too
small compared with [Buffer]T.


Addition of CTACl to 10�2 M buffer solution has
resulted either in no pH change, or a pH decrease. This
shows that micellar binding of the acidic component of the
buffer (which should have lead to a pH increase) is smaller
than, or is equal to that of its basic partner. These pH
profiles, however, exhibit a number of interesting features
specific to the buffer employed, as discussed below.


(1) With phosphate buffer (Table 1, entry 2, and Fig.


,��� �" ����������� �* �,	 ���	��� 7�**	� �������� �� �8 %.5' ��� �8 �	�	��	�(	 �� �,	 �������� �* 9�
-�: �)� �'�) ;


Run Buffera [B]/[BH�]b [Buffer]T (M)c [Coion] (M)d �pHe,f


1 Phosphate (7.21) 4.68 10�1 –g 0.0
2 4.68 10�2 –h �0.43


3 Tris (8.1) 0.60 10�1 [Cl�] = 6.1 � 10�2 0.0
4 0.60 10�2 [Cl�] = 6.1 � 10�3 0.0i


5 0.60 10�2 [AcO�] = 6.1 � 10�3 0.0j


6 0.60 10�2 [F�] = 6.1 � 10�3 0.0k


7 AMPl (8.8) 0.12 10�1 [AcO�] = 9 � 10�2 0.0
8 0.12 10�2 [AcO�] = 9 � 10�3 0.0
9 9.8m 10�2 [AcO�] = 9 � 10�4 0.0


10 GMEn (7.75) 1.35 10�1 [Cl�] = 10�1o �0.15p


11 1.35 10�2 [Cl�] = 10�2o �0.20p


a pK in water, in parentheses.
b [base]/[acid] ratio at [CTACl] = 0.
c [B] � [BH�].
d Counterion of the acidic protonated amine.
e �pH = pH (of the water pseudophase at [CTACl] = 2 � 10�2 M) �pH (at [CTACl] = 0).
f Reproducibility better than 0.05 pH units.
g �HPO2�


4 	 � 8�2 � 10�2M� �H2PO4	 � 1�8 � 10�2 M.
h �HPO2�


4 	 � 8�2 � 10�3M� �H2PO�
4 	 � 1�8 � 10�3 M.


i �pH = �0.25 at [CTACl] = 10�3
M.


j �pH = �0.40 at [CTACl] = 10�3
M.


k Whatever [CTACl].
l 2-aminomethyl-1,3-propanadiol.
m At pH 9.80; Ref 7.
n glycinemethylester.
o The buffered solutions are obtained by addition of KOH to RNH�


3 Cl�.
p This �pH is for [CTACl] = 10�3


M and is unchanged by addition of larger [CTACl]; see Fig. 1.
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2), addition of CTACl decreases the solution pH no-
ticeably, in agreement with the chloride–phosphate
dianion exchange constant,20 K HPO2�


4
Cl


� 0�78. The
experimental pH-profile, however, does not corre-
spond to that based only on this ion exchange (Fig.
2). Addition of CTACl (�10�3 M) leads to a small
pH drop (0.1 pH unit) followed by a plateau in the
concentration range 10�3 �[CTACl] �6 � 10�3 M.
The pH then decreases at [CTACl] = 8 � 10�3 M,
i.e. well above the surfactant CMC in the presence
of buffers (ca 5 � 10�4 M).7,15a,24 A constant pH


implies that both components of the buffer ex-
change for the surfactant counterion. Therefore, the
pH profile of the phosphate buffer suggests strongly
that not only the basic dianionic phosphate but
also the acidic monophosphate anion exchange for
the chloride ion of the surfactant, with K


H2PO�
4


Cl smal-
ler22c than K


HPO2�
4


Cl . However, a quantitative analysis of
the observed pH profile is not possible with these data
only.


(2) The hydroxymethyl amines show quite different pH–
surfactant profiles. Thus no pH change has been
observed with AMP solutions:23 Table 1. A similar
behavior has been observed for AMP at pH 9.8, i.e. at
a very different [acid]/[base] ratio.7 The obvious
conclusion is that there is no micellar incorporation of
both components of this buffer.


(3) A similar conclusion on buffer incorporation can be
drawn for tris at [CTACl] 4 � 10�3 M. This is
consistent with the marked hydrophilicity of solutes
carrying the hydroxymethyl group.22,25 However,
close to [CTACl] = 8 � 10�4 M, i.e. close to the CMC
of the surfactant, the pH-profiles of 10�2 M tris
buffers exhibit ‘dips’, Figs 1 and 3. The depth of the
dip depends on the nature of Y�, and in particular on
its solvation energy.21,26 It is deep (�0.40 pH unit)
for the poorly solvated acetate ion, less pronounced
(�0.25 pH unit) for the chloride ion, and disappears
for the strongly solvated fluoride ion. The reason for
the dependence of �pH on the solvation of Y� is
unclear at the moment, but it may be due to specific
interactions within sub-micellar aggregates,11a since
the dip disappears above the CMC.


(4) Finally, the pH profile of GME is different from other
amine buffers in two respects: (i) the pH becomes
independent of [CTACl], after an initial decrease


)����� �" �	�	��	�(	 �* �8 �* �,	 ���	��� 7�**	� �������
�� 9�
-�:� ���	� �,	 *��<��� (���������= �8� > %.5�
)&°�� 9"�**	�:
 > �'�) ;. 
,	 ���� ��	 *�� �,	 *��<���
7�**	��= �,���,��	 ?�@� !;AB�� ?�@� -;�B-(+� ?�@� ����B
-(+� ?�@. �� �,�� ��� ��7�	��	�� /���	�� �,	 ���� ��	�
<	�	 ���<� �� ����	 �,	 	�	


)����� �" �	�	��	�(	 �* �8 �* ���	��� �������� �*
�,���,��	 7�**	� �� 9�
-�:� �� �8� > %.5 ��� )&°�. 
,	
���� ��	 *�� 9�,���,��	:
 > �'


��
; ?�@� 9�,���,��	:
 >


�'�) ; ?�@. 
,	 ���7� � �	*	�� �� �8 ���	� (�(���	�
<��, �,	 ��A ���	� 7� ����� C HPO2�


4
Cl


� '�%D ��� ��������
�� 7������ �* 8)�+


�
E ?�		 �	F�@


)����� &" �	�	��	�(	 �* �8 �* ���	��� �������� �* ����
7�**	� �� 9�
-�: ��� �,	 7�**	� (����� �� �8� > %.5� )&°�
��� 9����:
 > �'


�)
;. 
,	 ���� �	*	� �� �,	 *��<��� G� �*


 �8�
0 G


�= �(	���	 ?H@� (,����	 ?�@� ��� I�����	 ?�@
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of ca 0.2 pH unit, caused by addition of 10�3 M


surfactant (Fig. 1): (ii) this profile was observed at
[Buffer]T = 10�2 and 10�1 M (plot not shown). As in
the case of borate,7 the absence of pH dependence at
higher [surfactant] suggests a similar incorporation of
the acid and base components of GME, an aminoester
less hydrophilic than the hydroxymethyl amines.22


Moreover, the large concentrations of chloride ions
added to the aqueous pseudophase (Table 1) can also
affect the structure of the micellar aggregates and
their ion-binding ability.13a


In conclusion, each of the buffers studied exhibits a
specific pH response to addition of CTACl. Even if the
acid component of the amine buffers is not incorporated
into the micelle, its coion appears to affect �pH. These
results bear on general and specific salt effects on
micellar interfacial regions.8,12,13


4�-44���## �������	 �	 ��5 �6����� ������	


In aqueous solution, the pKa of INAA is 7.38, i.e. there
will be comparable concentrations of the oxime and
oximate ion (the reactive nucleophile in the dephos-
phorylation reaction) in the aqueous pseudophase at the
pH of the present study, i.e. 7.9.19,27 The oxime, however,
is unstable in bulk water at this pH because of a reaction
between its anionic and neutral forms that produces
pyruvic acid, among other products.28 Accordingly, we
were unable to obtain reliable rate data for the reaction of
PNDPP with INAA in this medium. In contrast, repro-
ducible pseudo first-order kinetics were observed in bulk
aqueous solution at pH 9.8, i.e. where the concentration of
the oxime is negligible compared with that of the oximate.
The second-order rate constant for the reaction of INAA
anion with PNDPP in buffered bulk aqueous solution was
found to be k2,w = 0.27 � 0.01 M�1 s�1.


4�-44���## �������	 �	 ������ �����������


In our previous work,7 the rate constant k2,m for the
reaction of PNDPP with 2,3-butanedione monoximate
[Eqn. (4) with Ox� = CH3COC—(CH3)=NO�] in the
presence of CTACl was determined with the oxime–
oximate system itself acting as buffer. The reason was to
avoid ion exchange, other than that between Cl� and the
oximate. This procedure was unsuccessful with INAA,
because of the above-mentioned decomposition at pH 7.9
in the aqueous pseudophase. This reaction is probably
responsible for the unreasonably large pH drop (ca three
units) that has been observed in the pH–[CTACl] profile
for the oxime/oximate buffer, due to the formation of
acidic species, e.g. pyruvic acid (in water, pKa = 2.50).
For INAA, k2,m and KOx


Cl are, therefore, inaccessible by
this method.


However, in agreement with published data on bimol-
ecular reactions in micellar media,1,6,7,11a it is expected
that k2,m/k2,w, the ratio between the rate constants of the
reaction in micellar and aqueous pseudophases, is smaller
than unity, as found for the butanedione monooximate–
PNDPP reaction.7 Therefore, it is estimated that k2,m for
the INAA–PNDPP reaction is in the order of 0.1 M�1 s�1,
corresponding to km = 0.7 s�1 with km = k2,m/Vm (micellar
volume, Vm = 0.14 M).1c The expected KOx


Cl value for
INAA oximate should be either similar to that for
butanedione monooximate,7 if electrostatic interactions
dominate the ion exchange, or slightly smaller if
hydrophobic interactions play a role. With regard to the
latter, INAA appears to be more hydrophilic than
butanedione monoxime, based on values of log Poct


22d,22e


(the partition coefficient of nonionic solutes between n-
octanol and water, a measure of their hydrophobic
character) of 0.86 and 0.02 respectively.


-���	��	�� �
 ��������� ����������	 �	 ��

��


In contrast to the reactions at pH 7.9 in bulk water, or in
CTACl solution buffered solely by INAA, there is no
significant oxime decomposition in the reaction in
CTACl solutions buffered by phosphate, tris or AMP.
This is evidenced by the quality of the rate data,† and the
absence of a pH drop at the end of the reaction. The
INAA stability may arise from: (i) the reaction of the
oximate with PNDPP in the micellar pseudophase being
faster than its reaction with the oxime in the aqueous
pseudophase, resulting in a protection of INAA against
decomposition (vide infra); (ii) the total oxime concen-
tration in buffered CTACl solution ([Ox]T = 10�3 M) is
smaller than that employed in the absence of surfactant
([Ox]T = 10�2 M). The second explanation seems un-
likely, however, since INAA decomposition occurs in
CTACl solutions buffered by GME (vide infra).


The observed rate–[surfactant] profiles in buffered
CTACl solutions are shown in Fig. 4. They are consistent
with second-order micelle-mediated ion–molecule reac-
tions. With the three buffers, the largest acceleration
occurs at [CTACl] close to (1 � 0.2) � 10�3 M, i.e. at
[CTACl] slightly higher than the experimental CMC
(5 � 10�4 M in the presence of buffers), as has been
observed elsewhere.11a The corresponding kmax values
and micellar accelerations (kmax/kw) are reported in Table
2. The effect of buffer concentration is small, k0.01M/
k0.1M = 6 for phosphate and 3 for tris and AMP, and can
be attributed to a ‘medium’ effect arising from differ-
ences between the properties (including ionic strength
and polarity) of the aqueous pseudophase and interfacial


†The pseudo first-order experiments afford excellent monoexponen-
tials with correlation coefficient R 0.999 and a reproducibility better
than �2%. Calculated [p-nitrophenoxide] was in excellent agreement
with [PNDPP]0.
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water,1,11–15,29 and/or an interfacial binding of the buffer,
in the case of phosphate in particular. Tris/F� exhibits an
unexpected behavior, since the rate increases with
[Buffer] instead of decreasing as for the other buffers,
Table 2. This result is readily understood in view of the
high nucleophilicity of dehydrated fluoride ions, and the
possibility of a fluoride-ion-catalyzed dephosphorylation
of PNDPP.30 That is, the partially desolvated F� in the
interfacial region is likely to compete with micellized
oximate. Although the chloride–fluoride exchange con-
stant is small,20 KF


Cl � 0�22, the total fluoride ion
concentration ([F�]T = 6.2 � 10�2 M and 6.2 � 10�3 M


with tris/F� = 10�1 M and 10�2 M, respectively, Table 1)


is large compared with that of the oximate,
[Ox�]T = 7.5 � 10�4 M. From the relative values of KF�


Cl
and KOx�


Cl , at [tris/F�] = 10�2 M, we estimate that [F�]m is
at least 1.7 times larger than [Ox�]m; this concentration
difference may compensate for differences in reactivity
between the two nucleophiles.


The trend of the micellar acceleration (kmax/kw in Table
2) and its dependence on the buffer is not fully consistent
with the conclusions of the pH-metric study of the
buffers. Whereas the micellar kinetic effect in the
presence of phosphate, the most strongly CTACl-bound
buffer, is, as expected, the smallest (Table 2), significant
differences in kmax/kw were observed with amino buffers,
although the pH–[CTACl] profiles imply no buffer
incorporation. These differences can be readily inter-
preted in the following terms: the changes in micellar
effects result, unambiguously, from changes in the
concentration of micellized oximate anions [Ox�]m,
which are related to KOx�


Cl rather than to changes in the
micellar rate constant km. (km can vary with the buffer-
dependent hydration and ionic strength of the interface.
However, the corresponding km variations are likely to be
within the error range of the km value measured in this
work.) The smaller the interfacial binding of the buffer
components, and in particular the coion Y�, the larger is
the concentration of micellized oximate [Ox�]m and the
larger is the micellar acceleration.


The role of the buffer coion in determining [Ox�]m is
evidenced by comparing the micellar effects where tris/
AcO� and tris/Cl� were used as buffers. With the more
strongly CTA-bound chloride, the rate increase is slightly
smaller and, as expected, [Ox�]m is smaller. In contrast,
the micellar acceleration is large with AMP/AcO� and
tris/AcO�. This agrees‡ with the large concentrations of
acetate ions added (6.08 � 10�3 M and 9 � 10�3 M for
AMP and tris respectively; Table 1), readily exchange-
able for the surfactant counterions, vide infra.


No reliable kinetic data were obtained for the GME-
buffered micellar reaction, because the release of p-
nitrophenolate was erratic and very slow. As in bulk
aqueous solution buffered solely by the oxime buffer, the
main reaction is the decomposition of INAA. This is
strong evidence for an insignificant micellization of
oximate ions. The inhibition of oximate micellization
cannot result from the large concentrations of chloride
ions introduced, since with this buffer the [Cl�] is not
markedly higher (10�2 M) than with tris ([Cl�] = 6.1 �
10�3 M). Therefore, inhibition of the oximate micelliza-
tion is consistent with a saturation of the micellar
interface by incorporation of both components of this


)����� 7"  ��	�9���*�(����: ���/	� *�� �,	 ��������--
�	�(���� 9A��. ?E@: �� )&°� �� �,	 ��	�	�(	 �* 7�**	��� ���	�
�,	 *��<��� (���������= 9+F�:
 > %.&� �'�E ;J 9"�**	�:
 >
�'�) ;J �8� > %.5. 
,	 ���� �	*	� ��= ����B�


� ?�@� ����B-(+�


?�@� -;�B-(+�?H@� ��� �,���,��	 ?�@


,��� �" �	�	��	�(	 �* ��F���� ��(	�� �((		�������
K��F �* �,	 ��������-- �	�(���� �� 7�**	� �� �,	 ��	�	�(	
�* �
-�� �� )&°��


Bufferb [Buffer]T kmax
c (s�1) kmax/kw


d


Phosphate 10�1 0.013 65
10�2 0.083 410


AMP/AcO� 10�1 0.037 185
10�2 0.119 590


Tris/AcO� 5 � 10�2 0.107 530
10�2 0.140 690


Tris/Cl� 10�1 0.040 200
10�2 0.110 540


Tris/F�e 10�1 0.280
10�2 0.210 –


a Eqn. (4) with Ox� = INAA oximate.
b Buffer composition of Table 1.
c At � 2%; for [CTACl] = 1 � 10�3 M.
d kw/s�1 calculated with k2,w = 0.27 M


�1 s�1 at [Ox�] = 7.5 � 10�4
M.


e Competition between dephosphorylation by Ox� and F�; see text.


‡For tris/AcO�, it is interesting to note that the dip in the pH–[CTACl]
profile and the maximum acceleration occur at the same [CTACl]
(1 � 10�3


M), i.e. where [Ox�]m is the largest. In other words, the
sizeable pH decrease of the tris/AcO� buffer solution (attributed to
ion-pair interactions in the aqueous pseudophase) did not provoke a
significant decrease in [Ox�]T.
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relatively hydrophobic buffer, as suggested by the pH
data.


In summary, the micellar acceleration depends on
[Ox�]m. This concentration, in turn, is determined by the
interplay of the following factors: KOx


Cl ; ion-exchange of
buffer components (e.g. phosphate) or buffer coion (e.g.
amines) for the surfactant counterion; inclusion of the
amine itself (e.g. GME) into the micellar pseudophase;
small specific salt effects. The latter effect is measurable
because the buffer concentration in our study (10�2 M) is
large compared with those of the surfactant and the
oximate.


$8��	���	 �
 ��� 4�$ ���� �� �����(��	 �8���	��
�������	�


The rate–[CTACl] profiles analogous to those of Fig. 4
are generally analyzed with the equation [Eqn. (3)]
derived from the pseudophase ion-exchange model with
[Nu�]m = [Ox�]m, calculated as mOx (mOx = [Ox�]m/
[Dn]) from Eqn. (5), in which [Cl�]T is the concentration
of chloride ions, i.e. that of the surfactant, [Ox�]T is the
total oximate concentration, KOx


Cl � ��Ox�	m�Cl�	w����Ox�	w�Cl�	m� and � is the micellar charge:


�mOx�2 � mOx��Cl�	T � KOx
Cl �Ox�	T


�Dn	�KOx
Cl � 1� � ��


� �KOx
Cl �Ox�	T


�Dn	�KOx
Cl � 1� � 0


�5�


For the PNDPP–INAA reaction that occurs only at the
micellar interface (Ks of PNDPP is large), Eqn. (3)
simplifies to Eqn. (6), where mOx can be obtained from
Eqn. (5) for a given KOx


Cl :


kobs � kmmOx � km
�Ox�	m
�Dn	 �6�


According to Eqn. (6), the relationship between kobs and
mOx should be linear, the slope of which affords km.
Therefore, KOx


Cl has to be iterated until the best regression
coefficient R for the kobs–mOx relationship is obtained.


When applied roughly to all the rate data of Fig. 4 and
to those obtained previously for the PNDPP–butanedione


monooximate,7 this procedure does not provide any
acceptable linear relationship, independently of the value
of KOx


Cl .
In contrast, Eqn. (6) fits fairly well the experimental


rate profile with tris/Cl�, for which Scheme 1 simplifies
to Eqn. (1), where [Cl]T of Eqn. (5) refers to the chloride
ions from CTACl and the buffer. The better fit
(R = 0.998) was observed over a rather large range of
KOx


Cl , and km was obtained with an acceptable accu-
racy: KOx


Cl � 2 � 1�5, km � 2 � 0�7s�1, k2�m�kw � 1�
0.5. These values are in reasonable agreement with those
estimated above (vide supra).


For the two amine buffers with Y� = AcO�, Scheme 2
should be considered. According to Scheme 2, the
oximate micellization arises not only by exchange with
CTACl but also with CTAOAc. Therefore, not only KOx


Cl
but also KOx


AcO must be taken into account. The relevant
constants are: KAcO


Cl � 0�5�KOx
AcO � KOx


Cl �KOAc
Cl � 2KOx


Cl
with 0�5�KOx


Cl �3�5. With these values, the balance
between the three micellized anions, [Cl�]m, [AcO�]m


and [Ox�]m, is readily calculated§ for each KOx
Cl at each


total surfactant concentration, as shown in Table 3, for
example. Then, KOx


Cl is optimized by using Eqn. (6), under
the form of kobs [Dn] = km[Ox�]m, which provides a km


value independent of [surfactant] and/or buffer type (tris
or AMP). The best km value, 0.54 � 0.05 s�1, was
obtained with KOx


Cl � 1�5 � 0�5 and 2.0 � 0.5 for tris/
AcO� and AMP/AcO� respectively. Therefore, for the
PNDPP–INAA reaction, k2,m = 7.6 � 10�2 M�1 s�1 and
k2,m/k2,w = 0.3.


,��� &" ���	�*�(�� ������7������ � > 9�����:�B9��:� �* �,	
�,�		 ��(	�6	� ������� ��� -(+� ��� +F�� �� �
-�
�������� �� �,	 ��	�	�(	 �* -;�B-(+� 7�**	�
?9"�**	�:
 > �'


�)
;J 9-(+�:
 > D.50� �'�0 ;J 9+F�:
 >%.&


� �'�E ;@� (�(���	� *��� �(,	�	 ) <��, COx
Cl � ) ���


COx
AcO � E


103[Dn] (M)a mOx mAcO mCl 102kobs (s�1)b


1 0.19 0.38 0.04 11.3
2.5 0.16 0.37 0.09 9.33
3.5 0.14 0.37 0.11 8.42
4.5 0.13 0.36 0.14 7.42
5.5 0.12 0.35 0.16 6.55
7.5 0.10 0.34 0.19 4.61
9.5 0.09 0.33 0.22 3.96


14.5 0.07 0.30 0.27 3.28
19.5 0.05 0.28 0.31 2.95


a [Dn] = [CTACl] �CMC with CMC = 5 � 10�4 M; Ref. 24.
b At � 2%.


%����� �


§In Scheme 2, the relative concentrations of the two surfactants
present, namely CTACl and CTAOAc, do not depend on [oximate],
since neither Cl� nor AcO� are consumed during the reaction.
Therefore, [Cl�]m and [AcO�]m are first calculated at each [CTA�]T
with KAcO


Cl only, without considering the presence of [Ox�]. Then,
[Ox�]m is calculated as the sum of the micellized oximate concentra-
tions, arising from its exchanges for [Cl�]m and [AcO�]m indepen-
dently, at each [CTA�].
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We now consider the significance of the results obtained.
The decrease of about one-third in the second-order rate
constant for the PNDPP–INAA reaction on going from
the aqueous pseudophase to the micellar interface is
consistent with that found for the PNDPP–butanedione
monooximate reaction (k2,m/k2,w = 0.4) and agrees with
those usually obtained in nucleophilic substitutions.1 The
rate constant decrease of the oximate reactions in
micellar media is likely to be attributed to the small
polarity of the interfacial region, rather than to partial
desolvation of the oximates at the interface. Indeed, it is
now known that the high reactivity of these �-
nucleophiles in water is due to their poor hydration,18


i.e. further dehydration on going to the micellar interface
should have an insignificant effect on their reactivity.


Despite the rate constant decrease, marked accelera-
tions in micellar media are observed. This is consistent
with the inappropriately11a termed ‘micellar catalysis’ of
nucleophilic reactions, which is currently attributed to an
increase in the nucleophile concentration in the small
micellar volume and not to a rate constant increase.1 In
this respect, the data of Table 3 and the change in mOx


with the surfactant concentration in the presence of AMP/
AcO� buffer are of interest. The large micellar accelera-
tion in the presence of added acetate ions is readily
understood since, at small [surfactant], the main
surfactant is CTAOAc, which allows a markedly large
micellar incorporation of the oximate: about 20% of the
surfactant is present as CTAOx. These data also make it
possible to understand why, in our previous work,7 the
micellar acceleration with CTAOAc was very similar to
that with CTACl in the presence of added acetate ions.


Finally, the micellar protection of INAA against its
decomposition also deserves to be emphasized, since
similar results were obtained for dephosphorylation by
the highly unstable magnesium monoperoxyphthalate
(MMPP) in micellar media.31 INAA and MMPP decom-
pose by nucleophilic attack of their anionic forms on their
neutral precursor.28 A reasonable interpretation, consis-
tent with the pK decrease of oximes at micellar interfaces
(vide supra) is, therefore, that the two neutral and anionic
species are segregated into two distinct pseudophases:
oxime in the water pseudophase and oximate at the
interface.


/��/0.%���%


The present study shows the complexity of analyzing
pH–[surfactant] profiles of aqueous buffered solutions.
For the pH region employed, 7–8, only AMP and tris can
be considered as ‘well-behaved’ buffers, since both
components, i.e. RNH2 and RNH�


3 , are not micelle-
incorporated. The role of the coion of RNH�


3 Y� should
be taken into account, however, because ion exchange


with the micellar counterion means that the surfactant
present may be CTAY and not CTACl. In contrast, GME
and phosphate, two frequently employed buffers in the
pH range 7–8, are not suited for CTACl solutions, since
both buffer components are incorporated into the micelle.


Our work bears on the question of micelle-induced pKa


changes (�pKa,m = pKa,m�pKa,w), because the relative
binding of the buffer components is relevant to Ka,m, as
shown in Scheme 3. According to Scheme 3, the absence
of binding of one component implies a sizeable �pKa,m,
since Ka�m�Ka�w � KA�


Cl �KAH
S . Rate–and pH–[surfactant]


profiles have indicated that both buffer components of the
two hydroxymethylamines do not bind to the micelle, i.e.
�pKa,m values for these buffers are most certainly
inaccessible. Our results for the relatively hydrophobic
GME, and previous results on similar hydrophobic
amines,2,22 indicate that �pKa,m for this buffer is
negative. In agreement with the literature,2 our data
clearly indicate that �pKa,m for phosphate is negative and
relatively large, although its magnitude is probably less
than that calculated from K


HPO2�
4


Cl only, since the
phosphate monoanion also binds to the micelle. The
oximate anion of INAA, but not its neutral form, binds to
CTACl; therefore, a negative �pKa,m is implied, in
agreement with results of other oximes.2,6 Significant
micellar accelerations can be achieved only with ‘well-
behaved’ buffers that do not inhibit micelle incorporation
of the anionic nucleophile. For amine buffers, it is
important to use readily exchangeable coions, because
this leads to an additional increase of nucleophile
micellization; Scheme 1. Independent of the buffer
employed, however, salt effects on the organized
assembly (including on the properties of interfacial
water) are probably significant. Work is in progress to
understand better these specific buffer effects.


$94$+�'$�,#0
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All reagents were purchased from Aldrich or Merck and
were of the purest grade. Buffer solutions were prepared
with CO2-free distilled water. Freshly prepared solutions
were used in all experiments. CTACl (98%, Fluka) was
used without further purification. INAA was synthesized


%����� &
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according to the previously published procedure19 and
purified by sublimation under reduced pressure before
use. Freshly prepared solutions were used for the kinetic
experiments. The absence of INAA decomposition was
checked spectrophotometrically (oxime: �max = 232 nm,
�max = 9250 M�1 s�1; oximate: �max = 281 nm,
�max = 10700 M�1 s�1). PNDPP was prepared and
purified as previously described.32


:�	���� ���������	��


Rate constants were determined at 25.0 � 0.01°C under
pseudo first-order conditions in the thermostatic cell of a
Perkin Elmer �2 spectrophotometer. The reactions were
initiated by injecting 12 �l of 2.3 � 10�3 M solution of
PNDPP into 1.2 ml of buffer solution containing the
oxime and the surfactant. The rates of PNDPP esterolysis
were determined by following the appearance of p-
nitrophenolate ion at 402 nm. The absence of INAA
decomposition during the kinetic run was checked by
measuring the pH at the end of the experiment. The
pseudo first-order rate constants kobs were obtained by
nonlinear regression fitting to the equation At =
A�(1 � ekobst) where At and A� are the absorbances at
time t and ‘infinity’ respectively; kobs values were found
to be reproducible within 2%.


�� ���������	��


pH data were measured under argon atmosphere at
25 � 0.1°C using a Methrom pH meter (Model 691)
equipped with a Metrohm glass electrode (Ref.
6.0219.100) with a sleeve diaphragm and a double-
junction to the Ag/AgCl ([KCl] = 3 M) inner reference.
This electrode, specific for pH measurements in surfac-
tant solutions, prevents the clogging of the diaphragm.
The glass electrode was standardized by using standard
pH 7.0 and 10.0 buffers.
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ABSTRACT: The oxidative behaviour and relative reactivities of three alkanols and 11 aryl alcohols towards
gold(III) in sodium acetate–acetic acid buffer were studied. The reactions are first order with respect to [Au(III)] and
in each [R1R2CHOH]. Both H� and Clÿ ions retard the rate of reactions. The reactions obey the following rate
expression:


ÿd�Au�III ��=dt � k1 � �k2 ÿ k1�K2


�Clÿ� � �k3 ÿ k1�K2K3


�H���Clÿ�
� �


�R1R2CHOH��Au�III ��


AuCl4
ÿ, AuCl3(OH2) and AuCl3(OH)ÿ are the reactive species of gold(III) and the reactivity follows the order


AuCl3(OH)ÿ> AuCl3(OH2)> AuCl4
ÿ. The activation parameters of the reactions were calculated. Alkanols react


with gold(III) in the order ethanol>methanol> 2-propanol. The unsubstituted benzyl alcohol reacts with gold(III) at
a faster rate than benzhydrol. The pseudo-first-order rate constants in the oxidations of aryl alcohols follow the order
NO2> H> Cl>OMe. The reactions occur via C—H bond cleavage and through the intermediate formation of free
radicals. Copyright 2001 John Wiley & Sons, Ltd.


KEYWORDS: tetrachloroaurate(III); oxidation; alkanols; aryl alcohols; kinetics


INTRODUCTION


Gold(III) compounds, which are toxic in nature were
used earlier1 in the treatment of tuberculosis. The
hydrolysis of AuCl4


ÿ has been studied by several
investigators and the existence of different gold(III)
species has been suggested.2–6 Studies involving the
substitution reactions of gold(III) with ethylenedi-
amine7a,8 and other polyamines7a,b have been reported.
The mechanism of the oxidation of some inorganic and
organic compounds by gold(III) have been studied.9–15


There are no literature data to date involving the
oxidation of alcohols by gold(III), although the kinetics
of oxidations of some alkanols and aryl alcohols by
copper(III) and silver(III)16,17have been studied.


The redox potentials only of HCHO–CH3OH and
CH3CHO–CH3CH2OH couples are known.18 The values
are 0.190 and 0.192 V, respectively, whereas that of the
Au(III)–Au(I) couple is 1.401 V.19 Hence the possibility
of the oxidation of the alcohols by gold(III) seems


plausible. Since alkanols are soluble in water, the
oxidations have been studied in aqueous medium. The
substituted benzyl alcohols are partially soluble in water
but soluble in different solvents such as acetonitrile,
dioxane, dimethylformamide andtert-butyl alcohol.
Since gold(III) chloride is unreactive towardstert-butyl
alcohol, the oxidations of aryl alcohols by gold(III) were
studied in tert-butyl alcohol (15%, v/v). Again, gold(III)
chloride is partially hydrolysed2,4,5 at lower acidities
(1.1–12.6)�10ÿ7 mol dmÿ3, and the reactions are too
slow to be monitored in a highly acidic medium
(>10ÿ3 mol dmÿ3), but take place at measurable rates
in sodium acetate–acetic acid buffer medium. The
oxidations of alkanols and aryl alcohols by Cu(III) and
Ag(III) occur by a free radical mechanism. Au(III) may
also be reduced to give Au(II) in the rate-determining
step followed by disproportionation of Au(II) to give
Au(III) and Au(I). Alternatively, a one-step two-electron
transfer mechanism may also be operative in the
oxidation of these substrates by Au(III). The purpose of
this investigation was to elucidate the electron transfer
behaviour of the redox reactions involving gold(III) and
the substrates. An attempt was also made to compare the
present results with those for Cu(III) and Ag(III).
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RESULTS AND DISCUSSION


Effect of reactant concentrations


The reactionswere investigatedat different concentra-


tionsof Au(III) but at constant[substrate],pH, [Clÿ] and
temperature.Thepseudo-first-orderrateconstantsremain
unaltered in the [Au(III)] range (0.8–
3.0)�10ÿ3 mol dmÿ3 (Table 1). Theseresults indicate
that the rate is first order with respectto [Au(III)]. At
constant[Au(III)], [Clÿ], pH and temperature,the rate
increaseswith increasein [substrate].Theresultsplotted
in Fig. 1 indicate that eachreactionis first order with
respectto [substrate].


Effect of [H�]


Therateof thereactionwasstudiedat 298K at different
pH values(3.72–4.80)usingsodiumacetate–aceticacid
buffer while keeping [Au(III)], [substrate]and [Clÿ]
constant at 8.0�10ÿ4, 1.5�10ÿ2 and
1.0�10ÿ2 mol dmÿ3, respectively.No attemptwasmade
to keeptheionic strengthconstantsincethevaluesof kobs


remainsunchangedat different ionic strengths,0.05–
0.15mol dmÿ3, varied by the addition of sodium
perchlorate.The valueof kobs increaseswith increasein
pH. The plot of k (k = kobs/[substrate])vs [H�]ÿ1 gavea
straightline with apositiveslopeanda positiveintercept
on theordinate(Fig. 2).


Table 1. Values of pseudo-®rst-order rate constants for
the oxidations of different alcohols by gold(III) at 298 K
with [Au(III)] = (0.8±3.0)� 10ÿ3 mol dmÿ3, [substrate] =
2.5� 10ÿ2 mol dmÿ3, [Clÿ] = 1.0� 10ÿ2 mol dmÿ3 and
pH = 4.05


No. Alcohol kobs(10ÿ3Sÿ1)


1 Methanol 0.645� 0.02
2 Ethanol 0.839� 0.01
3 2-Propanol 0.462� 0.01
4 Benzylalcohol 7.60� 0.06
5 Benzhydrol 2.39� 0.2
6 o-Nitrobenzylalcohol 9.18� 0.04
7 m-Nitrobenzylalcohol 10.7� 0.08
8 p- Nitrobenzylalcohol 12.3� 0.2
9 o-Chlorobenzylalcohol 3.19� 0.2


10 m-Chlorobenzylalcohol 4.27� 0.05
11 p-Chlorobenzylalcohol 6.45� 0.1
12 o-Methoxybenzylalcohol 2.73� 0.2
13 m-Methoxybenzylalcohol 3.71� 0.05
14 p-Methoxybenzylalcohol 5.53� 0.07


Figure 1. Variation of pseudo-®rst-order rate constant with substrate concentrations. Oxidation of methanol was studied in
aqueous medium unlike benzyl alcohol in 15% tert-butyl alcohol. Plots of kobs versus [substrate] at different temperatures.
[Au(III)] = 8� 10ÿ4 mol dmÿ3, [H�] = 8.91� 10ÿ5 mol dmÿ3 and [Clÿ] = 1.0� 10ÿ2 mol dmÿ3
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Effect of [Clÿ]


Thereactionwasstudiedat 298K at different [Clÿ] [(8–
35)�10ÿ3 mol dmÿ3] variedby theadditionof NaCl but
at constant[Au(III)], [substrate]and[H�] of 8.0�10ÿ4,
1.5�10ÿ2 and 8.91�10ÿ5 mol dmÿ3, respectively.
Chloride ion inhibits the rate of the reaction.The plot


of k against[Clÿ]ÿ1 is linear with a positive slopeand
positiveintercepton theordinate(Fig. 3).


Effect of solvent


The effect of variation of the solventsuchas tert-butyl
alcohol on the pseudo-first-orderrate constantwasalso


Figure 2. Variation of second-order rate constant with acid concentration. Plots of k vs [H�]ÿ1 for different substrates at 298 K.
[Au(III)] = 8� 10ÿ4 mol dmÿ3, [substrate] = 1.5� 10ÿ2 mol dmÿ3 and [Clÿ] = 1.0� 10ÿ2 mol dmÿ3


Table 2. Effect of solvent composition on the pseudo-®rst-
order rate constant for benzyl alcohol with [Au(III)] =
8.0� 10ÿ4 mol dmÿ3, [benzyl alcohol] = 8.0� 10ÿ3 mol
dmÿ3, [Clÿ] = 1.0� 10ÿ2 mol dmÿ3, pH = 4.05 and tem-
perature = 303 K


tert-Butyl alcohol(%, v/v) kobs (10ÿ3sÿ1)


0 4.95
10 4.03
15 3.90
20 2.92
30 2.05
40 1.45


Table 3. Values of pseudo-®rst-order rate constants for the
oxidation of alkanols and deuterated alkanols by gold(III) at
298 K with [Au(III)] = 8.0� 10ÿ4 mol dmÿ3, [alkanol] = 2.0�
10ÿ2 mol dmÿ3, [Clÿ] = 1.0� 10ÿ2 mol dmÿ3 and pH = 4.05


Alkanol kobs (10ÿ4 sÿ1) kH/ kD


CH3OH 5.21 —
CH3OD 5.19 1.00
CD3OD 2.76 1.89
C2H5OH 6.69 —
C2H5OD 6.72 0.99
C2D5OD 3.87 1.73
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studiedfor theoxidationof benzylalcoholby gold(III) at
constantreactantconcentrationsand temperature.The
rateincreaseswith increasein dielectricconstant(Table
2).


Effect of substituents


Thereactivitiesof alkanolstowardsgold(III) wasstudied
in aqueous medium and follow the order
ethanol>methanol> 2-propanol.Thisorderis in agree-
mentwith thosereportedby HoareandWaters20 for the
cobalt(III) oxidationsof the samealcohols.The rate of
oxidation increasesin the presenceof electron- with-
drawinggroupsanddecreasesin thepresenceof electron-
donatinggroups.When the substituentis chlorine, the
rate was found to be betweenthose for the nitro and
methoxy derivatives.The pseudo-first-orderrate con-
stantsfollow theorderNO2> H>Cl>OMe. Theplots
of log kobs against� give a good linear relationship
(r = 0.9847)andthevalueof �wascalculatedto be0.323.
This low valueof r is not unexpectedandhasalsobeen
reportedby other workers.21 The unsubstitutedbenzyl


alcohol reacts at a faster rate than benzhydrol. In
benzhydrol probably the steric hindrancedue to the
secondphenylgroupon the alcoholiccarbonmakesthe
reaction less favourable22 than benzyl alcohol with
gold(III), therebydecreasingthe ratein benzhydrol.


Kinetic isotope effect


Thekinetic isotopeeffectsof CH3OH, CH3OD, C2H5OH
and C2H5OD were studied(Table 3). The kH/kD values
were 1.00 and 0.99, respectively.On the other hand,
CD3OD and C2D5OD are oxidisedat slower ratesthan
the respectiveparentalcohols.The resultsare given in
Table 3. The values of kH/kD are 1.89 and 1.73,
respectively.SmallervalueskH/kD of 1.2–2.0havealso
been observed23,24 in the oxidations of some organic
compounds by manganese(III),vanadium(V), ceriu-
m(IV) and cobalt(III) in acidic medium where the
oxidationshave beenshown to occur via C—H bond
fission.All theseresultsindicate that oxidationsof the
alcoholsby gold(III) do not occurvia O—H bondfission
but rathervia C—H bondcleavage25,26.


Figure 3. Variation of second-order rate constant with chloride ion concentration. Plots of k vs [Clÿ]ÿ1 for different substrates at
298 K. [Au(III)] = 8� 10ÿ4 mol dmÿ3, [substrate] = 1.5� 10ÿ2 mol dmÿ3 and [H�] = 8.91� 10ÿ5 mol dmÿ3
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Activation parameters


The second-orderrate constants(k) were determinedat
different temperatures (288–303K). The activation
enthalpies (DH≠) were calculated from the plots of
log(k/T) vs Tÿ1 (Fig. 4) followed by entropies of
activation(DS≠) usingtheequation


log�k=T� � �log�kB=h� ��S6�=2:303R�ÿ�H 6�=2:303RT


�1�


wherekB andh havetheir usualsignificance.
The activationparametersare given in Table 4. The


enthalpyof activationis linearly relatedto theentropyof
activation,asshownin Fig. 5. Theisokinetictemperature
was calculatedto be 280K for alkanolsand 350K for
aryl alcohols.The isokineticbehaviouris alsosupported
by thelinearplot of log k' versuslog k, wherek' andk are
the second-orderrate constantsat temperatures293K
(T1) and 298K (T2), respectively (Fig. 5). All these
results indicate that a similar mechanism may be
operativein all thesereactions.The isokinetic tempera-
ture was calculated from the relation b = T1T2(1ÿf )/


(T1ÿT2 f ), wheref is the slopeof the Exnerplot.27 The
valueof b wasfoundto be266K for alkanolsand359K
for aryl alcohols.Thevalueof b for alkanolsis lowerthan
theexperimentaltemperatureof 295K whereasb for aryl
alcohols is higher than 295K. Hencethe reactionsof


Figure 4. In¯uence of temperature on second-order rate constant. Plots of log (k/T) vs Tÿ1 for the oxidations of alkanols and aryl
alcohols


Table 4. Values of activation parameters for the oxidation of
different alcohols by gold(III)


No Alcohol
DH≠


(kJmolÿ1)
DS≠


(JKÿ1 molÿ1)


1 Methanol 77� 2 ÿ17� 7
2 Ethanol 85� 2 11� 7
3 2-Propanol 72� 4 ÿ36� 14
4 Benzyl alcohol 73� 2 ÿ10� 7
5 Benzhydrol 92� 4 44� 14
6 o-Nitrobenzylalcohol 70� 4 ÿ18� 14
7 m-Nitrobenzylalcohol 66� 6 ÿ30� 7
8 p-Nitrobenzylalcohol 64� 2 ÿ36� 7
9 o-Chlorobenzylalcohol 88� 2 33� 7


10 m-Chlorobenzylalcohol 83� 8 19� 27
11 p-Chlorobenzylalcohol 74� 4 ÿ8� 14
12 o-Methoxybenzylalcohol 91� 2 42� 7
13 m-Methoxybenzylalcohol 86� 2 28� 7
14 p-Methoxybenzylalcohol 81� 2 14� 7
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alkanolsare entropy controlled28 whereasthoseinvol-
ving aryl alcohols are believed to be enthalpy con-
trolled.29 It may be mentionedthat the oxidation of
alkanolshasbeenstudiedin aqueousmedium,unlikearyl
alcohols,studiedin tert-butyl alcohol(15%,v/v).


The following equilibria areknown6,9,30 to exist in a
dilute solutionof tetrachloroauric(III)acid:


HAuCl4 �
K1


H� � AuClÿ4 �2�


AuClÿ4 � H2O�K2


AuCl3�OH2� � Clÿ �3�


AuCl3�OH2� �
K3


AuCl3�OH�ÿ � H� �4�


whereK1 = 1.0,K2 = 9.5� 10ÿ6 andK3 = 0.25at 298K.
Consequently, four different species, viz. HAuCl4,
AuCl4


ÿ, AuCl3(OH2) and AuCl3(OH)ÿ, may act as
oxidants under the present experimental conditions.
However, in a solution of [H�] � 10ÿ4 mol dmÿ3,
[HAuCl4] is insignificant compared with [AuCl4


ÿ].
Alcohols are known to be weak proton acceptorsand
are convertedto alkoxoniumions only in the presence
of high concentrationsof mineral acids. Since the
present reactions were studied at low acidities
(�10ÿ4 mol dmÿ3), it is highly unlikely that an appreci-


ableamountof eachalcoholremainsasalkoxoniumion,
R1R2CHOH2


� or XC6H4CH2OH2
�. Hencethe molecular


forms of the alcoholsandnot their anionsor protonated
formsreactwith theoxidant.


Gold(III) is known9 to behaveasaone-or two-electron
transferoxidant.In thepresentinvestigation,thereaction
mixture gavea polymericsuspensionin the presenceof
acrylonitrile. This suggeststhat free-radicalintermedi-
atesare formed during the reactions,when gold(III) is
reducedto gold(II) in the rate-determiningstep. The
formation of unstablegold(II) as an intermediatehas
beenpredictedby a numberof workers.2,31–33 Conse-
quently, reductionof gold(III) to gold(I) in a one-step,
two-electron processmay be ignored. A free-radical
intermediate may also be produced by the reaction
between R1R2CHOH with gold(I). However such a
possibility has beendiscountedsince neither colloidal
goldnoranyprecipitateof gold(0)wasdetectedunderthe
kinetic conditions.


The reactions were carried out in alcohol–water
mixtures and it is believed that radical intermediates
are formed during the reactions[Eqns ((7)–(9))]. Spin
trappingstudiesduringtheoxidationof benzylalcoholby
hexachlorometallateions (M = Pt, Pd and Ir) have
shown34 the formation of PhCH2O� in pure alcoholic
mediumwhereasin alcohol–watermixtures the radical
PhC


.
HOH is formed either directly or via secondary


Figure 5. Isokinetic plots of the oxidations of alcohols by gold(III). Plots of (i) DS≠ vs DH≠ and (ii) log k' vs log k. (1) MeOH; (2)
MeCH2OH; (3) Me2CHOH; (4) PhCH2OH; (5) o-NO2; (6) m-NO2; (7) p-NO2; (8) o-Cl; (9) m-Cl; (10) p-Cl; (11) o-OMe; (12) m-OMe;
(13) p-OMe; (14) Ph2CHOH
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reactionsof PhCH2O� by H atomtransferreaction[Eqn.
(5)] or an isomerizationreaction[Eqn. (6)]:35


PhCH2O� � PhCH2OH! PhC� HOH� PhCH2OH �5�


PhCH2O� � H2O! PhC� HOH� H2O �6�


However,theobservedkinetic isotopeeffect rulesout
the involvementof Eqns (5) and (6). The free radical
further reactswith anotherAu(III) to give R1R2CO and
Au(II) asshownin steps(10)–(12).The following steps
maybeproposedto explainthereaction.Theadditionof
alcohol to the mixture containinggold(III) and buffer
solutionfailed to increasetheabsorbance,indicatingthe
absenceof intermediatecomplexformationbetweenthe
reactants.AuCl4


ÿ, AuCl3(OH2) and AuCl3(OH)ÿ react
with the substrates R1R2CHOH or XC6H4CH2OH
accordingto thesteps(7)–(9):


AuClÿ4 � R1R2CHOHÿ!k1


slow


R1R2C�OH� AuCl24 ÿ�H� �7�


AuCl3�OH2� � R1R2CHOHÿ!k2


slow


R1R2C�OH� AuCl3�OH2�ÿ � H� �8�


AuCl3�OH�ÿ � R1R2CHOHÿ!k3


slow


R1R2C�OH� AuCl3�OH�2ÿ � H� �9�


The free radicals react further with the respective
gold(III) speciesto give the carbonyl compoundand
gold(II) asshownin steps(10)–(12):


AuClÿ4 � R1R2C�OHÿ!fast


R1R2CO� AuCl2ÿ4 � H� �10�


AuCl3�OH2� � R1R2C�OHÿ!fast


R1R2CO� AuCl3�OH2�ÿ � H� �11�


AuCl3�OH�ÿ � R1R2C�OHÿ!fast


R1R2CO� AuCl3�OH�2ÿ � H� �12�


Au(II) undergoesfast disproportionationinto Au(I) and
Au(III):


2AuCl2ÿ4 ÿ!
fast


AuClÿ2 � AuClÿ4 � 2Clÿ �13�


2AuCl3�OH2�ÿ ÿ!fast
AuClÿ2 � AuClÿ4 � 2H2O �14�


2AuCl3�OH�2ÿ � 2H� ÿ!fast


AuClÿ2 � AuClÿ4 � 2H2O �15�


According to the suggestedmechanism,the rate of
disappearanceof [Au(III)] maybeexpressedas


ÿd�Au�III ��
dt


� fk1�AuClÿ4 � � k2�AuCl3�OH2��
� k3�AuCl3�OH�ÿ�g�R1R2CHOH� �16�


If C0 = [Au(III)], x = [AuCl3(OH)2)] and y =
[AuCl3(OH)ÿ] Eqn.(16) maybewritten as


ÿd�Au�III ��
dt


� fk1�C0ÿ xÿ y� � k2x� k3yg�R1R2CHOH� �17�


Again, thevalueof K2 indicatethat C0� x, y, so that


K2 � x�Clÿ�
C0ÿ xÿ y


� x�Clÿ�
C0


Therefore,


x� K2Co


�Clÿ�


and


K3 � y�H��
x
� y�H���Clÿ�


K2C0


or


y� K2K3C0


�H���Clÿ�


Substitutionof x andy in Eqn.(17) gives


ÿd�Au�III ��
dt


� k1 C0ÿ K2C0


�Clÿ� ÿ
K2K3C0


�H���Clÿ�
� ��


�k2
K2C0


�Clÿ� � k3
K2K3C0


�H���Clÿ�
�
�R1R2CHOH� �18�


Now,


ÿ1
�Au�III ��


d�Au�III ��
dt


� kobs


Therefore,


kobs� k1 � �k2ÿ k1�K2


�Clÿ� � �k3ÿ k1�K2K3


�H���Clÿ�
� �
� �R1R2CHOH� �19�
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and


k � k1 � �k2ÿ k1�K2


�Clÿ� � �k3ÿ k1�K2K3


�H���Clÿ�
� �


�20�


wherek = kobs/[R
1R2CHOH].


Equation (19) predicts a linear plot of kobs against
[R1R2CHOH], passingthrough the origin at constant
[Au(III)], [H�], [Clÿ] and temperature.This has been
verifiedexperimentally(Fig. 1).


Equation(3) further indicatesthat theadditionof Clÿ


decreases the concentrations of AuCl3(OH2) and
AuCl3(OH)ÿ thereby increasing the concentrationof
the lessreactivespeciesAuCl4


ÿ andhencetheretarding
effect of the Clÿ ion on the reaction rate. From the
interceptof thelinearplot of k against[Clÿ]ÿ1 (Fig. 3) at
constanttemperaturethe value of k1 was evaluatedat
298K for different substrates(Table5).


The reactionsare inhibited by H� ions at constant
[Clÿ], indicating that AuCl3(OH)ÿ is the most reactive
amongstdifferentAu(III) species.Thelinearplot of k vs
[H�]ÿ1 at298K (Fig. 2) conformsto Eqn.(20).Fromthe
interceptandslopeof thestraightline andusingthevalue
of k1 obtained earlier, the values of k2 and k3 were
evaluatedat 298K for different substrates(Table 5).
Thus the reactivity of three Au(III) speciesfollow the
orderAuCl3(OH)ÿ> AuCl3(OH2)> AuCl4


ÿ and this is
in keepingwith theobservationsmadeearlier.14 Thefact
thatAuCl3(OH)ÿ andAuCl3(OH2) aremorereactivethan
AuCl4


ÿ is dueto theeasierdisplacementof anOHÿ/OH2


groupthana Clÿ1 ion.14 Substitutingthevaluesof k1, k2


andk3 into Eqn. (19), the valuesof kobs werecalculated
underdifferent experimentalconditions.The calculated
andexperimentalvaluesareshownin Table6. The two
valuesarenotwidely different,whichconfirmsthatthree
differentgold(III) speciesparticipatein the reactions.


The rateof thecopper(III) andsilver(III) oxidationof


the alkanolsand aryl alcohols increaseswith the first
powerof eachof [M(III)] and[substrate]but the rate is
independentof [OHÿ]. The gold(III) oxidation of the
substratesstudiedin sodium acetate–aceticacid buffer
mediumis kinetically dissimilar.Threedifferent species
of gold(III) areinvolved in thebuffer medium,unlike in
alkaline medium where a single speciesof each of
copper(III) andsilver(III) oxidize the substrates.Conse-
quently,therateconstantsof thepresentreactionscannot
becomparedwith thosereportedearlierfor theoxidation
of respectivesubstrateswith copper(III) and silver(III).
However, irrespectiveof whether the oxidations were
carriedout in alkaline or buffer medium,one common
piece of information was obtained,namely that both
alkanolsandaryl alcoholsareoxidizedto give carbonyl


Table 5. Rate-determining steps for the oxidations of the alcohols by different gold(III) species at 298 K with [substrate]
= 1.5� 10ÿ2 mol dmÿ3, [Clÿ] = 1.0� 10ÿ2 mol dmÿ3 [Au(III)] = 8.0� 10ÿ4 mol dmÿ3 and pH = 4.05


k1 k2 k3
No. Alcohol (10ÿ2 dm3 molÿ1sÿ1) (10ÿ2 dm3 molÿ1sÿ1) (10ÿ2 dm3 molÿ1sÿ1)


1 Methanol 0.600 0.916 1.25
2 Ethanol 0.732 1.05 1.56
3 2-Propanol 0.334 0.544 0.869
4 Benzylalcohol 15.0 18.2 20.3
5 Benzhydrol 2.10 2.32 3.20
6 o-Nitrobenzylalcohol 20.0 23.2 25.8
7 m-Nitrobenzylalcohol 24.0 27.2 31.0
8 p- Nitrobenzylalcohol 28.0 31.2 36.1
9 o-Chlorobenzylalcohol 3.00 3.53 5.29


10 m-Chlorobenzylalcohol 4.00 6.11 7.65
11 p-Chlorobenzylalcohol 11.0 13.1 16.0
12 o-Methoxybenzylalcohol 2.50 2.82 4.44
13 m-Methoxybenzylalcohol 3.10 4.05 5.81
14 p-Methoxybenzylalcohol 8.00 10.1 12.5


Table 6. Measured and calculated pseudo-®rst-order rate
constants of the oxidations of different alcohols by gold(III) at
298 K with [Au(III)] = 8.0� 10ÿ4 mol dmÿ3, [substrate] =
1.5� 10ÿ2 mol dmÿ3, [Clÿ] = 1.0� 10ÿ2 mol dmÿ3 and
pH = 4.05


No. Alcohol
kobs


(10ÿ3 sÿ1)
kcal


(10ÿ3 sÿ1)


1 Methanol 0.376 0.352
2 Ethanol 0.489 0.439
3 2-Propanol 0.282 0.294
4 Benzyl alcohol 4.53 4.39
5 Benzhydrol 0.96 0.785
6 o-Nitrobenzylalcohol 5.46 5.33
7 m-Nitrobenzylalcohol 6.41 6.40
8 p- Nitrobenzylalcohol 7.46 7.43
9 o-Chlorobenzylalcohol 1.60 1.37


10 m-Chlorobenzylalcohol 2.42 2.11
11 p-Chlorobenzylalcohol 3.82 3.67
12 o-Methoxybenzylalcohol 1.32 1.17
13 m-Methoxybenzylalcohol 1.80 1.58
14 p-Methoxybenzylalcohol 3.25 2.98
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compoundsthrough the intermediateformation of free
radicals.


EXPERIMENTAL


Reagents. The alcohols(BDH, Merck or Sigma)were
usedas supplied.CH3OD, CD3OD, C2H5OD, C2D5OD
andD2O (by99atom%D) wereobtainedfrom Aldrich. A
stock solution of gold(III) was preparedby dissolving
HAuCl4 (JohnsonMatthey) in 0.01mol dmÿ3 HCl. The
strengthof thesolutionwasestimatedgravimetrically.36


To a knownvolume(5 ml) of thestandardgold solution
in a 150ml beakerwasaddeddropwisewith stirring, a
1 M solution of KOH until the yellow color was just
discharged.A further2 ml of KOH solutionwereadded,
followed by dilution to ca. 75ml with distilled water.
Then5–6ml of 1 N oxalicacidwereaddeddropwisewith
stirring and the contentswere kept on a boiling water-
bath.Thesolutionturnedpurplewith a violet tingewhen
gold separatedout. The beakerwas kept on the water-
bathfor about1 h with occasionalstirring. The solution
was filtered through a whatmanNo. 42 (7 cm) filter-
paper.The precipitatewaswashedwith distilled water,
dried, ignited in a silica crucibleandweighedasmetal.
The gold(III) solutionafter estimationwasstoredin the
darkandusedundersubduedlighting andwasdiluted to
thedesiredconcentrationsbeforekinetic experiments.


Inorganic materials were of the highest available
purity. All solutionsweremadein doublydistilled water.
The oxidation studies were carried out in a sodium
acetate–aceticacid buffer. Buffer solutions were pre-
pared37 from standardsolutionsof sodiumacetateand
aceticacid.


Instrumentation. Spectralmeasurementswere recorded
in theUV–Vis regionusinga Systronics(India) spectro-
photometer.1H and13C NMR spectrawererecordedona


BrukerDPX 300spectrometer(300MHz). ThepH of the
solution was measuredat room temperature(�25°C)
using an Elico (LI 120) pH meter (India), calibrated
againststandardpH solutions.Melting-point determina-
tionswerecarriedout usinga Gallenkampapparatus.


Absorption spectra of gold(III) and carbonyl com-
pounds. The spectrumof AuCl4


ÿ hasbeenreportedto
have two intense absorption maxima at 226nm
(� = 25600mol dmÿ3 cmÿ1) and 315nm (" = 4800mol
dmÿ3 cmÿ1) in 1 mol dmÿ3 HCl,38 Spectraof AuCl4


ÿ


were also recordedfor different [Clÿ] at the various
acidities. The spectrum for gold(III)14 at [Clÿ] of
1.0mol dmÿ3 andpH 2.0 is identicalwith that obtained
for 1.0mol dmÿ3 HCl. However,as AuCl4


ÿ is hydro-
lysed a blue shift in the spectrumis observed.4 There
is an isosbesticpoint at 295nm (" = 3.02� 103 mol
dmÿ3cmÿ1) and under conditions in which the absor-
banceattheisosbesticpointdoesnotchange,AuCl4


ÿ and
AuCl3(OHÿ) are the main speciespresent,the latter
obviously being generatedby the rapid dissociationof
AuCl3(H2O).


Saturatedcarbonylcompoundsexhibit threebandsin
the UV region: a weakbandat 280nm, a more intense
bandaround190nmandastill moreintensebandaround
150nm, which areassignedto n→p*, n→�* andp→p*
transitionsrespectively.39 Then→p* transitionof a large
numberof carbonylderivativeshavebeenreportedin the
literature.40(a)Thepositionof then→p* bandof carbonyl
group varies with the substituentson the molecule of
aliphaticcompoundsandareformedin the region277–
291nm. The aromatic carbonyl compoundsabsorbat
higher wavelength(>325 nm) than acetone(277 nm).
Theabsorptionmaximafor benzophenoneandbenzalde-
hyde are at 348 and 328nm, respectively,owing to
conjugation39 of thesemolecules.Sincecarbonylcom-
poundswere obtainedas the productsof oxidation, the
kinetic studieswere carriedout in the visible region at


Table 7. Identi®cation of products of the reactionsa


Yield (%) M.p. Lit. m.p.44


No. Alcohol (2,4-DNPderivative) (°C) (°C)


1 Methanol 43 166 166–167
2 Ethanol 47 147 148
3 2-Propanol 51 127 126–128
4 Benzylalcohol 61 238 237
5 Benzhydrol 64 239 238
6 o-Nitrobenzylalcohol 56 265 265
7 m-Nitrobenzylalcohol 58 291 292
8 p- Nitrobenzylalcohol 59 321 320
9 o-Chlorobenzylalcohol 63 208 209


10 m-Chlorobenzylalcohol 65 248 248
11 p-Chlorobenzylalcohol 68 265 265
12 o-Methoxybenzylalcohol 69 252 253
13 m-Methoxybenzylalcohol 72 233 232
14 p-Methoxybenzylalcohol 78 255 254


a TheoxidationproductsexceptNos1–3wereidentifiedin 15% tert-butyl alcohol.
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400nm in order to eliminate the absorptionsdue to
carbonyl compounds.Alkanols and aryl alcohols are
transparentat this wavelength.


Product analyses. After the kinetic experiments,each
mixturewasallowedto standfor 3 h andthenfiltered to
removesuspendedparticles,if any. In one part of the
filtrate the oxidation products in the oxidations of
alkanolswere testedby colour testsas described.41–43


The other part of the filtrate was acidified with dilute
H2SO4, thenaddedto 2,4-dinitrophenylhydrazinehydro-
chloridesolution,heatedon a steam-bathfor 15min and
left at roomtemperaturefor 1 h, giving yellow crystalsof
2,4-dinitrophenylhydrazonederivativesof the respective
carbonyl compounds.The derivatives were filtered,
washedand dried, followed by determinationof the
melting-points44 andyields (Table7).


In anotherexperiment,the amountof benzaldehyde
formed in the absence of tert-butyl alcohol was
determinedby the preparationof 2,4-dinitrophenylhy-
drazonederivativesat different time intervalsat 303K.
The resultsshownin Fig. 6 indicatethat the amountof
benzaldehydeformedincreasedwith time (yields calcu-
lated basedon total parentcompoundconcentrationat
t = 0).Thelowerpercentageyieldsof 2,4-DNPderivative
obtained(Table7) ascomparedwith thosein Fig.6 areto
be expectedsince the valueswere determinedin 15%
tert-butyl alcohol.This is dueto the solubility problems
associatedwith tert-butyl alcoholthatmakeit difficult to
isolateall thealdehyde.Theoxidationproductof benzyl


alcohol was extracted with diethyl ether, washed
thoroughly with NaHCO3 and water, dried over anhy-
drousNa2SO4 andtheetherwasthenevaporated.1H and
13C NMR spectraof the oxidation product of benzyl
alcohol in CDCl3 showedthe —CHO proton peak at
10.05 and 192.4ppm, respectively.These values are
closeto theliteraturevalues40bof 9.98ppmand192ppm
reportedfor the —CHO proton of benzaldehyde.The
oxidationsoccuraccordingto the following reactions:


R1R2CHOH� Au�III � ! R1R2CO� Au�I�
� 2H� �21�


where R1 = R2 = H for methanol,R1= H, R2 = Me for
ethanolandR1 = R2 = Me for 2-propanol,and


XC6H4CH2OH� Au�III �
! XC6H4CHO� Au�I� � 2H� �22�


where,X = NO2, Cl andOMe.
The oxidation of methanoland ethanolby gold(III)


leadsto theformationof formaldehydeandacetaldehyde,
respectively,andfurtheroxidationof thealdehydesdoes
not take place at lower acidities.45 Again, aldehyde
oxidationproceedsvia thealdehydehydrateasshownin
the following sequence:


RCH2OH! RCHO ÿ!H2O H�
RCH�OH�2


! RCOOH �23�


Since the hydration reaction is acid catalyzed,it is
likely that the reactionmight be sufficiently retardedat
low acidities to make formic acid and acetic acid
formation negligible. A few runs with the respective
oxidation products, formaldehyde, acetaldehydeand
acetone,with gold(III) were made at pH 4.05 and it
wasfound that oxidationis too slow comparedwith the
oxidation of the alcohols.Aromatic aldehydesare not
hydratedto any appreciableextent owing to the extra
resonancestabilization. The results in Fig. 6 indicate
that further oxidation of benzaldehydeto give benzoic
acid is also insignificant during kinetic investigations.
The comparativelylower yields obtainedin the oxida-
tions of alkanolscomparedwith the oxidationsof aryl
alcoholsmay be due to volatilization of the oxidation
products.


Test for free radicals. Acrylonitrile [50% (v/v)] was
addedto the reactionmixture during the courseof the
reactions.An immediatehazinessappearedduring the
oxidation of alcohol by gold(III). The appearanceof a
white precipitateof polyacrylonitrileshowsthepresence
of free-radical intermediatesin the oxidation process.
Blank experimentsin which eithergold(III) or alcohols
wereexcludedgaveno detectablepolymers.


Figure 6. Plots of% yield (2,4-DNP derivative of benzalde-
hyde) vs time for the oxidations of benzyl alcohol by gold(III)
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Kinetic measurements. Thereactionratewasdetermined
spectrophotometrically at 400nm using a sodiumacet-
ate–aceticacid buffer solution under conditionswhere
[alcohols]� [Au(III)]. After therequisitevolumesof the
reactantsat theappropriatetemperaturehadbeenmixed,
themixturewasimmediatelytransferredto a cell having
a pathlength of 1 cm. The cell compartmentof the
spectrophotometer waskeptat constanttemperature.The
rateof decreaseof gold(III) wasfollowed for at leasttwo
half-lives. Pseudo-first-orderrate constantswere calcu-
latedfrom logA (A = absorbance)againsttime plots.The
maximumerror in the measurementof the rateconstant
was�5%, dependinguponthe experimentalconditions.
However,for mostexperiments,duplicatemeasurements
werereproducibleto within �3%.
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deviations in the formation of triplet diradicals from
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ABSTRACT: In our continuing effort to understand better the cause of the large positive deviation from bond
enthalpy additivity (BEA) observed in the formation of triplet 1,3-dimethylenecyclobutane-2,4-diyl (1c) from 1,3-
dimethylenecyclobutane (1a), we performed B3LYP/6–31G* calculations on a series of 1,3-disubstituted
cyclobutanes, where the methylene groups in1a are replaced by hetero groups, specifically O, NH, S, PH and
SiH2. The size of the deviation from BEA (DBEA) is found to increase consistently with decreasing bond strength of
the exocyclicp bonds. DFT calculations were also carried out on related hydrocarbons and theDBEA value in each
case was found to be in close agreement with that predicted by simple Hu¨ckel theory. All of the computational results
provide convincing evidence that antiaromaticity is absent in these diradicals, and the positive deviations from BEA,
as large as 30.3 kcal molÿ1, are due to the more substantial increase in thep electron delocalization in the
monoradicals than that in the diradicals. Copyright 2001 John Wiley & Sons, Ltd.


KEYWORDS: bond enthalpy additivity; B3LYP; hetero-substituted cyclobutanes; diradicals; antiaromaticity


INTRODUCTION


C—H bond enthalpy additivity (BEA) is said to hold
when the bond dissociation enthalpy for forming the
diradical, BDE1� BDE2' (or BDE1'� BDE2), is equal to
the sum of the enthalpy changes for forming the two
monoradicals, BDE1� BDE1' (Fig. 1). In other words,
BEA holds if BDE2' = BDE1' (or BDE2 = BDE1). For
molecules where the two C—H bonds are equivalent,
deviation from BEA is simply the difference between the
second and the first C—H bond dissociation enthalpies.


Negative deviations from BEA refer to situations
where BDE2< BDE1, which usually occur when the two
radical centers interact with each other, either through-
bond or through-space, such that the diradical is
stabilized. The magnitude of the negative deviation
provides a measure of the strength of such interactions.1


A positive deviation is observed when BDE2 >BDE1,
which means that the BDE for a specific bond is larger in
forming a diradical than a monoradical. In contrast to the
negative deviations from BEA, positive deviations
usually result from an unfavorable interaction between
the two radical centers, which destabilizes the diradical.


For example, in the formation of singlet trimethylene-
methane (TMM) from isobutene, the strong electron
repulsion between the two unpaired electrons destabilizes
TMM, resulting in a positive deviation from BEA of
14.6 kcal molÿ1 (it is estimated from theDBEA in
forming triplet TMM2 and the value ofDES-T


3)
(1 kcal = 4.184 kJ). On the other hand, in triplet TMM,
the electron repulsion is dramatically reduced, and TMM
is both predicted by theory (TMM calculations are
reviewed by Borden3) and confirmed by experiments,2 to
have a triplet ground state. There is, however, a small
DBEA of �1.5 kcal molÿ1 observed in forming triplet
TMM.2 Simple Hückel theory predicts 0.83b of p system
stabilization in forming the 2-methylallyl radical, which
is more than half the total of 1.47b of stabilization in


Figure 1. Energy diagram for the CÐH bond dissociation
reactions in forming the monoradical and the diradical
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triplet TMM. Therelativelylow-lying radicalthusresults
in a less endothermic reaction for the first bond
dissociationprocess,whichconsequentlyleadsto asmall
positivedeviationfrom BEA.


Diradical 1c has received much attention both
theoreticallyandexperimentally.4–10 Like TMM, 1c has
a triplet groundstate,and belongsto the classof non-
Kekulé molecules. Such molecules may be used as
ferromagnetic coupling units in forming high-spin
species,4,5 which have potential applications in drug
design6 andmaterialscience.7–10 Both experimentaland
theoreticalthermochemistryhave shown that 1c has a
largepositiveDBEA of 13.1kcalmolÿ1.11,12 The cause
of sucha largepositivedeviationhasbeencontroversial.
Sincea resonancestructurewhich containsan antiaro-
matic 1,3-cyclobutadieneunit may be drawn for 1c, it
was suggestedby Hill and Squiresthat 1c is of higher
energyowing to the electronicdestabilizationof the p
systemfrom partialantiaromaticity.11 In arecentpaper,12


however, we concludedthat antiaromaticity does not
contributeat all in 1c. The large DBEA is due to the


smallerBDE in forming thefirst pentadienyl-likeradical,
1b, in which the p system receives a much larger
stabilizationthanthat in forming thediradicalwherethe
secondradicalcenteris allyl-like instead(Scheme1).


As an extension of our earlier study, we have
investigateda series of derivatives of 1a, where the
methylenegroupsare replacedby heteroatomicgroups.
Basedon our understandingof the natureof the radical
centersin thehydrocarbons(1b andc), we expectBDE1


to changedramatically upon substitution,since the p
electronsin both of the C=X p bonds will be fully
conjugatedto theradicalcenter.Ontheotherhand,BDE2


is predictedto belesssensitiveto exocyclicsubstitution,
since the second unpaired electron is allylic and
conjugatedto one of the C=C in the four-membered
ring. The size of DBEA, therefore, is expected to
correlatecloselywith theC=X bondstrength,provided
that antiaromaticityis absentin all of the diradicals.In
orderto clarify furtherthecontributionof antiaromaticity
in thesediradicals, we carried out density functional
theory(DFT) calculationson thesemolecules,theresults


Scheme 1


Table 1. Bond dissociation enthalpies and DBEA values, together with p bond strength data17


Molecule
p bondstrength


(kcalmolÿ1)
BDE1


(kcalmolÿ1)
BDE2


(kcalmolÿ1)
DBEA


(kcalmolÿ1)


93.4 87.7 95.6 7.9


80.8 81.5 89.7 8.2


69.6 73.5 86.6 13.1


55.7 72.3 87.5 15.2


49.4 62.2 85.7 23.5


36.1 54.6 84.9 30.3
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of which, together with those for several related
hydrocarbons,arepresentedin this paper.


COMPUTATIONAL METHODOLOGY


DFT calculationswerecarriedoutwith the6–31G*basis
set,13 utilizing Becke’shybridexchangefunctional14 and
the non-local correlation functional of Lee, Yang and
Parr.15 All of the calculationswereperformedusingthe
Gaussian98 suiteof programs.16


A vibrational frequencyanalysiswas carriedout for
each optimized geometry in order to verify it as a
minimum on the potential energy surface.Zero-point
energycorrectionswereincludedto computetheBDEsat
298K. In orderfor correctcomparisonwith theresultsin
forming1c, thedatafor thediradicalsreferto their triplet
states,whetheror not thetriplet is thegroundstatefor the
particularspecies.


RESULTS AND DISCUSSION


TheBDE1 andBDE2 valuesfor thehydrocarbons(1a–c)
and their hetero-substitutedderivativesarepresentedin
Table1. The moleculesarelisted in orderof decreasing
C=X p bondstrength.


The first bond dissociationenthalpy, BDE1, ranges
from 54.6to 87.7kcalmolÿ1, with thelargestin forming
cyclobutane-1,3-dione-2-yl (2b) and the smallest in
forming 1,3-disilylenecyclobutan-2-yl(6b). BDE1 de-
creasesconsistently as the p bond strength of the
exocyclicC=X bonddecreases.The calculatedp bond
strengths reported by Schleyer and Kost17 are also
includedin Table1 for analysis.


In a previouspaper,12 it was shown that resonance
structuresgive excellentqualitative descriptionsof the
stabilitiesof theradicalaswell asthediradical,andhence
areextremelyhelpful in explainingthemagnitudesof the
BDEs. Figure 2 displays all the possible resonance
contributorsto themonoradicals(A–C) andthediradicals
(A'–C'). As is shown,on forming theradical,theoriginal
unconjugatedexocyclic C=X p bondsin the reactant
becomeconjugatedin thepentadienyl-likeradicalwhich


hasatotalof threeresonancestructures.Thediradicalhas
a total of five resonancestructures.Thestructureswhich
containa 1,3-cyclobutadieneunit with the two unpaired
electrons outside the ring have been excluded as
resonancecontributors in the diradical, becausethe
symmetryof one of the singly occupiedMOs forbids
suchstructuresto contribute.12By comparingthetwo sets
of theresonancestructures,it canbeseenthatthesecond
radicalcenteris allylic andis confinedinsidethe ring.


StructuresA andC in Fig.2 wouldcontributelessif the
exocyclicp bondswerestrongerthanthe C=C p bond.
Such is the case in cyclobutane-1,3-dione,where the
carbonyl groupshave strong C=O p bonds,with a p
bondstrengthof 93kcalmolÿ1. The radicalcenterin 2b
is, therefore,morelocalizedonthering carbonthanin 1b,
in order not to exchangethe strong C=O bonds for
weakerC=C bonds.Theunpairedelectronreceivesless
stability from conjugation,whichresultsin amuchhigher
BDE1 with a value 14.2kcalmolÿ1 higher than that in
forming 1b. Conversely,the BDE1 in forming 6b is
16.6kcalmolÿ1 smallerthanthatin hydrocarbon1a. The
C=Si p bondin 6a is muchweaker,with abondstrength
of only half that of the C=C p bond. On forming the
radical, the unpairedelectronis more localized on the
heteroatomso as to take the advantageof forming
strongerC=C bonds.As a result,themonoradical,6b, is
muchmorestabilizedsothefirst C— H bonddissociation
reactionis muchlessendothermic.


So far, resonancestructure theory has successfully
explainedthe trendof the BDE1 valuesin this seriesof
molecules.However, it is apparentthat the BDE for
forming the thionyl radical, 4b, is much larger than
expectedfrom the relativeC=S p bondstrength.


Behavingmuchdifferently from theBDE1 values,the
BDE2 valuesdo not vary asdramaticallythroughoutthe
series.They staymoreor lessconstant,closeto that of
88.0kcalmolÿ1 in forming the allylic radical of 1-
methylcyclobuten-4-ylfrom 1-methylcyclobutene,ex-
cept for that from 2b (95.6kcalmolÿ1), which is
7.6kcalmolÿ1 higher. The BDE2 value is the smallest
in forming 6c andthelargestin forming 2c, displayinga
trend similar to that in the BDE1 values,such as the
values for BDE2 decreaseas the p bond strength
decreases,except for the thionyl radical, 4b, which is


Figure 2. Resonance structures in the monoradical (A±C) and the diradical (A'±C')
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slightly out of the pattern.(It is not clear,at this point,
why the thionyl radical 4b is relatively more unstable.
The calculationresultshaveshownthat the filled–filled
interactionbetweentheexocyclicp orbitalsandthe two
C3—H s orbitals in 4b is the strongestin comparison
with 1b, 5b or 6b, whichcouldbeoneof thecontributors
to the instability of 4b.) The small changesin BDE2


among the various heteroatomsubstituentsreflect the


allylic natureof thesecondradicalcenter,which hasthe
unpaired electron confined inside the ring and in
conjugationwith theC=C p electrons.


The dramatic decreasein BDE1 coupled with the
essentiallyconstantvaluesfor BDE2, resultsin positive
DBEA values which correlate very closely with the
C=X p bond strength throughout the series. These
DBEAs cover a very large range, between 7.9 and
30.3kcalmolÿ1.


Additional insightmaybegainedfrom thegeometries
of thestationarypoints,especiallyfrom theC1—C2 bond
lengthandthechangein theC1—X bondlength(DC1—
X) during each bond dissociation step. These data,
presentedin Table 2, provide a good indication of the
degreeof p-electron delocalizationin the radical and
diradicalspecies.


TheC1—C2 bondshortensonformingtheradicalin all
of themolecules.Consistentwith thedegreeof conjuga-
tion, theC1—C2 bondis theshortestin 6b andthelongest
in 2b. Theamountof shorteningincreasesdowntherows,
from 0.070 to 0.123Å. On forming the diradical, the
C1—C2 bondlengthens.Theamountof lengtheningalso
increasesdown the column, covering a much smaller
range,between0.014and0.044Å.


Why aretheC1—C2 bondsin themonoradicalsshorter
thanthosein thediradicals?In themonoradical,oneout
of the threeresonancestructureshasa full doublebond,
whereasonly one out of five in the diradical hasa full
doublebond.To afirst approximation,if all theresonance
structurescontributeequally to the overall structureof
hydrocarbons,1b and 1c, there will be 33% and 20%


Table 2. Bond length data for C1ÐC2 and the change in
C1ÐX bond length in forming the monoradicals and the
diradicals


Molecule r(C1—C2) (Å) Dr(C1—X) (Å)


2a 1.545 0
2b 1.475 0.014
2c 1.489 0.025
3a 1.536 0
3b 1.444 0.024
3c 1.470 0.035
1a 1.530 0
1b 1.427 0.029
1c 1.460 0.036
4a 1.529 0
4b 1.424 0.039
4c 1.460 0.048
5a 1.530 0
5b 1.414 0.048
5c 1.456 0.054
6a 1.533 0
6b 1.410 0.062
6c 1.454 0.066


Table 3. Bond dissociation energies and HuÈ ckel stabilization energies in 1a±c and related hydrocarbons (7±9)


Molecules
BDE1 (kcalmolÿ1)


(DHückel)
BDE2 (kcalmolÿ1)


(DHückel)
DBEA (kcalmolÿ1)


(DDHückel)


73.5(1.46b) 86.6(1.01b) 13.1(ÿ0.45b)


62.9(2.0b) 70.3(1.73b) 7.4 (ÿ0.27b)


74.7(1.07b) 76.4(1.00b) 1.7 (ÿ0.07b)


86.4(1.13b) 86.7(1.13b) 0.3 (0.0b)
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double bond characterin the C1—C2 bonds in them,
leadingto a reductionof 0.103and0.070Å in the bond
length, respectively.In moleculeswith strongC=X p
bonds,suchas2a–c, resonancestructuresA (A') andC
(C') contributelessto the overall structure,resultingin
smallerchangesin theC1—C2 bondlength.Theopposite
is observedin moleculeswith weakC=X p bonds.


Resonancestructure theory also accounts for the
lengtheningof the C1—X bondduring eachC—H bond
dissociationstep.Specifically, the fully doublebonded
C=X in the reactantis reducedto only two out of the
threein the monoradical,andis further reducedto three
out of five in the diradical. The changesin the C1—X
bondlengtharemoresignificantin moleculeswherethe
C=X p bondsare weak, which is consistentwith the
differences in the contribution of each resonance
structure to the overall structure of the molecule as
discussedearlier.


Additional DFT calculations were performed on
several hydrocarbonsthat are related to 1a. Table 3
presentsthe calculatedBDEs and theDBEA valuesfor
these hydrocarbons,together with the p stabilization
energy (DHückel) calculatedbasedon simple Hückel
theory for comparison.Substitutionof the ethylidene
groupsat the2- and4-positionsin 1a to give 7 resultsin
moreconjugationfor theradicalcenter(s).This increased
conjugation stabilizes both the monoradical and the
diradical, lowering both the BDEs relative to thosefor
1a–c. Furthermore,DBEA reducesto just over half of
that in 1a, which can be understoodas the second
unpairedelectron in the diradical of 7 is allowed to
delocalizemuch moreextensively(i.e. out of the ring),
ratherthanbeingconfinedto the ring asin 1c.


Thediradicalformedfrom 8 is identicalwith thatfrom
7. However, since the four p bonds are already in
conjugationin 8, it is of lower energy.This evidently
makesbothof theC—H bonddissociationreactionsmore
endothermicand, hence,increasesthe values for both
BDE1 and BDE2. Simple Hückel theory predicts a p
stabilizationenergyof 1.07b and 1.00b for the mono-
radicalanddiradical,respectively.Correspondingto the
small differencein Hückel energiesof 0.07b, the DFT
resultsshowaDBEA of only 1.7kcalmolÿ1.


Molecule 9 serves as a model to test further if
antiaromaticity exists at all in a four-memberedring
wherea 1,3-cyclobutadienemay be drawn asone of the
resonancestructures,since, if it did, it would add an
arbitrary amount to BDE1, owing to the instability
introduced by partial antiaromaticity. As the partial
antiaromaticradicalwould removethe possibility for the
diradical to suffer further from any additionalantiaroma-
ticity, a more ‘normal’ sizeof BDE2 would be expected,
which shouldbesmallerthanBDE1. TheDFT calculation
results,however,invalidatethe assumptionby producing
two essentiallyidentical BDEs. This showsthat the two
allylic radical centersare truly confinedinside the ring,
andantiaromaticstructuresarenot involved.


CONCLUSIONS


Our theoreticalstudieshaveshownthat antiaromaticity
does not contribute at all in diradicals where a 1,3-
cyclobutadienyl unit may be drawn in one of the
resonancestructures.


Evidencecomesfrom theexcellentagreementbetween
the structuraldataand the resonancestructureanalyses
wherethe participationof the antiaromaticstructuresas
resonancecontributors has been excluded.Additional
supportis givenby theBDE calculationresultsfor related
hydrocarbons(7–9), which show that the sizesof the
deviationsfrom BEA are in very closeagreementwith
thosepredictedby simple Hückel theory, which, as is
known, doesnot take antiaromaticityinto account.The
positivedeviationfrom BEA is foundto besolelycaused
by themoresubstantialp systemstabilizationavailableto
themonoradicalthanto thediradical.
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ABSTRACT: Complex formation between chlorine dioxide and 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) and
its thermodynamic characteristics were studied in a number of organic solvents. The complex was shown to transform
into the oxoammonium salt. The kinetics of this reaction were studied, and the equilibrium constants of the
TEMPO�ClO2 complex, determined by direct measurements and from kinetic data, were found to be in good
agreement. The electronic structure of the complex is discussed in the light of recent theoretical results. Copyright
2000 John Wiley & Sons, Ltd.
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INTRODUCTION


Oxoammonium salts are of great interest nowadays owing
to their oxidative potential for synthetic organic chem-
istry.1 Oxidation reactions catalyzed by nitroxyl radicals
have been proposed to proceed via the formation of
intermediate oxoammonium salts, which further oxidize
the substrate and re-transform into nitroxyl.2 3 Conse-
quently, the study of the reactions of nitroxyl radicals
leading to oxoammonium salts is of great importance.


Recently, we have found that chlorine dioxide, which
is known to be an oxidant of moderate strength,4 forms a
complex with 2,2,6,6-tetramethyl-4-hydroxypiperidine-
1-oxyl (TEMPOL, 1). The formation of the oxoammo-
nium salt has also been observed in this system.4 This
present work deals with the complexation of 2,2,6,6-
tetramethylpiperidine-1-oxyl (TEMPO,2) in various
organic solvents and with the subsequent transformation
of the complex formed into the oxoammonium salt (2a).


EXPERIMENTAL


Chlorine dioxide was prepared from potassium chlorate
and oxalic acid with the addition of 9M aqueous sulfuric
acid.5 Chlorine dioxide was purified from traces of
chlorine by adsorption of gaseous ClO2 on silica gel and
purging with argon.6 Pure chlorine dioxide was
desorbed from silica at 30°C with an argon flow and
dissolved in the solvents of interest. The ClO2


concentration was measured by iodimetric titration6


and spectrophotometrically.7 TEMPO was recrystal-
lized from heptane. All the solvents used were purified
by conventional methods.


The complexation of chlorine dioxide with TEMPO
was studied spectrophotometrically on a Specord M40
spectrophotometer (Carl Zeiss Jena) using a special
quartz cell (2 ml) cooled by a cold gaseous nitrogen
flow. The temperature in the spectrophotometric cell
was monitored by a thermocouple. In a typical
experiment, 1–2 ml of solvent was placed in the cell
and TEMPO (2.4� 10ÿ3–19.2� 10ÿ3 mmol) and ClO2


(4� 10ÿ3 mmol) solutions were added. The reference
cell contained a 2.4� 10ÿ3–19.2� 10ÿ3 mmol solution
of TEMPO. Spectra were taken when the target
temperature in the cell (�20 to ÿ20°C) had been
obtained.


To obtain the oxoammonium salt, equal volumes of
ClO2 and TEMPO solutions of the same concentrations
were mixed and the precipitate formed was filtered,
washed with solvent and dried in vacuum. IR spectra of
the precipitate were taken on a Specord M80 spectro-
meter (Carl Zeiss Jena) in liquid paraffin or in KBr.


JOURNAL OF PHYSICAL ORGANIC CHEMISTRY
J. Phys. Org. Chem.2001;14: 38–42


Copyright  2000 John Wiley & Sons, Ltd. J. Phys. Org. Chem.2001;14: 38–42


*Correspondence to:I. M. Ganiev, Institute of Organic Chemistry, Ufa
Research Center of the Russian Academy of Sciences, 71 Prospekt
Oktyabrya, 450054 Ufa, Russia.
E-mail: chemox@anrb.ru
†Deceased
Contract/grant sponsor:Russian Foundation for Basic Research;
Contract/grant number:99-03-33195.







RESULTS AND DISCUSSION


On mixing of chlorinedioxide andTEMPOsolutionsin
organicsolvents,namelyacetone,acetonitrile,n-heptane,
diethyl ether, carbon tetrachloride and toluene, the
mixture acquireda dark redcolor. Electronicabsorption
spectra showed an additional wide band without
hyperfinestructurein the rangeof 450–500nm (Fig. 1).
The absorptionmaximum was found to be red shifted
with increasein the dielectric constantof the solvent,a
featurecharacteristicof charge-transfercomplexes.8 It
should be noted that the spectrumof chlorine dioxide
itself doesnot showanychanges,nordo theEPRspectra
of bothClO2 andTEMPO.Coolingof theClO2–TEMPO
mixture to ÿ80°C causespronouncedintensificationof
thecolor.All theseobservationsindicatetheformationof
a charge-transfercomplexbetweenchlorinedioxideand
TEMPO.


The dependenceof the complex absorptionon the
TEMPO concentration at constant chlorine dioxide
concentration([TEMPO] � [ClO2]) is fitted with the


Benesi–Hildebrand9 equation:


�ClO2�0l
A


� 1
"
� 1


K"
1


�TEMPO�0
where [ClO2]0l/A ([ClO2]0 = initial chlorine dioxide
concentration, l = length of optical path and A =
absorption)showsa linear dependenceon the reciprocal
of TEMPO concentrationin all solvents and at all
temperaturesstudied(�20toÿ20°C) (thecorrelationfor
acetonesolutionsis shownin Fig. 2). Therefore,it canbe
concludedthat chlorinedioxideandTEMPOform a 1:1
complex:


ClO2� TEMPO� ClO2 � TEMPO


FromtheBenesi–Hildebrandequation,themolarabsorp-
tivity andtheequilibriumconstantK of thecomplexwere
determined(Table1). Fromthe temperaturedependence
of K the thermodynamiccharacteristicsof complex
formationwerecalculated(Table1, Fig. 3). Thereis no
apparentcorrelation betweenthe equilibrium constant
andthenatureof thesolvent,whichis probablyexplained


Figure 1. UV±VIS spectra (diethyl ether, 20°C): (1) mixture of
3� 10ÿ2


M [TEMPO] and 1.4� 10ÿ3
M [ClO2]; reference


solution, 3� 10ÿ2
M [TEMPO]; (2) solution of 1.4� 10ÿ3


M


[ClOO] (3) subtraction of spectrum (2) from spectrum (1)


Figure 2. Complex absorption at maximum wavelength vs
TEMPO concentration in the coordinates of the Benesi±
Hildebrand equation at different temperatures (solvent,
acetone; � = 485 nm, [ClO2]0 = 2 �10ÿ4


M)


Table 1. Wavelengths of maximum absorption (nm), equilibrium constants (Mÿ1), complexation enthalpy (kcal molÿ1), entropy
(cal molÿ1 Kÿ1) and Gibbs free energy for the complex of chlorine dioxide with TEMPO in different solvents (20°C) (errors do not
exceed 15%)


Solvent � K DH° DS° DG°
Solventdielectric


constant


n-C7H16 470.6 23.4 ÿ10.0 ÿ28.1 ÿ1.8 1.92
CCl4 480.5 26.6 ÿ11.4 ÿ32.5 ÿ1.9 2.24
C6H5CH3 479.6 20.2 ÿ12.8 ÿ38.3 ÿ1.6 2.38
(CH3CH2)2O 478.7 9.3 ÿ7.4 ÿ20.9 ÿ1.3 4.22
(CH3)2CO 485.2 7.3 ÿ9.5 ÿ28.6 ÿ1.1 20.74
CH3CN 488.9 3.6 ÿ8.3 ÿ25.7 ÿ0.8 37.40
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by specificsolvationof all the speciesinvolved (ClO2,
TEMPO and complex): it is well known that nitroxyls
form complexesof different strengthwith almost all
solvents.10


With timethecolor intrinsicto ClO2
�TEMPOcomplex


fadesanda yellowish microcrystallinesolid precipitates
from solution.Thisprocessis accompaniedby adecrease
in theEPRsignalsof TEMPOandClO2. Thecrystalline
product formed is diamagnetic,but after sometime an
EPRsignalcharacteristicof TEMPO graduallyappears,
irradiation and humid air acceleratethe process of
TEMPO recovery. Such a behavior is typical of
oxoammoniumsalts,which transformback to nitroxyl
radicalson reactionwith water.11 TheIR spectrumof the
freshprecipitateshowedan intensebandat 1624cmÿ1,
which is not observedin the IR spectraof the reagents
and is characteristicof the>N�=O group.12 The UV–
VIS spectrumof the precipitatedissolvedin acetonitrile
showsan absorptionat 454nm which is also typical of
oxoammoniumsalts.12 Identificationof theprecipitateas
2a is supportedby elementalanalysis:C 50.7,H 8.4, N
6.0,O 20.4,Cl 14.5%(calculatedfor 2a: C 50.5,H 8.5,N
5.9,O 20.2,Cl 14.9%).


The kinetic studiesof this reaction showedthat at
[TEMPO]0� [ClO2]0 chlorinedioxide depletionobeys
pseudo-first-kinetics order; the correspondingrate con-
stantsk' arelisted in Table2. The analysisof thesedata
revealsthat k' hasa non-lineardependenceon TEMPO
concentration,and the effective second-orderrate con-
stant keff = k'/[TEMPO]0 decreaseswith increasein
TEMPOconcentration.Thefollowing empiricalequation


was found to describe the dependenceof keff on
[TEMPO]0 (Fig. 4):


Keff � a
1� b�TEMPO�0


wherea andb areconstantat a given temperature.
This dependencecan be explained by the reaction


schemeshownin Eqns(1) and(2).


Usingthisscheme,therateof thereactionis described
by the following expression:


W � k2K�ClO2��TEMPO�
1� K�TEMPO�


Comparisonof the abovetwo expressionsshowsthat
k2 K = a andK = b. Therefore,we cancalculateK andk2


from kinetic datapresentedin Table2 (for thereactionin
heptane):1/a = (2.27� 0.24)� 102, m2 s and b/a =
(5.69� 0.70)� 103, m s,andconsequentlyK = 25.0mÿ1


andk2 = 1.76� 10ÿ4 sÿ1. It canbeseenthatthevaluesof
K obtainedby the Benesi–Hildebrandmethodandfrom
kinetic datearein excellentagreement(for heptane,K =
23.4Mÿ1 by the Benesi–Hildebrand method and
25.0Mÿ1 from kinetic data).It shouldbe notedthat the
kineticsof complexconversionaretoo slow to affect the
values of equilibrium constant K measuredby the
Benesi–Hildebrandmethod.


Thus, the reaction between chlorine dioxide and
TEMPO proceedsthrough the formation of a charge-
transfer complex, which further transforms into an


Figure 3. Dependence of logarithm of ClO2
�TEMPO


complex equilibrium constant on the reciprocal temperature
(solvent = acetone)


Table 2. Pseudo-®rst-order k' and effective second-order keff


rate constants for the reaction between ClO2 and TEMPO at
different concentrations of TEMPO (0.01±0.05 M) (heptane,
20°C, [ClO2]0 = 10ÿ3


M) (errors do not exceed 15%)


Rateconstant 0.01M 0.02M 0.04M 0.05M


k'� 105 (sÿ1) 3.70 5.50 9.12 9.68
keff� 103 (Mÿ1 sÿ1) 3.7 2.75 2.28 1.94


Figure 4. Dependence of reciprocal second-order effective
rate constant of the reaction between ClO2 and TEMPO on
TEMPO concentration (solvent, heptane; 20°C)
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oxoammoniumsalt via inner-sphereone-electronoxida-
tion of TEMPO by ClO2. Although the one-electron
oxidation is a well-established mechanism for the
majority of chlorine dioxide reactions,7,13,14 charge-
transfer complexesof ClO2 with organic compounds
havenotbeenobservedbeforeour recentwork:4 nitroxyl
radicalsarestill theonly compoundswhichwerefoundto
give charge-transfercomplexeswith chlorine dioxide.
Great efforts have been made in the investigationof
nitroxyl radical complexeswith different ligands by
magnetic resonancemethods.10 These studies have
revealedgeneraltrendsof the structureand stability of
the nitroxyl complexes.In termsof electronicstructure,
thesecomplexeswereclassifiedinto threemajorclasses:
n–s, p–s, andp–p (thefirst orbital concernsthenitroxyl
radicalandthesecondthe ligand).


Theelectronicstructureof chlorinedioxidecomplexes
has not been considereduntil our recent theoretical
study,‡ wherea seriesof ClO2 complexeswith several
donor molecules have been studied using density
functional theory (B3LYP/cc-pVTZ) quantumchemical
calculations.Thenaturalbondorbital (NBO) methodwas
applied to determine the dominating charge-transfer
interactions in these complexes. It was found that
chlorine dioxide can form two typesof complexes:(a)
with majorn→s*(Cl—O) charge-transferinteractionand
(b) with major n→p*(O—Cl—O) andn→d(Cl) interac-
tions. Structuresof ClO2 complexeswith somesimple
nitroxyl radicals(parentnitroxyl, dimethyl nitroxyl and
tert-butyl nitroxyl) alsowereconsidered.‡ We havealso
calculatedthestructureof theClO2


�TEMPOcomplexby
the B3LYP method using a simple 3–21G* basis set
(Fig. 5).


According to the NBO analysis,‡ the main charge-
transfer interactionsin complexesof chlorine dioxide


with nitroxyl radicalsare the n(O)→ s*(Cl—O) inter-
action of the lone pair of the >N—O group and the
antibonding orbital of the Cl—O bond, the back
hydrogen-bondtype interactionof the chlorine dioxide
oxygenlone pair with the antibondingorbitalsof C—H
bonds of the nitroxyl radical methyl groups
n(O)→ s*(C—H) andthedonationfrom thes-character
lone pair of the chlorineatomto the antibondingorbital
of theN—O bondn(Cl) → s*(N—O), asillustrated.


CONCLUSIONS


In inert organic solvents, chlorine dioxide oxidizes
2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) to the
correspondingoxoammoniumsalt by an inner-sphere
electron-transfermechanismvia the formation of an
intermediatecomplex.Theequilibriumconstantcomplex
formation dependson the natureof the solvent and is
determinedby theprocessesof non-specificandspecific
solvationof thespeciesinvolved.
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ABSTRACT: The specific rates of solvolysis of 2-deoxy-�- and -�-D-glucopyranosyl-4�-bromoisoquinolinium ions (1
and 2) give excellent correlations in a Grunwald–Winstein equation approach for solvents with NT values more
positive than �1.4; the sensitivity to changes in NT value is considerably reduced in less nucleophilic solvents.
Copyright  2001 John Wiley & Sons, Ltd.
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Insertion of an �-alkoxy group accelerates enormously
the solvolyses of alkyl derivatives. For example,
ethoxymethyl chloride solvolyzes about 109 times faster
than n-butyl chloride.1 The generally accepted mechan-
ism involves a rate-determining ionization (Eqn. (1)), to
give a resonance-stabilized carbocation.1–4


ROCH2Cl ���Cl�
R O CH2


���R O
�


=CH2


� �
�1�


One cannot, however, assume a unimolecular mechanism
purely on the basis of the appreciable acceleration, since
it was also found3 that the ethanolysis of methoxymethyl
chloride was accelerated by the addition of ethoxide ion
and the second-order rate coefficient for the super-
imposed process was 105 times that for the corresponding
reaction of ethoxide ion with methyl chloride. Such a
bimolecular process has been proposed to proceed with a
loose (open) transition state, with appreciable oxocar-
benium ion character.3,5–8


Knier and Jencks studied5 the reactions of N-
methoxymethyl-N,N-dimethylanilinium ions with nu-
cleophilic reagents in water at constant ionic strength.
They observed well-behaved second-order reactions with
a variety of neutral and anionic nucleophiles. For


solvolyses of the N-methoxymethyl-N,N-dimethyl-m-
nitroanilinium ion (3), a study was made of the effect
of solvent variation on the specific rates of solvolysis and
a reasonable logarithmic correlation with the correspond-
ing specific rates of solvolysis of the triethyloxonium ion9


was found.
A well-established technique for obtaining mechan-


istic information from the influence of solvent variation
on the specific rates of a solvolysis reaction involves use
of the Grunwald–Winstein approach. For reactions with
the possibility of appreciable nucleophilic assistance, the
extended (two-term) Grunwald–Winstein equation (Eqn.
(2)) is recommended:10


log�k�k0�RX � lNT � mYX � c �2�


where k and k0 are the specific rates of solvolysis of a
substrate RX in a given solvent and 80% ethanol
respectively, l is the sensitivity to changes in the solvent
nucleophilicity NT,11 m is the sensitivity to changes in the
solvent ionizing power YX (for a leaving group X),12 and
c is a constant (residual) term.


It is found, however, that Y� values, established13


using the 1-adamantyldimethylsulfonium ion containing
a neutral molecule leaving group, vary only slightly from
zero,12,13 and, for this type of R—X� substrate, the
analysis can be carried out with omission of the mYX


term.14 An analysis in this manner of six data points
obtained by Knier and Jencks5 led11,14 to an l value of
0.46 and correlation coefficient r of 0.983. With omission
of the point for 100% 2,2,2-trifluoroethanol (TFE; above
the correlation line), the l value became 0.55 (r = 0.992).


The alkoxymethyl derivatives can be considered as
prototypes for glucopyranosyl derivatives, and the
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appreciable nucleophilic assistance indicated by the l
value of about 0.5 also suggests the need to consider the
possibility of this type of solvent assistance during
solvolyses of appropriately substituted carbohydrate
derivatives.


Banait and Jencks15 observed a second-order reaction
of �-D-glucopyranosyl fluoride with anionic nucleophiles
in water, accompanied by a complete inversion of
configuration. Under identical conditions, no reaction
was found with neutral nucleophiles. An enforced
concerted mechanism was proposed, and it was also
suggested that solvolyses in water or TFE–ethanol
mixtures involved an intermediate glucosyl oxocar-
benium ion. However, the observation of general-base
catalysis to the hydrolysis16 requires that the catalyzed
reaction be either concerted or with attack on an ion-pair
that readily reverts to reactant. Sinnott and coworkers6


suggested, on the basis of calculations and multiple
kinetic isotope effects, that the �-fluoride hydrolyzed by
an SN2 pathway with an ‘exploded’ transition state and
the �-fluoride was more SN1-like in its hydrolysis,
consistent with the known greater reluctance of equator-
ial groups toward being displaced in an SN2 process.17


#&�%'"� (�� �!��%��!$�


A logical extension to the studies with the fluoride would
be to replace the fluoride by a neutral-molecule leaving
group. Recently, our interest in this area was rekindled by
the publication of a very thorough study18 of both the
kinetics and product formation for the solvolyses, at
65.0°C in a wide variety of solvent compositions, of the
2-deoxy-�- and -�-D-glucopyranosyl-4�-bromoisoquino-
linium ions (1 and 2). Compound 1 reacts the faster; for
example, by factors of 3.9 in 100% ethanol, 6.6 in 100%
water, and 14.5 in 100% TFE. The authors analyzed the
measured specific rates in terms of Grunwald–Winstein
plots against Y� values. As we pointed out earlier, Y�


does not change appreciably with solvent composition
and the moderate changes in specific rates led to
reasonably good plots, but with extremely large negative
slopes (m values of �3.64 for 1 and �4.78 for 2). Our
prior experience with this type of plot strongly suggested
that negative slopes of this magnitude are indicative of a
pronounced dependence on solvent nucleophilicity.
Accordingly, we have reanalyzed the data with use of
NT values rather than Y� values (Figs 1 and 2).


The values obtained from these plots of log(k/k0)
against NT are reported in Table 1. For all 40 solvents,
moderately good correlations are obtained, with slopes
(l values) of 0.51� 0.03 for 1 (r = 0.934) and a slightly
higher value of 0.65� 0.03 for 2 (r = 0.964). For the
previously studied 3 in 13 solvents at 25.0°C,5 a similar
value of 0.48� 0.04 (r = 0.967) was obtained. An
examination of Figs 1 and 2 shows, in each case, an


)���� �� +�
� 
� �
&,-.-�/ �
� �
��
����� 
� �� ! ��
0� � � 
&�1�
����	
��� 2� ��
�
��
31�	
��	�1� �
	 ,�/ �&��	�� �4


���1��


)����  � +�
� 
� �
&,-.-�/ �
� �
��
����� 
� �� ! ��
0� � � 
&�1�
����	
��� 2� ��
�
��
31�	
��	�1� �
	 , / �&��	�� �4


���1��


Copyright  2001 John Wiley & Sons, Ltd. J. Phys. Org. Chem. 2001; 14: 819–822


820 D. N. KEVILL AND M. J. D’SOUZA







outstanding linear correlation for the more nucleophilic
solvents (aqueous ethanol, aqueous methanol, and TFE–
ethanol mixtures with at least 30% ethanol content). A
plot for this region (28 solvents) gave surprisingly high l
values of 0.81� 0.02 (r = 0.9938) for 1 and of 0.92�
0.02 (r = 0.9960) for 2. These values are only slightly
below the value of unity (by definition) for SN2 solvo-
lyses at the methyl carbon of the S-methyldibenzothio-
phenium ion.14 The study of 3 in only 13 solvents
prevents any attempt to analyze these solvolyses in terms
of two possible distinct mechanistic regions.


The l values obtained from analyses of solvolyses of 1
and 2 in 11 of the 12 remaining solvents (the borderline
80% TFE–20% ethanol was omitted) are much lower
(Table 1), and with a considerably inferior correlation.
The inferior correlation is to be expected because of the
hump that is present for the data in TFE–water mixtures
for both of the plots. The origin of this hump is unknown.
It does not appear to be due to interaction of solvent with
the extra functionalities present, because the log(k/k0)
values for 3 can be placed very well onto the plot for 1.
One can use the data for solvolyses in TFE and 90%
TFE–10% ethanol to get an extreme value for l of 0.16 for
solvolyses of 1 and 0.24 for solvolyses of 2. These values
are within the range one would expect for a rather weak
nucleophilic solvation of a developing carbocation.11,19 It


should be mentioned that, although they are somewhat
obscured by the larger scatter of points, all of the
deviations and curvatures for solvolyses in the solvents of
low nucleophilicity, as seen in plots against NT, are also
evident in the earlier plots18 against Y�.


For the aqueous TFE solvents, the low l values are
consistent both with the claim that 1 and 2 solvolyze via
dissociative transition states, and with the formation by
internal nucleophilic attack of a bicyclic acetal, in yields
as high as 36–44% in pure TFE.18


In aqueous ethanol, aqueous methanol, and TFE–
ethanol solvents with appreciable ethanol content, the
arguments presented18,20,21 supporting the operation of
dissociative mechanisms, including statements that even
nucleophilic solvation will be unimportant for the
solvolyses of 1 and 2 in these solvents, are contrary to
the present demonstration of a large sensitivity of the
specific rates of reaction toward changes in solvent
nucleophilicity.


For 2, stereochemical studies indicate 87–95% forma-
tion of the ether product with inverted configuration in
aqueous ethanol and aqueous methanol, but there is
considerably less inversion for 1. It is surprising that the
very large sensitivity toward changes in solvent nucleo-
philicity in the more nucleophilic solvents, suggestive of
a pathway involving a mechanism that is close to a
classical SN2, is accompanied for the majority of these
solvolyses by considerably less than complete inversion
of configuration in the ether products. Further studies on
these and related systems, including an extension to
additional mixed solvent systems, would be worthwhile.


&*+&#!�&�"('


The regression analyses were carried out using the


"�,�� �� �
�������
	 
� �� �����5� ����� 
� �
��
����� 
� �-  � �	� .� 1��	& �� �4 �
���	� 	1���
�������� ���������


Compound nb lc cd re Ff


1 40g 0.51� 0.03 �0.13� 0.19 0.9342 261
2 40g 0.65� 0.03 �0.10� 0.17 0.9641 501
3 13g,h 0.48� 0.04 �0.07� 0.16 0.9665 156
1 28i 0.81� 0.02 0.01� 0.05 0.9938 2076
2 28i 0.92� 0.02 0.03� 0.05 0.9960 3254
1 11j 0.26� 0.05 �0.59� 0.11 0.8660 27
2 11j 0.38� 0.04 �0.62� 0.08 0.9640 118


a Unless otherwise indicated, data from Ref. 18.
b Number of solvents.
c Sensitivity to changes in solvent nucleophilicity (with associated standard error).
d Constant term (accompanied by the standard error of the estimate).
e Correlation coefficient.
f F-test value.
g All available.
h From Ref. 5.
i NT values more positive than �1.4 (see text for more detail).
j NT values more negative than �1.4 (see text for more detail).
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ABSTAT statistical package (Anderson–Bell, Arvada,
CO, USA).
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ABSTRACT: We report mechanistic studies on the reactivity of CO2
.� radicals towards substituted benzenes, XPh,


with X = NO2, COOH, COH, CH3, H, Cl and HO. Vacuum ultraviolet (VUV, 172 nm) irradiation of aqueous solutions
containing formate was used as a method of CO2


.� radical generation for the study of the reaction products, which
were determined by gas chromatography–mass spectrometry and high-performance liquid chromatography. The
nature of some of the reaction intermediates was studied by laser flash photolysis of aqueous solutions of
peroxodisulfate in the presence of formate. The observed products and intermediates of reaction are discussed and
rationalized by a dual reactivity of the CO2


.� radical anion with substituted benzenes: a one-electron reduction and
radical addition to the aromatic ring. For substituted benzenes with X = NO2, COOH and COH, the observed products
support an electron transfer from CO2


.� to the substrates as the primary reaction channel, while the reactions with
toluene follow the channel of radical addition. Benzene and chlorobenzene react with CO2


.� by both routes, electron
transfer and radical addition. Our experimental results indicate that H abstraction by the CO2


.� radical is negligible
under the chosen experimental conditions. Copyright  2001 John Wiley & Sons, Ltd.


KEYWORDS: carbon dioxide radical anion; vacuum ultraviolet irradiation; electron transfer; radical addition;
phenol; toluene; benzene; chlorobenzene; benzaldehyde; benzoic acid


$%&�! '#&$!%


Carbon dioxide radical anions, CO2
.�, are commonly


used in aqueous chemistry as a reducing agent for
metalloporphyrins or as intermediate in the formation of
superoxide anion. CO2


.� has been reported to undergo
efficient electron transfer reactions with methyl violo-
gen,1 quinones,2 alkyl halides,3 fumarates,4 nitro and
nitrosobenzenes5,6 and chlorinated benzaldehydes.7 With
nitrobenzenes and chlorinated benzaldehydes, electron
attachment occurs on the nitro and aldehyde groups,
respectively. CO2


.� radicals have also been reported to
add to some unsaturated compounds such as acrylamide8


and pyridin-3-ol.9 Efficient hydrogen abstraction from
mercaptobenzenes have also been reported.10,11


The exact determination of the reduction potential, E°,
of the couple CO2/CO2


.� was difficult because of the
irreversibility of the electron transfer process due to the
change in structure from linear to bent.12 Results of
different approximations and experimental methods
agree in a value of E° (CO2/CO2


.�) ��1.9 V.12,13


Despite the fact that the CO2
.� radical is characterized by


a more negative reduction potential than O2
.� radicals


[E°(O2/O2
.�) ��0.16 V], in agreement with its efficient


reaction with oxygen,2 the reaction of CO2
.� with sulfur


radical cation complexes14 is slower by a factor of 2.6.
The trend observed in reactivity is in line with theoretical
calculations15 predicting a high internal reorganization
energy (� = 447 kJ mol�1) for the couple CO2/CO2


.�


than for the couple O2/O2
.� (� = 88.6 kJ mol�1).


The estimated value for the reduction potential of the
couple CO2


.�, H�/HCO2
� is 1.07 V at pH 7.12 The fact


that CO2
.� is also able to oxidize hydrogencarbonate to


CO3
.� (k = 2 � 103 l mol�1 s�1)16a although the reduc-


tion potential for the couple CO3
.�/CO3


2�
is E° = 1.5


V,16b is an indication that CO2
.� radicals may oxidize


some classes of substrates by hydrogen abstraction and/or
by an addition–elimination pathway.


Dimerization to oxalate, reaction (R1), seems to be the
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main reaction of CO2
.� in the absence of added


substrates.5


CO2
�� � CO2


�� � C2O4
2� �R1�


The reaction channels of CO2
.� radicals in the presence


of organic substrates depend strongly on the particular
substrate and need still to be investigated in detail. In this
paper we report mechanistic studies on the reactivity of
CO2


.� radicals towards substituted benzenes, XPh, with
X = HO, CH3, H, Cl, COH, COOH and NO2.


CO2
.� radicals show absorption in the UV (�max = 235


nm) with a relatively high extinction coefficient [� (235
nm) = 3000 l mol�1 cm�1], independent of pH between
pH 3 and 13.17 The conjugate acid of CO2


.�, i.e., HCO2
.,


has a pKa value of 1.4.2


For our investigations, CO2
.� radicals were generated


in aqueous systems by two different ways:
(i) by reaction of HO. radicals and H atoms with formic


acid (pKa = 3.75) or formate ions, reactions (R2–R5):2


HO� � HCO2
� � H2O � CO2


��


k1 	 3�2 � 109 l mol�1 s�1 �R2�
HO� � HCO2H � H2O � HCO2


�


k2 	 1�3 � 108 l mol�1 s�1 �R3�
H� � HCO2


� � H2 � CO2
��


k3 	 2�1 � 108 l mol�1 s�1 �R4�
H� � HCO2H � H2 � HCO2


�


k4 	 6�1 � 107 l mol�1 s�1 �R5�


Vacuum ultraviolet (VUV) photolysis of liquid water
(�exc �185 nm) provides a clean source of HO. radicals
and H atoms and, with much lower efficiency, hydrated
electrons (eaq


�).18 Formate reacts efficiently with HO.


and H., as shown in reactions (R2–R5). The quantum
yields of hydrated electron formation, �(eaq


�), are very
low, and in acidic solutions of pH 
4 the concentration of
eaq


� is further decreased owing to the efficient scaven-
ging of eaq


� by H3O� to yield H atoms (k = 2.4 � 1010


l mol�1 s�1)19 (see below). Consequently, VUV irradia-
tion (�exc = 172 nm) of N2-saturated aqueous solutions
(pH � 4) containing formic acid/formate ions yields
mainly CO2


.� radicals and this generation method was
used for experiments under steady-state conditions.


(ii) Sulfate radicals (SO4
.�) efficiently react with


formate ions yielding CO2
.� radicals,20 reaction (R6).


The photolysis of peroxodisulfate, S2O8
2�, providing a


clean source of SO4
.� radical anions with high pH-


independent quantum yields,21 laser flash photolysis
(�exc = 266 nm) of Ar-saturated peroxodisulfate solutions
of pH 5 in the presence of formate ions was used as a
convenient method for time-resolved studies involving


CO2
.� radicals. Reaction of CO2


.� radicals with S2O8
2�


ions,22 reaction (R7), yields again SO4
.� radicals as


reaction products, and its main effect is that of depleting
formate and peroxodisulfate from the reaction system.


SO4
�� � HCO2


� � SO4
2� � CO2


�� � H�


k6 	 1�1 � 108 l mol�1 s�1 �R6�
S2O8


2� � CO2
�� � SO4


�� � SO4
2� � CO2


k7 	 1 � 105 l mol�1 s�1 �R7�


The reaction products obtained from the reaction of
CO2


.� with the aromatic substrates with reaction (R8)
were determined by gas chromatography–mass spectro-
metry (GC–MS) and high-performance liquid chroma-
tography (HPLC). The nature of some of the reaction
intermediates was studied by laser flash photolysis.


CO2
�� � XPh � products �R8�


�(�')&� �%  $�#'��$!%


Generation of CO2
.� by VUV irradiation of aqueous


solutions requires efficient scavenging by formic acid and
formate ions [reactions (R2–R5)] of HO. and H. which are
primarily formed by photolysis. Under the chosen
experimental conditions, eaq


� are efficiently quenched
by H3O�. Other reactions of H., HO. and e�aq, such as
recombination reactions leading to H2 and H2O2,
respectively, and with the substituted benzenes should
be negligible.


The high absorbance of water (kH2O, 172 nm =
550 cm�1), the quantum yield of water homolysis
(ΦH2O, 172 nm = 0.42 � 0.04 mol einstein�1)23 and the
short lifetime of H atoms and HO radicals lead to strong
heterogeneity in the macroscopically homogeneous
reaction system. A volume of primary reactions close
to the surface of the lamp, in which the rates of reactions
(R2–R5) are controlled by the diffusion of formic acid/
formate ions into this layer, and a large volume of
secondary reactions in which slower thermal reactions
dominate, may be differentiated. To avoid undesirable
competing reactions as those already mentioned (see
above), high local concentrations of formic acid/formate
ions in the proximity of the surface of the light source are
needed. Taking into account that HO. radicals and H
atoms react mainly with formate, the minimum average
concentration of formate in the reaction system,
[CO2H�]min, which ensures that its concentration on the
surface of the lamp remains above zero, may be estimated
according to Eqn. (1),23 assuming steady-state conditions
in the volume of primary reactions and, hence, involving
equal rates of formate depletion [reactions (R2–R5)] and
diffusion. In a first approximation, formate/formic acid
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photolysis may be neglected (see below).


�HCO2
�min 	 2 � 103 � �H2O � P0


DHCO2
� � kH2O�172 nm � ln 10


�1�


Taking the incident photon rate per unit area
P0 = 8.5 � 10�8 einstein s�1 cm�2,18,23 and for the
diffusion coefficient, DHCO2


�, its value at infinite dilution
(1.45 � 10�5 cm2 s�1),24 [HCO2


�]min is estimated to be
4 � 10�3 M. It has been shown in studies using methanol
as a quencher of HO. radicals, that an excess factor
n = [MeOH]0/[MeOH]min �70 is required for a scaven-
ging reaction of HO. radicals.23 If a similar ratio is
expected for formate, the required concentration of
formate ion in the reaction system should be �0.3 M.


In order to check the validity of this estimation, and to
establish the experimental conditions under which the
added organic substrate, XPh, will not react with HO.


radicals and H atoms, a series of experiments were
performed to investigate the depletion rate of XPh as a
function of the analytical initial concentration of formate
[HCO2


�]0. Toluene was used as the organic probe, since
it efficiently reacts with HO. (k = 5.1 � 109 l mol�1 s�1)25


and H. (k = 2.6 � 109 l mol�1 s�1)26 and is expected to
show relatively low reactivity towards the electron-rich
CO2


.� radicals.
In the absence of formate, mainly reactions with HO.


radicals and H atoms deplete toluene. In the presence of
formate, both toluene and formate compete for HO. and
H.. Under conditions of high formate to toluene molar
ratios, the reactive intermediates are quantitatively
scavenged by formate and toluene reacts primarily with
CO2


.�. Figure 1 shows the depletion of toluene obtained


from saturated aqueous solutions of pH 4 containing
different [HCO2


�]0.
The depletion rates of toluene observed for [HCO2


�]0


�0.2 M are coincident, within experimental error. This
observation indicates that under these conditions, the
CO2


.� formation rates are independent of [HCO2
�]0, and


HO. and H. formed by water homolysis are quantitatively
scavenged by formic acid/formate ions, in agreement
with our previous discussion (see above).


The choice of [HCO2
�]0 = 1 M then guarantees that


HO. and H atoms are quantitatively scavenged by
HCO2H/HCO2


�, even in the presence of efficient HO.


and H. scavengers and for long irradiation periods, where
even after a 50% consumption of [HCO2


�]0 the depletion
rates of toluene are not affected.


Owing to the high concentrations of formic acid/
formate ions used, VUV absorption by these substances
may be suspected to compete with that of water. In fact,
formic acid is known to absorb in the gas phase at
wavelengths �180 nm, e.g. �200 nm = 40 l mol�1 cm�1,
and below 180 nm several Rydberg transitions have been
found leading to an ionization potential of 11.33 eV
(corresponding in energy to light of 109 nm).27–29


Photolysis of formic acid in the gas phase has been
reported to undergo two main reaction channels [e.g.
reactions (R9–R11)], of which reaction (R9) is the most
important process for irradiation wavelengths from 190
to 234 nm.28,29


HCO2H � h� � HO� � H�CO �R9a�
H�CO � CO � H� �R9b�
HCO2H � h� � H� �� CO2H �R10�
�CO2H � CO2


�� � H� �R11�


Photolysis at 253.7 nm of formate/formic acid in
aqueous solutions has been reported to lead to dissocia-
tion producing HO. and H.CO, reaction (R9a). Formyl
radicals, H.CO, efficiently dissociate to CO and H atoms,
reaction (R9b).30 Thus, electronic excitation of formic
acid/formate results in the final formation of CO2


.� also
involving reactions (R2–R5).


Our experiments show no effect on the decay rate of
toluene when [HCOO�]0 is increased to �0.2 M. This
result indicates that similar CO2


.� concentrations are
formed. If photolysis of formate/formic acid were to
contribute significantly to the formation of CO2


.�, light
should be quantitatively absorbed by formic acid already
at [HCO2


�]0 = 0.2 M and, consequently, the formate/
formic acid absorption coefficient at 172 nm should be
much higher than 2.7 � 104 l mol�1 cm�1 owing to the
even lower local concentrations of formate/formic acid
near the surface of the lamp. We therefore conclude that
formate/formic acid photolysis is not a significant process
under our experimental conditions.
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In the absence of aromatic substrates and for
[HCO2


�]0 = 1 M, diminution of [HCO2
�] follows a


zero-order decay of (8 � 3) � 10�5 mol l�1 s�1 for
experiments made with 400 ml of solution. Conse-
quently, �3 � 10�5 mol s�1 of formate are consumed
by its reactions with HO. and H atoms near the surface of
the lamp. Taking into account that 2 mol of formate are
consumed per mole of water homolysed and that


ΦH2O = 0.42 mol einstein�1 at 172 nm, P0 is estimated
to be (1.7 � 0.7) � 10�7 einstein s�1 cm�2, as expected
for Xe lamps of this type (see above).


As CO2
.� radicals are formed from formate/formic


acid due to reactions (R2–R5), �1.4 � 10�7 mol cm�2


s�1 of CO2
.� radicals are produced near the surface of the


lamp. Depletion of CO2
.� in the primary volume of


reactions is governed by their second-order recombina-


&���� �� *
����� ���	����


Substrate Reaction products


Nitrobenzene Nitrosobenzene, aniline, N-phenylformamide, azoxybenzene, azobenzene
Benzaldehyde Benzyl alcohol
Benzoic acid Benzaldehyde
Benzene Benzaldehyde, 1,4-cyclohexadiene, phenol, benzoic acida, biphenyl
Toluene 2-Methylphenol, 3,3�-dimethylbiphenyl
Chlorobenzene Phenol, 2-chlorophenol, benzaldehyde
Phenol –b


a Determined by HPLC. Identified by its retention time and UV absorption spectrum.
b No products were detected by GC. One unidentified product was detected by HPLC.


����,� �
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tion, reaction (R1),31 and by reaction with the organic
matter, reaction (R8), hence severely reducing the steady
concentration of CO2


.� which under such conditions
cannot diffuse far out of this primary volume. In order to
understand the complex kinetic process taking place in
the primary (irradiated) volume of reactions, a differ-
ential equation system should take into account the
diffusion of CO2


.� and of the organic matter to and from
the bulk solution (secondary volume), the rate of CO2


.�


formation and reactions (R1) and (R8). Assuming the
steady-state condition for CO2


.� radicals and the organic
matter in the primary volume of reactions, the product
k8 � [CO2


.�]ss is estimated to be of the order of 6 � 10�2


s�1 for 109 �k8 (l mol�1 s�1) �106. The macroscopic
depletion rate of aromatic substrates is then controlled by
the rate of reaction (R8) in the primary volume of
reaction and diffusion of the organic substrates from the
bulk solution to the neighbourhood of the lamp surface.
Under such conditions, substrate depletion rates of the
order of 10�6 mol s�1 are expected, as observed experi-
mentally for all the substrates investigated, except for
phenol, for which an even lower depletion rate is found.


The reaction products formed after the reaction of
CO2


.� with the substituted benzenes were determined
either by GC–MS or HPLC under the described
experimental conditions. Products were analysed for
different irradiation times up to 10 min and for �10%
reactant consumption in order to avoid secondary
reactions of the reaction products. The products formed
from the substrates investigated and properly identified
are listed in Table 1. Aliphatic compounds of low
molecular weight, i.e. containing four carbon atoms or
less, are eluted with the solvent and could not be detected
with our chromatographic set-up.


%$&�!�(%-(%(


Concerning our investigations with nitrobenzene, the
formation of products involving a reduction process
(Table 1), can be explained if an electron transfer from
CO2


.� to nitrobenzene, reaction (R12), is the primary
reaction (Scheme 1)


Flash photolysis experiments with Ar-saturated per-
oxodisulfate solutions containing formate and nitroben-
zene showed the formation of a transient species in the
microsecond time range with an absorption maximum of
290–280 nm. Under the conditions of our experiments,
SO4


.� radicals generated from the photolysis of perox-
odisulfate readily react with formate ions according to
reaction (R6) (with a lifetime �SO4


.� = 15 ns) yielding
CO2


.� radical anions. Absorption of CO2
.� radicals is not


observed in our experiments owing to the high absorption
of the solutions at � �250 nm. CO2


.� radicals further
react with nitrobenzene according to reaction (R12)
(�CO2


.� = 1 �s) leading to the observed transient. Figure 2
shows the transient absorption spectrum with a maximum


at �285 nm, in agreement with the reported spectrum of
the radical anion of nitrobenzene.6 The observed transient
formed by reaction (R12) is therefore assigned to the
radical anion of nitrobenzene.


Formation of nitrosobenzene may be explained by
disproportionation of the radical anion of nitrobenzene to
nitrobenzene and nitrosobenzene,32 reaction (R13).


Nitrosobenzene is known to react with CO2
.� radical


anions with k = 4 � 109 l mol�1 s�1,6 yielding the
nitrosobenzene radical, reaction (R14), which under our
experimental conditions is present in its acid form
(pKa = 11.76). Further condensation of the acid form of
the nitrosobenzene radical with loss of water yields
azoxybenzene, reaction (R15). Disproportionation of the
conjugate acid of nitrosobenzene radical, reaction (R16),
may yield nitrosobenzene and phenylhydroxylamine. The
latter product was not observed, however, it may have
been further reduced by CO2


.� to the intermediate amine
radical, C6H5N.H, which subsequently disproportionates
to phenylhydroxylamine and aniline, reactions (R17) and
(R18), respectively.


Formation of N-phenylformamide at longer irradiation
times may arise, either from addition of CO2


.� to the
nitrogen atom of the amine radical followed by reduction, or
by a condensation reaction between aniline and formic acid.


Formation of azobenzene, which is observed after
5 min of photolysis, may be explained by condensation of
the amine radical with the nitrosobenzene radical,
reaction (R19), or by the reaction of the amine radical
with nitrosobenzene and further reduction.33


�(%-�) (./ (


For benzaldehyde as a substrate, benzyl alcohol is the
only observed reaction product. Reaction of CO2


.�
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radicals with benzaldehyde, reaction (R20) (Scheme 2),
was reported to proceed by electron attachment on the
CHO group, yielding the carbonyl radical anion.7


Reversible protonation of the carbonyl radical anion
yields the carbonyl radical showing a pKa of 8.4.7 Further
disproportionation of the carbonyl radical yields benzyl
alcohol and benzaldehyde, reaction (R21).


�(%-!$# �#$ 


The reaction of CO2
.� with benzoic acid leads to


benzaldehyde. The electron transfer from the CO2
.�


radical to the carboxyl group yields the benzoyl radical,


reaction (R22) (Scheme 3), as already observed with the
hydrated electron.34 Further disproportionation of the
benzoyl radical produces benzoic acid and benzaldehyde
as shown in reaction (R23).


�������


The reaction of benzene with CO2
.� leads to both reduced


and oxidized products. Formation of 1,4-cyclohexadiene
may be explained by an electron transfer from CO2


.� to
the aromatic ring leading to the radical anion of benzene,
reaction (R24) (Scheme 4). Subsequent reaction with
water leads to the intermediate formation of cyclohexa-


����,� �


����,� �


����,� 0
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dienyl radicals, H–CHD, which undergo subsequent
disproportionation to benzene and 1,4-cyclohexadiene,
reaction (R25). A similar reaction sequence was proposed
for the reaction of benzene with hydrated electrons.27


The formation of benzoic acid, benzaldehyde, biphe-
nyl and phenol may be explained by an addition of CO2


.�


to benzene, reaction (R26). Disproportionation of the
adduct, CO2


�–CHD, yields benzene with elimination of
formate, and benzoic acid, reaction (R27). Benzaldehyde
would then be formed by the subsequent reduction of
benzoic acid (see above). Alternatively, the CO2


�–CHD
adduct may eliminate formate and add water, hence
producing a hydroxycyclohexadienyl radical (HO–
CHD), reaction (R28), in agreement with the observed
reactivity of sulfate and phosphate radical adducts of
aromatic substrates in aqueous solution35 and as expected
for the relatively good leaving group HCO2


�.35d HO–
CHD can either disproportionate to yield phenol and
benzene with elimination of water, reaction (R29), or
recombine yielding biphenyl36–38 as shown in reaction
(R30).


H-abstraction by CO2
.� from the aromatic ring could


also lead to the formation of benzoic acid, if the
intermediate phenyl radical were subsequently to react
with CO2


.�. However, phenyl radicals are highly reactive
and may alternatively react with benzene (k = 4.5 � 105


l mol�1 s�1) to yield a phenylcyclohexadienyl radical
(Ph–CHD), which upon disproportionation would lead to
biphenyl (observed as a reaction product, see above) and
phenylcyclohexadiene.38,39 The latter product not being
detected in our experiments, we conclude that biphenyl is
formed by an addition mechanism rather than by an H-
abstraction.


In order to obtain information on the intermediates of


the reaction of CO2
.� with benzene, flash photolysis


experiments with Ar-saturated peroxodisulfate solutions
containing formate and benzene were performed. For-
mation of a transient species with an absorption maxi-
mum at �300 nm was observed, as shown in Fig. 3.


The radical anion of benzene is reported to present an
absorption maximum at 290 nm in aqueous solution and
two absorption maxima at approx. 285 and 385 nm in a
matrix at 77 K.40,41 Since the radical anion of benzene is
known to protonate to H–CHD on a microsecond time-
scale,42 the latter radical may be detected with our laser
equipment. Figure 3 shows the spectrum of the transient
species obtained, along with that of the H–CHD and HO–
CHD radicals of benzene42,43 whose participation in the
overall reaction has already been discussed (see above).
The observed transient shows important contributions of
the H–CHD and HO–CHD radicals; however, absorption
at wavelengths higher than 340 nm cannot entirely be
attributed to these radicals.


The formation of CO2
�–CHD has been postulated in


order to account for the generation of benzoic acid as a
reaction product (see above). We expect that the lifetime
of this radical is longer than 50 �s in order to be able to
undergo disproportionation to benzoic acid. The ob-
served absorption at � �340 nm may in fact be attributed
to the CO2


�–CHD radical, because of the agreement of
its absorption spectrum with that of the structurally
related H adduct of benzoic acid showing, both,
absorption maxima at around 350 nm.34 Despite the fact
that Ph–CHD phenylcyclohexadienyl radicals also show
an absorption with a maximum between 330 and 340
nm,39 its contribution to the observed spectrum is
neglected, because the recombination product, phenylcy-
clohexadiene, was not found (see above). Consequently,
the time-resolved experiments with benzene support
both the addition and electron transfer pathways of
reaction.


&������


The reaction of CO2
.� with toluene leads to 2-


methylphenol and 3,3�-dimethylbiphenyl. Both products
may be formed by an addition – elimination reaction
channel leading to the HO–CHD radical of toluene,
which may either disproportionate to 2-methylphenol and
toluene with elimination of water or recombine to
dimethylbiphenyl, as observed for benzene in reactions
(R26), (R28), (R29) and (R30).


#������������


The reaction of CO2
.� with chlorobenzene leads to 2-


chlorophenol, benzaldehyde and phenol. An electron
transfer from CO2


.� to the aromatic ring is expected to
lead to the dehalogenation of the aromatic substrate, as


*�+��� �� �+�������� ��
����� �. �-
 �����
�� �+�
��
	
, �� .�
� ��
� 
 ������� �. � ��4�����
	 );)<� �(�)


=


%)>6
)� ��	 �������� ��? <� ��������� (;& = .����
 ��� �	


�� �(�)
= +
�@
�
; �-
 ����	 �	 	�-
	 �A;;A� ���
�


�-�0 �-
 ���
����
 +�������� ��
��� �. �-
 ?>B�?3&, �	
?B�?3&) �	���� �. +
�@
�
� �
��
����
��; �-
 ���
� �-�0�
�-
 ���
����
 ��
����� �. �-
 ?B�?3 �. +
�@��� ��	;,&


Copyright  2001 John Wiley & Sons, Ltd. J. Phys. Org. Chem. 2001; 14: 300–309


306 J. A. ROSSO ET AL.







observed for the reaction of chlorobenzene with the
hydrated electrons.44 The dehalogenation of chloroben-
zene yields reactive phenyl radicals, reaction (R31),
which upon further reaction with CO2


.� radicals
generates benzoic acid, reaction (R32) (Scheme 5).
Further reduction of benzoic acid by CO2


.� leads to the
formation of benzaldehyde, an observed reaction product
(see above).


Formation of chlorophenol may be explained by an
addition–elimination reaction leading to an HO–CHD
adduct of chlorobenzene which disproportionates to
chlorophenol and chlorobenzene, as shown in reactions
(R33) and (R34).


Formation of phenol very likely requires an ipso
addition of CO2


.� to chlorobenzene, as shown in reaction
(R35). The ipso position was also reported to be the
preferred site for hydroxyl radical addition to chloro-
benzene.45 The bimolecular reaction of the ipso adduct
CO2


�CHD with HO–CHD radicals of chlorobenzene is
an alternative reaction channel yielding benzoic acid,
HCl and chlorophenol, reaction (R36). Elimination of
HCO2


� from the ipso adduct, reaction (R37), and
subsequent reaction with HO–CHD radicals leads to the
formation of phenol, HCl and chlorophenol,46 reaction
(R38).


1�����


The reaction of CO2
.� with phenol resulted in a


surprisingly small substrate depletion. No products were
found within the detection limits of our chromatographic
means (GC), except for one unidentified product detected
by HPLC.


#!%#)'�$!%�


Products and reaction intermediates observed in the
present study are rationalized by a dual reactivity of the
CO2


.� radical anion with substituted benzenes, i.e. one-
electron reduction of and radical addition to the aromatic
ring. For substrates with electron-withdrawing substitu-
ents, i.e., with positive � values such as X = NO2, COOH
and COH, the observed products can be explained by an
electron transfer from CO2


.� to the substrates as the
primary reaction channel. Benzene and chlorobenzene
react by both electron transfer and radical addition. For
toluene, with an electron-donating substituent, products
of radical addition are found. The dual reactivity of
CO2


.� radical anion has recently been reported for
thymine,47 in agreement with our observations.


����,� 2
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H abstraction by the CO2
.� radical is only supported by


one of the routes proposed for the formation of benzoic
acid in our experiments with benzene. If such a reaction
channel were of importance, formation of substituted
benzoic acids should have been observed for other
substituted benzenes, as the dissociation energy of the
C—H bonds in these compounds is expected to be of the
same order as in benzene. Moreover, formation of
products derived from the benzyl radical was not
observed in our experiments with toluene. We therefore
conclude that the contribution of H-abstraction channel
by CO2


.� radical ions as a potential reaction channel of
this intermediate is negligible under our experimental
conditions.


The observed tendency in the dual reactivity of CO2
.�


radical anion may be rationalized by the reduction
potential of the substrate. An electron transfer mechan-
ism is observed for those substituted benzenes which are
reduced by the hydrated electron with diffusion-con-
trolled rates.27 For substrates showing lower reactivity
towards the hydrated electron, i.e. which are more
difficult to reduce, CO2


.� addition is the preferred
reaction channel. These observations are in line with
studies reporting the reduction of nitro compounds by �-
hydroxyalkyl radicals, where the redox potential of the
nitro compound determines the probability of radical
addition or electron transfer.48


(31(�$�(%&�)


Distilled water was passed through a Millipore filter. All
the chemicals were of p.a. quality (Merck) and used as
received. All experiments were performed with oxygen-
free argon-saturated solutions.


8!8 ���	����� 
 �
���
���; For the VUV irradiation
experiments, an excimer lamp emitting at 172 nm
(200 mm long, 35 mm diameter18,23) was used. The lamp
was immersed in a photochemical reactor of annular
geometry and a total volume of 400 ml. The reactor was
immersed in a water-bath at constant temperature.


Aqueous solutions of the substrates in the concentra-
tion range 0.5–23 mM were used. The pH of the solutions
was adjusted to 4 by addition of HClO4. Samples were
taken at constant time intervals and the total volume of
sample withdrawn was always less than 10% of the
volume of the reactor.


�-��������-�� ����
�; Organic substrates were
extracted from the aqueous solutions with a fixed volume
of chloroform and the extracts stored at 4°C in glass vials
with PTFE/silicone septum-lined screw-caps and mini-
mized headspace. Analysis of the extracts was performed
by GC with an HP 6890 gas chromatograph equipped
with an HP5-MS fused-silica capillary column and
coupled to an HP 5973 mass-selective detector. The


analyses were performed with a temperature program
starting at 80°C and ending at 200°C at a rate of 10°C
min�1, and the final temperature being held at 200°C for
5 min. Helium was used as the carrier gas at a flow-rate of
29 cm3 s�1. Injection volumes were 20 �l.


Substrate depletion and product formation were also
followed by HPLC with an HP1090 Series II liquid
chromatograph with a diode-array detector. A 10%
methanol–water mixture was used as eluent.


Formate analysis was performed by ion chromatogra-
phy (Dionex DX 500) with suppressed conductivity
detection. A 250 � 4 mm i.d. IONPAC AS11 (Dionex)
column and a 50 � 4 mm i.d. IONPAC AG11 (Dionex)
guard were used. The eluent was 60 mM aqueous NaOH.
The flow-rate was 1 ml min�1.


"�
� �-�������� 
 �
���
���; Flash photolysis experi-
ments were performed with a Spectron SL400 Nd:YAG
system generating 266 nm pulses (�8 ns pulse width).
The laser beam was defocused in order to cover the entire
pathlength (1 cm) of the analysing beam produced by a
150 W Xe lamp. The experiments were performed with a
quartz cell in a 90° geometry. The detection system
comprised a PTI monochromator coupled to a Hama-
matsu R666 PM tube. The signals were acquired and
averaged by a digitising oscilloscope (Hewlett-Packard
Model 54504) and transferred to a computer for further
treatment.


The concentrations of S2O8
2� and formate were 22.5


and 400 mM, respectively, and the concentrations of the
aromatic substrates were 3 mM for nitrobenzene and
10 mM for benzene. Under these reactions, the reactions
of the organic substrates with SO4


.� are negligible.
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(c) Rosso JA, Allegretti PE, Mártire DO, Gonzalez MC. J. Chem.
Soc., Perkin Trans. 2 1999; 205; (d) Steenken S. Top Curr. Chem.
1995; 177: 141.


36. Kochi JK. In Free Radicals, vol.1, Kochi JK, (ed). John Wiley &
Sons: New York, 1973; 629.


37. Karpel Vel Leitner N, Gombert B, Ben Abdessalem R, Doré M.
Chemosphere 1996; 32: 893.


38. Eberhardt M. J. Phys. Chem. 1974; 78: 1795.
39. Scaiano JC, Stewart LC. J. Am. Chem. Soc. 1983; 105: 3069.
40. Chutny B. Nature (London) 1967; 213: 593.
41. (a) Shida T. Phys. Sci. Data 1988; 34: 47; (b) Shida T, Iwata S. J.


Am. Chem. Soc. 1973; 95: 3473.
42. Gordon S, Schmidt KH, Hart EJ. J. Phys. Chem. 1977; 81: 104.
43. Mantaka A, Marketos DG, Stein G. J. Phys. Chem. 1971; 75: 3886.
44. Anbar M, Hart EJ. J. Am. Chem. Soc. 1964; 86: 5633.
45. Jakob L, Hashem TM, Bürki S, Guindy N, Braun AM. J.


Photochem. Photobiol. A: Chem. 1993; 75: 97.
46. Merga G, Schuchmann H-P, Rao BSM, Von Sonntag C. J. Chem.


Soc., Perkin Trans. 2 1996; 1097.
47. Ito T, Hatta H, Nishimoto S. Int. J. Radiat. Biol., 2000; 76: 683.
48. Wardman P. Int. J. Radiat. Biol. 1975; 28: 585.


Copyright  2001 John Wiley & Sons, Ltd. J. Phys. Org. Chem. 2001; 14: 300–309


REACTIONS OF CO2 RADICAL ANION WITH BENZENES 309








NMR spectroscopic and molecular modelling studies of the
solution structure and complexational behaviour of some
bis(benzo crown ether)s


M. Grotjahn,1 S. Lehmann,1 J. Aurich,2 H.-J. Holdt2 and E. Kleinpeter1*
1Institut fuÈ r Organische Chemie und Strukturanalytik, UniversitaÈ t Potsdam, Am Neuen Palais 10, D-14469 Potsdam, Germany
2Institut fuÈ r Anorganische Chemie und Didaktik der Chemie, UniversitaÈ t Potsdam, Am Neuen Palais 10, D-14469 Potsdam, Germany


Received 16 May 2000; revised 5 September 2000; accepted 20 September 2000


ABSTRACT: Structural information about the bis(benzo crown ether)sI–VI and their complexes with alkali metal
cations was deduced from the13C NMR chemical shifts, the salt-induced1H and13C chemical shifts and the vicinal
1H,1H coupling constants. Especially the isomerism with respect to the amide O=C—NH bonds and imine fragments
were assigned by various useful NMR parameters (�C=O, 1JN,H, 1JC,H) and proved to beE,E-anti,anti. Furthermore,
stereochemical information about preferred conformations about flexible bonds was obtained from 2D ROESY NMR
experiments. The complex formation (2:1 complexes and ‘sandwich-like’ 1:1 complexes, respectively) were
determined also by23Na NMR spectroscopy. The conformational study of the crown ethers was accompanied and
corroborated by molecular dynamics and quantum chemical calculations. Copyright 2000 John Wiley & Sons, Ltd.


KEYWORDS: NMR spectroscopy; configuration; conformation; bis(benzo crown ether)s; alkali metal complexes


INTRODUCTION


Bis(benzo crown ether)s have been widely studied owing
to their ability to form complexes selectively with alkali
metal cations.1 2 These compounds consist of two crown
ether units in the same molecule; therefore the usual 2:1
but also ‘sandwich-like’ 1:1 complexation is possible.


It was the objective of this work to assign the
isomerism of the bis(benzo crown ether)sI–VI along
the linking chain (amide O=C—NH bond and imine
fragment) of a series of heteroarylene-bridged carbonyl-
hydrazone bis(benzo-15-crown-5 ether)s (cf. Scheme 1)
by NMR spectroscopy and accompanying molecular
modelling. Furthermore, aim to determine the solution
conformation of the bis(benzo crown ether)sI–VI and the
variation of the conformation during complexation of
alkali metal cations by means of NMR spectroscopy.


RESULTS AND DISCUSSION


Stereochemistry of bis(benzo crown ether)s


The ring inversion of the macrocyclic polyether rings in
the bis(benzo crown ether)sI–VI is fast on the NMR


time-scale at ambient temperature; accordingly, averaged
signals for an unknown number of conformers were
obtained in each case. Moreover, only one set of1H and
13C signals was detected for these compounds without
any line broadening. From single resonances of espe-
cially H-12 and NH protons up toÿ50°C and the
configurational behaviour of similar bis(benzo crown
ether)s3 on the existence of only one configuration of the
amide bonds was concluded (cf. Scheme 2;E,Z with
respect to the amide bond O=C—NH). The same
information came from only one signal for the carbonyl
resonances C-10 in the13C NMR spectrum.


1H NMR spectra. The 1H NMR spectra exhibit five
characteristic absorption ranges: the NH protons at� =
11.81–12.21 ppm (H-11), the OCH2 crown ether protons
(H-19–H-22 at� = 3.76–4.20 ppm), the H-12 methine
protons at� = 8.21–8.42 ppm, the H-5 methylene protons
(3.78–5.08 ppm) and the aromatic protons (H-1–H-4, H-
6–H-9 at� = 7.36–8.45 ppm). Proton chemical shifts and
relevant coupling constants are given in Tables 1 and 2.
The aromatic protons H-14, H-15 and H-16 can be readily
differentiated by the vicinal and long-range H,H
coupling; H-16 was found at higher field due to the
ortho-OR substituent.


The multiplets of the crown ether protons H-19–H-22
can be readily differentiated, owing to the aromatic ring
current effect4 they are low field shifted the nearer they
are positioned to the benzo ring (�: H-19> H-20> H-21,
H-22).
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13C NMR spectra. Theassignmentof thecorresponding
13C NMR spectrawasestablishedfrom theunequivocally
assigned1H NMR spectraby meansof bothHMQC and
HMBC 2D NMR experiments(Table 3). Stereochemi-


cally relevantinformationis availablefrom thechemical
shiftsof C-14andC-16in theg fragmentsC-14—C-18—
O—C-19' andC-16—C-17—O—C-19.High-field shifts
of the terminal carbons are significant for in-plane


Scheme 1


Scheme 2


Table 1. 1H chemical shifts �(1H) (ppm), of the bis(benzo crown ether)s I±VI in CDCl3±CD3OD (80:20)


Compound H-1 H-2 H-3 H-5 H-6 H-7 H-9 H-11 H-12 H-14 H-15 H-16 H-19 H-20 H-21,22


I – – – – 7.49 7.99 8.27 11.85 8.21 7.55 7.11 6.84 4.18 3.92 3.75
II – – – – 8.12 8.45 – 12.21 8.42 7.66 7.21 6.87 4.20 3.94 3.78
III – – – 3.78 – 7.48 7.81 11.87 8.21 7.51 7.11 6.86 4.19 3.91 3.77
IV 7.39 7.39 7.39 4.96 – 7.55 7.79 11.87 8.21 7.48 7.09 6.83 4.16 3.90 3.77
V – 7.36 7.36 4.93 – 7.53 7.81 11.81 8.21 7.48 7.08 6.83 4.15 3.91 3.76
VI – 8.24 7.60 5.08 – 7.56 7.86 11.85 8.22 7.47 7.08 6.82 4.16 3.90 3.76


Table 2. Homonuclear coupling constants of the aromatic protons J (Hz), of the bis(benzo crown ether)s I±VI


Compound 3Jortho (H-2, H-3) 3Jortho (H-6, H-7) 3Jortho (H-15, H-16) 4Jmeta(H-7, H-9) 4Jmeta(H-14, H-15)


I – 7.75 8.25 1.25 1.45
II – 7.80 8.30 – 1.40
III – – 8.30 1.30 1.80
IV (n.o.) – 8.30 1.40 1.70
V (n.o.) – 8.30 1.40 1.70
VI 8.70 – 8.35 1.30 1.60
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interactions.Owing to the high-field positionof both a-
OCH2 andof C-14/C-16,respectively,the moreor less
in-plane position of these fragmentsin the bis(benzo
crown ether)s I–VI can be concluded.5 The same
information is obtainedfrom ROEsH-14/a-CH2 andH-
16/a-CH2 (cf. Table5).Forassigningthestereochemistry
of thestudiedbis(benzocrownether)sI–VI from boththe
1H and 13C NMR spectraa number of useful NMR
parameterswereemployed.


Isomerism of the amide bonds. In order to provethe
E–Z isomerismof the two amidebonds(cf. Scheme2),
the positionof the signalsof both the C=O carbonand
theNH protonin theNMR spectrawereconsidered.The
carbonyl resonanceswere found between 160.9 and
165.0ppm, and thereforeit wasconcludedthat the E,E
isomer is present (for the correspondingZ,Z isomer
�(C=O) = 169.9–177.0ppmis expected).6


The 15N chemical shifts7 and the 1JN,H coupling
constants8 have also been successfullyemployed to
estimatetheconfigurationat amidebonds(Table4). The
correspondingparameterswere determinedby 15N,1H
HMQC experiments.The15N chemicalshiftswerefound
between ÿ149.5 and ÿ153.5ppm and ÿ300.2 and
ÿ304.4ppm.Thecorresponding1JN,H couplingconstants
(94.4–99.4Hz) arecharacteristicfor the E,E isomer;8 in
theZ,Z isomertheyprovedto bemuchsmaller(90Hz).8


Syn±anti isomerism of the imine fragments (Scheme
3). ROEsbetweenthe NH protonsandthe imine proton
H-12 werefound in I–VI andprovedunequivocallythe
anti position of the NH proton and the imine nitrogen
lone pair. Also the direct coupling 1JC-12,H-12 can be
employedto assignthe syn–anti isomerism;the experi-
mentally obtainedvalues 1JC-12,H-12 = 158.6–163.2Hz
provedcharacteristicfor theanti arrangement.9 In caseof


Table 3. 13C chemical shifts �(13C) (ppm), of the bis(benzo crown ether)s I±VI in CDCl3±CD3OD (80:20)


Compound C-1 C-2 C-3 C-4 C-5 C-6 C-7 C-8 C-9 C-10


I – – – – – 129.3 131.5 133.6 126.1 165.0
II – – – – – 139.3 126.1 150.9 – 160.9
III – – – – – 160.1 117.0 134.9 117.9 164.8
IV 128.3 127.7 128.7 136.3 70.4 159.2 117.9 134.8 117.9 164.9
V 134.6 128.5 128.6 133.7 70.1 158.7 117.5 134.6 117.5 164.3
VI 147.4 123.5 127.4 143.5 70.0 158.3 117.4 134.7 117.4 164.1


C-12 C-13 C-14 C-15 C-16 C-17 C-18 C-19 C-20 C-21 C-22


I 150.0 127.4 110.7 123.6 112.9 151.6 149.6 68.9 69.6 70.5 71.2
II 148.7 127.4 111.3 123.4 112.9 151.7 149.5 68.9 69.6 70.5 71.1
III 149.8 127.3 110.4 123.5 112.7 151.5 149.5 68.8 69.6 70.4 71.1
IV 149.5 127.3 110.0 123.6 112.71 151.5 149.6 68.7 69.5 70.4 71.1
V 149.3 126.9 110.2 123.1 12.5 151.2 149.2 68.5 69.2 70.1 70.8
VI 149.5 126.9 110.2 123.0 112.5 151.3 149.2 68.5 69.1 70.7 70.7


Table 4. 15N chemical shifts �(15N) (ppm), and coupling constants, J (Hz), of the bis(benzo crown ether)s I±VI in CDCl3±CD3OD
(80:20)


Compound �(—CH=N—NH—) 2J(H-12,N) �(—CH=N—NH—) 1J(H-11,N) 1J(C-12,H-12)


I 304.40 6.20 153.40 95.1 160.18
II 300.20 6.20 149.51 99.4 158.58
III – – – – 161.63
IV 304.25 6.86 153.40 94.4 162.60
V 304.15 8.30 153.28 95.9 160.33
VI 304.40 6.43 153.53 94.4 163.16


Scheme 3
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the syn position values 1JC-12,H-12> 185Hz would be
expected.9


Rotation about the C-8ÐC-10 and C-12Ðaryl bonds.
In order to study quantitatively the conformational
equilibrium of the rotationsabout the C-8—C-10 and
the C-12—aryl bonds,ROESY 2D NMR spectrawere
recorded and the ROE cross peaks obtained were
integrated.The ROE valuesaregiven in Table5. From
theseresults,andwith theunderstandingthattherotation
abouttheC-8—C-10andtheC-12—arylbondsis faston
the NMR time-scale,10 the two in-planeconformations
werefoundwith similar populations(cf. ROEsH-7/H-11
andH-9/H-11;ROEsH-12/H-14andH-12/H-15).


Conformational variations during the complexa-
tion of alkali metal ions to I±VI


After assigningtheE,E-anti,anti isomerismof theamide
bondsandtheiminefragmentsof I–VI , in continuationof
previousstudies,5 the complexationof thesebis(benzo
crown ether)s with alkali metal cations was studied.
High-field shifts of the 1H resonances(especiallyof the
aromaticprotons)during complexationwereinterpreted
as the formation of ‘sandwich-like’ complexes;from
low-field shifts,conventionalcomplexationof thecations
within the cavity of the two crown ethermoietieswas
concludedandin thelattercasechemicalshiftsof nuclei
in the linking chainremainedconstant.8


Table 5. Relative intensity of the ROE cross peaks as obtained from ROESY 2D NMR spectra of the bis(benzo crown ether)s I±VI


ROE I II III IV V VI


H-11$ H-12 ROEa ROE ROE ROE ROE ROE
H-11$ H-7 50% ROE 45% 51% 53% 52%
H-11$ H-9 50% – 55% 49% 47% 48%
H-12$ H-14 51% 51% 44% 51% 51% 46%
H-12$ H-15 49% 49% 56% 49% 49% 54%
H-12$ H-16 ROE ROE ROE ROE ROE ROE
H-6$ H-7 ROE ROE – – – –
H-14$ H-19 ROE ROE ROE ROE ROE ROE
H-15$ H-19' ROE ROE ROE ROE ROE ROE
H-16$ H-19 ROE ROE ROE ROE ROE ROE
H-19$ H-20 ROE ROE ROE ROE ROE ROE
H-5$ H-7 – – ROE ROE ROE ROE
H-2$ H-3 – – – ROE ROE ROE


a ROE= crosspeakobtainedin the2D ROESYexperimentstill significant;ROE(H-7$ H-11)� ROE(H-9$ H-11)= 100%,andROE(H-12$ H-
14)� ROE(H-12$ H-15) = 100%,respectively.


Figure 1. 1H chemical shifts of I at different [KSCN]/[I] molar ratios
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1H NMR spectroscopy. The changesin the proton
chemicalshiftsof bis(benzocrownether)I subjectto the
molar ratio [KSCN]/[I ] are depictedin Fig. 1 (seealso
Table6). The high-field shift of especiallythe aromatic
protonswith growing complexationwas interpretedas
the formation of ‘sandwich-like’ complexes;therefore,
theconformationof the linking chainhasto bechanged.
These shielding variations are mainly causedby the
anisotropyeffectsof the two benzocrownetherunits.


In contrast,the Na� cation, when addedto CDCl3–
CD3OD solutionsof thebis(benzocrownether)s,shift the
resonancesof almostall theprotonsto lower field (Table
6). Therefore,conventionalfixation of thecationswithin
thecavity of the two crownetherunitswasconcluded.


13C NMR spectroscopy. The13C chemicalshiftsshould
be even more useful for deducing conformational


Table 6. 1H chemical shift variations, D�(1H) (ppm), of the bis(benzo crown ether)s in CDCl3±CD3OD (80:20) during the
complexation with Na� and K� cations


I :Na� II :Na� II :Na� IV :Na� V :Na� I :K�


No. 1:1 1:2 1:1 1:2 1:1 1:2 1:1 1:2 1:1 1:2 1:1 1:2


1 – – – – – – 0.02a 0.05a – – – –
2 – – – – – – 0.02a 0.05a 0.04a 0.08a – –
3 – – – – – – 0.02a 0.05a 0.00a 0.02a – –
5 – – – – 0.11 0.15a 0.21 0.26 0.20 0.27 – –
6 0.02 0.10 0.01 0.05 – – – – – – ÿ0.16 ÿ0.23
7 0.01 0.11 ÿ0.01 0.04 0.03 0.15 0.05 0.16a 0.03 0.14 ÿ0.08 ÿ0.11
9 0.21 0.32 – – 0.25 0.37 0.30 0.41 0.26 0.39 ÿ0.03 ÿ0.09


12 0.44 0.66 0.33 0.44 0.47 0.69 0.51 0.71 0.48 0.69 0.23 0.27
14 0.00 0.15 0.12 0.31 0.05 0.22 0.06 0.23 0.04 0.21 ÿ0.20 ÿ0.10
15 0.10 0.20 0.36 0.59 0.12 0.22 0.13 0.23a 0.12 0.22 ÿ0.07 ÿ0.21
16 0.04 0.14 0.00 0.15 0.03 0.13 0.04 0.14 0.03 0.14 ÿ0.05 ÿ0.01
19 0.02 0.11 0.05 0.11 0.02 0.11 0.04 0.13 0.04 0.13 ÿ0.09 ÿ0.03
20 0.01 0.01 ÿ0.01 0.04 0.00 0.02a 0.01 0.04 0.00 0.04 ÿ0.09 ÿ0.08
21, 22 0.02 0.04 0.01 0.01 0.01 0.03 0.00 0.02 0.01 0.02 ÿ0.04 ÿ0.05


a Signalbroadingandovercrowding.


Table 7. 13C chemical shift variations D�(13C) (ppm) of the bis(benzo crown ether)s I±VI in CDCl3±CD3OD (80:20) during
complexation with Na� cations


I I II II III III IV IV V V VI VI
No. (1:1) (1:2) (1:1) (1:2) (1:1) (1:2) (1:1) (1:2) (1:1) (1:2) (1:1) (1:2)


1 – – – – – – ÿ0.09 ÿ0.09 0.17 0.25 0.00 0.00
2 – – – – – – 0.02 0.03 ÿ0.03 ÿ0.01 ÿ0.10 ÿ0.05
3 – – – – – – ÿ0.04 ÿ0.04 0.04 0.10 0.01 0.10
4 – – – – – – 0.14 0.13 ÿ0.13 ÿ0.12 0.30 0.22
5 – – – – – – 0.17 0.13 ÿ0.62 ÿ1.42 0.11 0.18
6 0.12 0.27 ÿ0.08 0.02 0.30 ÿ0.04 0.06 ÿ0.04 0.05 ÿ0.14 0.08
7 0.55 0.89 0.07 0.16 0.47 0.81 0.41 0.75 1.08 1.53 0.59 0.91
8 ÿ0.38 ÿ0.57 ÿ0.27 ÿ0.67 ÿ0.35 ÿ0.49 ÿ0.34 ÿ0.53 ÿ0.24 ÿ0.46 ÿ0.51 ÿ0.59
9 0.38 0.32 – – 0.56 0.61 0.53 0.56 0.90 0.76 0.54 0.54


10 ÿ0.22 ÿ0.27 0.04 0.14 ÿ0.30 ÿ0.33 ÿ0.29 ÿ0.36 ÿ0.21 ÿ0.21 ÿ0.33 ÿ0.30
12 ÿ0.35 ÿ0.70 ÿ0.01 ÿ0.03 ÿ0.26 ÿ0.60 ÿ0.23 ÿ0.38 ÿ0.44 ÿ0.51 ÿ0.52 ÿ0.80
13 0.82 1.46 0.78 1.53 0.73 1.43 0.62 1.25 0.47 1.24 1.02 1.65
14 0.49 0.58 1.00 1.99 0.61 0.69 0.58 0.67 0.52 0.70 0.47 0.51
15 0.36 0.61 0.47 0.13 0.32 0.63 0.25 0.25 0.06 0.52 0.41 0.71
16 0.13 0.25 0.14 0.50 0.09 0.21 0.08 0.15 0.07 0.16 0.08 0.18
17 ÿ1.32 ÿ2.42 ÿ1.52 ÿ2.82 ÿ1.19 ÿ2.38 ÿ1.11 ÿ2.38 ÿ0.89 ÿ2.02 ÿ1.66 ÿ2.68
18 ÿ1.13 ÿ2.05 ÿ1.30 ÿ2.35 ÿ1.04 ÿ1.99 ÿ0.98 ÿ1.87 ÿ0.72 ÿ1.71 ÿ1.37 ÿ2.20
19 ÿ0.78 ÿ1.33 ÿ0.53 ÿ0.95 ÿ0.62 ÿ1.24 ÿ0.56 ÿ1.17 ÿ0.45 ÿ1.14 ÿ0.94 ÿ1.47
19 ÿ0.67 ÿ1.27 ÿ0.84 ÿ1.46 ÿ0.69 ÿ1.27 ÿ0.63 ÿ1.20 0.13 0.19 ÿ0.84 ÿ1.39
20 ÿ0.85 ÿ1.47 ÿ0.74 ÿ1.32 ÿ0.65 ÿ1.26 ÿ0.61 ÿ1.20 ÿ0.46 ÿ1.19 ÿ0.89 ÿ1.39
20 ÿ0.76 ÿ1.36 ÿ0.82 ÿ1.41 ÿ0.71 ÿ1.34 ÿ0.72 ÿ1.35 ÿ0.42 ÿ1.05 ÿ0.95 ÿ1.49
21 ÿ1.05 ÿ1.72 ÿ1.25 ÿ2.10 ÿ1.16 ÿ2.03 ÿ0.84 ÿ1.55 ÿ0.34 ÿ1.04 ÿ1.19 ÿ1.73
22 ÿ1.16 ÿ2.07 ÿ1.01 ÿ1.89 ÿ0.75 ÿ1.74 ÿ1.40 ÿ2.16
22 ÿ1.25 ÿ2.08 ÿ1.01 ÿ1.68 ÿ1.66 ÿ1.80 ÿ0.96 ÿ1.79 ÿ0.69 ÿ1.63 ÿ1.31 ÿ2.07


Copyright  2000JohnWiley & Sons,Ltd. J. Phys.Org. Chem.2001;14: 43–51


NMR STUDIESOF SOMEBIS(BENZOCROWNETHER)S 47







variations during alkali metal complexationowing to
their morecharacteristicdependenceon thestereochem-
istry. The 13C chemicalshifts for the free crown ethers
and their complexeswith NaI were recordedin CDCl3/
CD3OD (80:20). The 13C chemicalshifts D� at [NaI]/
[crown ether]molarratiosof 1:1 and2:1 arecollectedin
Table 7. Typical � vs [NaI]/[crown ether] molar ratio
curvesaredepictedin Fig. 2. From the shapeof the �–


concentration curves it can be concluded that the
complexationproceedsgradually.First, 1:1 complexes
will be formed(only small low-field shifts)andlater1:2
(stronger low-field shifts) host–guestcomplexes.The
changesin thecarbonresonancesC-1–C-12of thelinking
chainarevery small,andthereforeit canconcludedthat
the linking chainwasnot changedduring thecomplexa-
tion with Na� ions.


Figure 2. 13C chemical shifts of IV at different [NaI/[IV] molar ratios


Figure 3. 23Na chemical shifts in the corresponding complexes of III and IV at different [NaI]/[bis(benzo crown ether] molar ratios
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23Na NMR spectroscopy. Thecomplexationof theNa�


ions by the structurallyrelatedbis(benzocrown ether)s


was further investigated by means of 23Na NMR
spectroscopy.In order to study the growing complex
formation, the coronandswere addedto NaI solutions,
and the dependenceof the 23Na chemicalshifts on the
[NaI]/[coronand]molar ratio was investigated(Fig. 3).
The exchangebetween the free and the complexed
sodiumionsis faston theNMR time-scaleandaveraged
shiftswerethereforeobtained.


The chemical shift variations of the sodium ion
representchangesin the Na� solvation shell because,
duringcomplexation,thesolventmoleculesarereplaced
by the macrocyclic ligands.11 This is demonstratedby
growing low-field shifts with increasingNa� complexa-
tion of the bis(benzocrown ether)sIII and IV in Fig. 3


Table 8. Isomerism of the amide O=CÐNH bond and the
imine fragment in the lowest energy conformations of the
bis(benzo crown ether)s I±VI as calculated


Compound Amide bond Imine fragment


I Z Z anti anti
II E E anti anti
III E Z syn anti
IV E E anti anti
V E Z syn syn
VI E Z syn syn


Figure 4. The lowest energy conformations of I, III, IV and VI
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with respectto the Na� resonanceof the free, solvated
sodiumion. The� vs [salt]/[coronand]molarratio curves
show a single sharp bend when the molar ratio is
approximately1:2. Accordingly, the formation of 1:2
host–guestcomplexeswascorroborated.


Molecular modelling studies


In orderto find thepreferredconformersof lowestenergy
for thebis(benzocrownether)sI–VI , moleculardynamic
(MD) simulationsat 500K were carried out, and also
Grid searchcalculationswere performed.As a result,
differentground-stateconformers(MD, 500conformers;
Grid search,I–III 1024conformersandIV–VI ca20000
conformers)wereobtained.After theMD simulationand
Grid search,all of thesestructureswere used as the
starting geometry for a subsequentTRIPOS energy
minimization. After this procedure,the most stable60
conformersthusobtainedwerefurtheroptimizedby PM3
energyminimization.Thesecalculationsweredonewith
molecular mechanical correction of the O=C—NH
bonds(keyword:mmok).


The preferredisomerismfound in the experimental
NMR study,i.e. theE,E isomerwith respectto theamide
O=C—NH bondsand the anti positionwith respectto
the imine fragment, were found generally along the
lowestenergyconformationsof thecalculatedstructures
(seeTable8), but not with generallythe lowestenergy.


Thecorrespondingstructurewith E,E configurationin I is
at least5.5kcalmolÿ1 lessstablethanthe lowestenergy
conformation,in III 1.1kcalmolÿ1, in V 3.6kcalmolÿ1


and in VI 6.7kcalmolÿ1. The difference in energy
between the lowest energy conformation and the
correspondingstructure in the anti,anti configuration
were found to be at least 2 kcalmolÿ1 in II and
3.6kcalmolÿ1 in V.


The lowestenergyconformations of I, III, IV andVI
obtained with the present calculation procedure are
depictedin Fig.4.Thegeneraldiscussionof thecalculated
structuresobtainedcanbesummarized asfollows:


(i) The amide fragment (generally planar, however,
both E and Z isomers have been found in the
energeticallymoststablestructures)is not in-plane
with theadjacentaromaticmoiety: for theC-7—C-
8—C-10—N-11 dihedral angle syn but also anti
conformationswerefound.


(ii) Theamidinemoietywasfoundto beplanarandthe
dihedral anglesC-10—N-11—N—C-12proved to
prefer the anti conformation;however,gaucheand
eclipsedconformationswerealsocalculated.


(iii) The calculated structures show no remarkable
preference for the N—C-12—C-13—C-15 frag-
ments;the gauche,anti andalsothe synconforma-
tions expectedwerefound; the sameis true for the
relevantconformationsof substituentY in III –VI .


(iv) In addition,bothstretchedtype(I, II, IV, VI ) anda


Table 9. Infrared frequences � (cmÿ1) of the bis(benzo crown ether)s I±VI in KBr


I II III IV V VI


�(NH) 3200 3200 3200 3190 3200 3200
�(CH2) 2865;2915 2855;2915 2855;2910 2855;2910 2860;2915 2860;2915
�(amideI) 1645 1660 1640 1635 1650 1650
�(C—O—C)aliph. 1125 1125 1125 1120 1125 1125
�(C—O—C)arom. 1260 1260 1260 1260 1260 1260


Table 10. Electron ionization mass spectrometer data for the bis(benzo crown ether)s I±VI


m/z I (%) II (%) III (%) IV (%) V (%) VI (%)


M 3 0.2 0.4 0.5 – –
588 6 10 3 6 15 26
293 8 4 10 10 10 8
M ÿ293 22 20 6 7 3 –
178 4 7 16 3 5 7
161 100 100 100 100 99 38
146 36 40 36 40 45 31
105 22 30 20 23 24 12
45 55 92 42 54 100 100
91 (tropylium ion) – – – 94 – –
125/127 – – – – 92 –
136 – – – – – 14
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‘sandwich-like’ type (III, V) conformationsof the
bis(benzocrown ether)s studied were calculated;
hence,also the complexationof cationslarger than
sodiumseemto bealreadypre-organized.


EXPERIMENTAL


The bis(benzocrown ether)sI–VI were synthesizedby
condensationreactions of 4-formylbenzo-15-crown-5
etherand the correspondingdicarboxylic acid dihydra-
zidesin benzene,continuouslyremovingthe water,and
employing catalytic amounts of p-toluenesulfonic
acid.12,13 Structural analysis was performed by mass
spectrometry(Table 9), by IR spectroscopy(Table 10)
andthepresentNMR investigations.


N',N'@-Bis(2,3,5,6,8,9,11,12-octahydro-1,4,7,10,13-
benzopentaoxapentadecin-15-ylmethylidene)isophtalhy-
drazide,I : m.p.: 247–249°C.


N',N'@-Bis(2,3,5,6,8,9,11,12-octahydro-1,4,7,10,13-
benzopentaoxapentadecin-15-ylmethylidene)pyridine-
2,4-dicarbohydrazide, II : m.p.: 170–172°C.


N',N'@-Bis(2,3,5,6,8,9,11,12-octahydro-1,4,7,10,13-
benzopentaoxapentadecin-15-ylmethylidene)-5-meth-
oxyisophtalhydrazide, III : m.p.: 250–252°C.


N',N'@-Bis(2,3,5,6,8,9,11,12-octahydro-1,4,7,10,13-
benzopentaoxapentadecin-15-ylmethylidene)-5-benzy-
loxyisophthalhydrazide, IV : m.p.: 266–268°C.


N',N'@-Bis(2,3,5,6,8,9,11,12-octahydro-1,4,7,10,13-
benzopentaoxapentadecin-15-ylmethylidene)-5-(4-
chlorobenzyloxy)isophtalhydrazide,V: m.p.:242–244°C.


N',N'@-Bis(2,3,5,6,8,9,11,12-octahydro-1,4,7,10,13-
benzopentaoxapentadecin-15-ylmethylidene)-5-(4-nitro-
benzyloxy)isophthalhydrazide,VI : m.p.: 225–227°C.


The 1H, 13C and 15N NMR spectrawere recordedat
300.13, 75, 47 and 30.41MHz, respectively (Bruker
ARX 300)in CDCl3/CD3OD (4 :1) solution(5 mmprobe
tube,ambienttemperature,deuteratedsolventsasinternal
lock). Typical conditions for 13C: 30° pulses, 2 s
repetition time, sufficient number of scans,32K data
points.


The 1H, 13C and 15N NMR spectrawereassignedby
H,H COSY, HMQC andHMBC 2D NMR experiments
usingtheBrukerstandardsoftware.


Themoleculardynamicscalculationswerecarriedout
with the TRIPOSforce field14 at 1000K. The quantum
chemical calculationswere carried out with the PM3
method15 within theSYBYL16 (MOPAC6.017) software.


The calculationswere performedon Silicon Graphics
IRIS-INDIGO XS24andIBM RS6000computers.


CONCLUSIONS


The stereochemistryof the studied bis(benzo crown
ether)sI–VI , assignedby NMR spectroscopy,provedto
be theE,E isomerwith respectto theamideO=C—NH
bonds(�C=O, 1JN,H) and the anti isomer (ROE, 1JC,H)
with respectto theimine fragment.Thisstereochemistry,
provedunequivocallyby NMR spectroscopy,could be
corroboratedonly in somecasesby the lowest energy
conformationscalculatedby the accompanyingmolecu-
lar modelling.


1H, 13C and23Na NMR chemicalshiftsareimpressive
in indicating the variationsin the conformationsof the
bis(benzocrown ether)sduring their complexationto
alkali metalcations.Thebis(benzocrownether)sstudied
were found to form 1:2 host–guestcomplexeswith
sodiumcationsand1:1 ‘sandwich-like’ complexeswith
potassiumcations.
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ABSTRACT: The transmission of the universal electrical effect in infrared stretching frequencies is well fit by the
modified field effect model with m ��1.5 � 0.2. The considerable variation in rm/p, the ratio of transmission of the
electrical effect through meta-substituted benzene derivatives to that through para-substituted benzene derivatives
and rc/t, the ratio of the transmission of the electrical effect through the s-cis conformer to that through the s-trans
conformer and the failure of these ratios to show a Gaussian distribution provides further evidence against the
existence of the inductive effect. The values of rm/p obtained show that, in the general case, the Hammett equation is
inferior to either di- or tri-parametric equations, as it assumes the equality of �m and �p. This is also true of the
Yukawa–Tsuno equation. It has been shown that the inductive effect does not fit the experimental data on the
transmission of electrical effects in a range of chemical reactions and in infrared stretching frequencies. Recent
quantum chemical calculations support the field effect as the mode of electrical effect transmission. The inductive
effect model of electrical effect transmission should be abandoned. Copyright  2001 John Wiley & Sons, Ltd.
Additional material for this paper is available from the epoc website at http://www.wiley.com/epoc


KEYWORDS: electrical effect; inductive effect; field effect; infrared stretching frequencies; Hammett equation;
Yakawa–Tsuno equation
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Our objective in this work is to provide further evidence
from infrared stretching frequencies on the mode of
electrical effect transmission. There is a universal
electrical effect that occurs in all XGY systems (where
X, G, and Y are substituent, skeletal group, and active
site). It is due to the action of X on Y. It is the only
electrical effect observed when X is bonded to two or
more sp3-hybridized C atoms of G. The universal effect
of X can be represented by a substituent constant �U. Our
overall goal is to determine which of the following
possible models best represents the mode of transmission
of the universal electrical effect:


(a) the classical field effect (CFE; Kirkwood–Westhei-
mer);1–4


(b) the classical inductive effect (CIE);1,5–7


(c) the modified inductive effect (MIE; Exner–Fiedler);8


(d) the modified field effect (MFE; Charton);9,10


(e) some combination of the field and the inductive
effects;


(f) an entirely new model required due to the failure of all
of the other models.


We have already presented evidence that the dependence
of substituent electrical effect transmission on substitu-
ent–reaction site distance and on the charge on reactant
and product or transition state can best be described by
the MFE model.9,10 The systems studied were X–G–Y
and X–Y. Reaction types considered were molecule–
molecule (MM), molecule–ion (MI), and molecular
ionization (Mi). MM reactions included proton transfer
equilibria (pKa) of compounds with Y = CO2H, OH,
SO2NH2, NR2H�, azarenes, PO2(OH)�, and SH; gas-
phase �Gacid values for Y = CO2H and OH, and proton
affinities for NR2H�, proton-transfer reaction rates for
XGCO2H with Ph2CN2, and hydrogen bonding Ke for
XGCN (pKHB). MI included rates of base-catalyzed ester
hydrolysis, nucleophilic substitution of PhCOCH2Br by
XGCO�


2 ,and protodetritiation of T-substituted arenes. Mi
reactions were solvolyses of XGCHLgMe (where Lg is a
leaving group), XGCMe2Cl, and XGLg where G is
norbornyl. We have also presented evidence showing that
neither the CIE or the MIE models are in agreement with
experiment.11 Here we make use of infrared stretching
frequencies to generalize our results further. It will be
necessary to show that:


(1) the transmission of electrical effects on infrared
spectra can be described successfully by the MFE
model but not by the CFE model;
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(2) the transmission of electrical effects on infrared
spectra cannot be described successfully by the CIE
or MIE models.


In order to achieve these objectives it is necessary to have
a measure of the magnitude of the electrical effect
transmission. In linear free energy relationships (LFERs),
for substituent effects the magnitude of the universal
(polar/field/inductive/localized) electrical effect of a
substituent X acting on an active site Y usually, though
not always, through an intervening skeletal group G on
some measurable property Q is given by either �, C, or L
depending on the choice of the correlation equation. �, C,
and L are equivalent to each other. It is possible to
account for electrical effects in all types of system in
terms of the ‘pure’ parameters:


�l, the localized (polar/field/inductive or universal)
electrical effect constant;


�d, the delocalized (resonance) electrical effect con-
stant;


�e, the electronic demand electrical effect constant.


The resulting relationship is the LDR equation.12,13 L is
the coefficient of �l in the L, LD and LDR equations, C is
the coefficient of �C in the CR equation, and � is the
coefficient of the Hammett � constants in the Hammett
and the modified Yukawa–Tsuno equations. The �D, �C,
and Hammett � constants are composite parameters


consisting of a combination of �d and �e, of �l and �d, and
of �l, �d and �e respectively. All of these LFERs can be
derived from the LDR equation:


QX � L�lX � D�dX � R�eX � h �1�


"��� ������


The field effect is primarily dependent on the distance r
between the substituent and the nearest atom of the active
site Y, and the cosine of the angle formed by r and the X–
G or, in the absence of a skeletal group, the XY bond. As
a measure of r we have again used n, the number of bonds
on the shortest path between X and the nearest atom of Y
(designated Y1) (Fig. 1). The cos �, where � is the angle
GXY1, may be neglected to a first approximation if only
XGY with angles 45° or less are included in data sets, as
cos � must then lie in the range 0.707 to 1 and is roughly
constant. When experimental conditions are held con-
stant the variation of L with G should be given by Eqn.
(2). We have again carried out correlations with Eqn. (3).
We have used the m values �2, �1.5 and �1, and
examples of the determination of n are given in Fig. 1.


LG � �Cnm �2�


LG � �Cnm � ao �3�


"��	� �� )*����� �+ ��� ,���	������� �+ �- � "���� 	� �. �/ �. �/ #. '/ $. �/ %. &/ &. 0/ '. #/ (. (
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.Further evidence can be acquired by writing Eqn. (2) in
logarithmic form, giving:


log �LGY� � m log nGY � log �C �4�


Correlation of the L values with Eqn. (4) is a method of
determining the exponent m and the coefficient Ĉ. The
data generally fit Eqn. (3) much better than they do Eqn.
(4). There are two possible reasons for this behavior.


(1) A disadvantage of Eqn. (3) is that L values for n = 1 or
2 have a disproportionate effect on the model. The
data points for n � 5 tend to form a cluster. The
coefficient Ĉ tends to be large, resulting in better fit.


(2) The logarithmic nature of Eqn. (3) results in a range
for the independent variable of only one order of
magnitude when n varies from one to ten, whereas for
the same range of n the independent variable of Eqn.
(4) has a range of two orders of magnitude.


Data for four sets of infrared stretching frequencies
have been studied, with Y equal to CN, COPh, NCS, and


CO2Ak (Ak is alkyl). The L values used are given in
Table S1 and the data sets from which they were obtained
are reported in Table S2 of the supplementary material.
Correlation of L values for ��CN in CHCl3 (set 1a, Table
S1) with Eqns (3) and (4) by means of simple linear
regression analysis gave the regression equations CN1A
through CN4A. The statistics obtained for all regression
equations are reported in Table 1. The results show an m
value of �1.5.


Correlation of L values for ��CN in CCl4 (set 1b, Table
S1) with Eqns (3) and (4) gave the regression equations
CN1B to CN4B. In this solvent m has a value of about
�1.8. It seemed reasonable to attempt to combine the two
data sets into a single data set (set 1, Table S1) by
introducing an indicator variable Sv, which takes the
value one for CHCl3 and zero for CCl4. These solvents
differ greatly in dipole moment (that of CCl4 is zero) and
in hydrogen bonding capability (CCl4 does not hydrogen
bond significantly, whereas CHCl3 is a hydrogen donor).


LG � �Cnm � sSv � ao �5�


�
��� �� 1������ �+ %�		������� $��� )2�� 3'4� 3&4� 304� �, 354


Set m Ĉ/m Sd s Sd aC Sd ao/log Ĉ Sd
100r2/
100R2 e


A100
R2 f Fg Sest


h So i Ndp
j


CN1A �2 97.8 9.08 – – – – 2.11 0.709 91.24 – 116.0 1.84 0.319 13
CN2A �1.5 75.1 6.38 – – – – �0.371 0.639 92.21 – 130.3 1.84 0.303 13
CN3A �1 62.1 8.78 – – – – �5.66 4.35 91.31 – 115.6 1.95 0.320 13
CN4Aa – �1.50 0.222 – – – – �1.50 0.222 82.14 – 45.78 0.122 0.463 12
CN1B �2 93.0 8.26 – – – – 2.57 0.809 94.77 – 126.9 1.73 0.259 9
CN2B �1.5 71.7 4.41 – – – – �0.0393 0.682 97.42 – 264.7 1.22 0.182 9
CN3B �1 59.8 2.53 – – – – �5.22 7.87 98.76 – 557.8 0.844 0.126 9
CN4Ba – �1.77 0.210 – – – – 2.01 0.145 91.08 – 2.01 0.145 0.339 9
CN1C �2 95.7 5.88 – – – – 2.29 0.510 92.98 – 264.9 1.78 0.278 22
CN2C �1.5 73.4 3.90 – – – – �0.195 0.540 94.66 – 354.2 1.55 0.242 22
CN3C �1 60.9 3.19 – – – – �5.44 7.07 94.78 – 363.5 1.53 0.240 22
CN4Ca – �1.62 2.29 – – – – 7.93 0.107 86.19 – 118.6 0.116 0.391 21
Bz1 �2 133 6.84 – – – – 3.57 0.665 96.70 – 380.9 2.13 0.195 15
Bz2 �1.5 99.4 5.41 – – – – �1.15 0.786 96.30 – 338.3 2.26 0.207 15
Bz3 �1 74.8 5.04 – – – – �4.46 5.04 95.07 – 250.7 2.60 0.239 15
Bz4a – �1.39 0.116 – – – – 1.98 0.0961 91.60 – 141.8 0.105 0.311 15
NCS1 �2 377 34.9 – – – – 19.4 25.6 90.68 – 116.8 9.98 0.330 14
NCS2 �1.5 276 24.9 – – – – �12.8 2.87 91.13 – 123.3 7.79 0.321 14
NCS3 �1 212 21.7 – – – – �1.29 4.36 88.80 – 95.17 8.76 0.361 14
NCS4a – �1.02 0.130 – – – – 2.32 0.111 86.13 – 62.10 0.101 0.408 12
CO2Ak1b �2 212 8.83 3.14 1.26 3.68 1.15 �4.44 2.13 97.21 96.91 197.8 2.61 0.185 21
CO2Ak2b �1.5 163 6.95 3.39 1.26 3.48 1.18 �9.62 2.26 97.07 96.74 187.4 2.68 0.190 21
CO2Ak3b �1 134 7.46 3.63 1.63 3.23 1.52 �20.7 3.18 95.14 94.60 110.9 3.44 0.245 21
CO2Ak4c – �1.59 0.132 0.0804 0.0581 0.150 0.0541 1.91 0.150 86.47 84.96 36.21 0.123 0.409 21


Correlations are with Eqn. (3) unless otherwise noted. CNA sets are in CHCl3, CNB sets in CCl4, CNC sets include all L values.
a Correlation with Eqn. (4).
b Correlation with Eqn. (6).
c Correlation with Eqn. (7).
d Standard errors of the coefficients.
e Percent of the variance of the data accounted for by the regression equation.
f 100R2 corrected for the number of independent variables.
g F test for the significance of the coefficients.
h Standard error of the estimate.
i The ratio Sest/root-mean-square of the data.
j


Number of data points in the data set.
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.Correlation of the data with Eqn. (5) by means of multiple
linear regression analysis gave as the best results the
regression equations CN1C through CN3C. No depen-
dence on solvent type was observed. Correlation was,
therefore, also carried out with Eqn. (4), giving the
regression equation CN4C after the exclusion of the
value for 3-Xpn(NC)C=CHPh in CHCl3. The value of m
is about �1.6, in reasonable agreement with the values
found in the single solvent correlations. We have
correlated ��CO for XGCOPh in CHCl3 and CCl4 (set
2, Table S1) with Eqn. (5), giving the regression
equations Bz1 through Bz3. Again, no dependence on
the solvent type was observed. This may be due to the
fact that the majority of the L values (11 of 15) were
determined in CCl4. The data set was then correlated with
Eqn. (4), giving the regression equation Bz4. An m value
of about �1.5 is observed.


The ��NCS values for XGNCS in CHCl3 and CCl4 (set
3, Table S1) were correlated with Eqn. (5), giving the
regression equations NCS1 through NCS3. Once more
the term in Sv was not significant. It must be noted that
for the 4-substituted-1-isothiocyanato-azobenzenes the
solvent was benzene, which, as it is nonpolar and has
about the same polarizability as CCl4, was assumed to
have a value of Sv equal to zero. The data set was then
correlated with Eqn. (4) after the exclusion of the L
values for the 4-substituted-1-isothiocyanato-stilbenes
and the 4-substituted methyl benzene isothiocyanates,
giving the regression equation NCS4. The m value is
about �1.3.


In order to obtain a data set large enough for statistical
analysis, ��CO for XGCO2Ak in CHCl3 and CCl4 (set 4,
Table S1), where Ak is methyl or ethyl, were correlated
with Eqns (6) and (7), in which the effect of the alkyl
group is accounted for by nC, the number of carbon atoms
it contains. This variable is a measure of both polariz-
ability and mass of the alkyl group.


LG � �Cnm � sSv � aCnC � ao �6�
log �LG� � m log n � sSv � bCnC � bo �7�


The regression equations CO2Ak1 through CO2Ak4 were
obtained on exclusion of the value for methyl 4�-
substituted-5,2-furanyl-2-ethenyl carboxylates.


This data set is the only one in which a dependence on
the nature of the solvent is observed. As is shown by the
values of C, the solvent effect is small, as is also the effect
of variation in the carbalkoxy group. As the alkoxy group
bonded to the carbonyl group is a strong delocalized
(resonance) effect donor it should increase the electron
density on the carbonyl oxygen atom, making it a better
hydrogen bond H acceptor. This seems the most likely
way to account for the solvent dependence. The value of
m is about �1.6.


The overall value of m obtained for all of these sets is
about �1.5 � 0.2. As the CFE (Kirkwood–Westheimer)


model does not allow for values of m between �1 and �2
it could not represent the data.


�� !���)* *""*�� �� *+,


Unlike the field effect, which is dependent on molecular
geometry, the inductive effect is dependent only on path
length and the number of paths.


��� ���
-.
	
 	
��


The meta–para ratio rm/p is defined as:


rm�p 	 Lm�Lp �8�


where Lm and Lp are the localized electrical effect
coefficients for skeletal groups 1 and 2 (Fig. 2) The Gi in
these structures are the atoms of the skeletal group G
between the benzene ring and the closest atom of the
reaction site, In both inductive-effect models, transmis-
sion through an acyclic skeletal group is given by:


ta � f n �9�


where ta is the contribution to the overall transmission, f
is the falloff factor and n is the number of bonds in the
path between X and Y1. If a skeletal group includes a ring
then there are three contributions to the inductive effect
transmission according to the CIE model.


(1) ta1, due to the acyclic bonds between X and the ring.
(2) tc, the sum of the paths through the ring bonds, each


"��	� �� ������� 6	���� �+ ���7 �, �	7�� �������,
 ��8��� ,�	�"��"��
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path’s contribution being given by Eqn. (2). The total
contribution tc is:


tc �
�p


i�1


� f n�j �10�


where p is the number of paths.
(3) ta2, the contribution due to the acyclic bonds between


the ring and Y1.


The overall transmission, of which L is a measure, is then
the product of the tai and the tci. Thus, in the most general
case for r rings separated by l � 1 acyclic segments, the
maximum total number of acyclic segments is l �1 � 2
or l � 1. The maximum occurs when X and Y are both
attached to rings by acyclic segments. L will be given by:


LG �
�l


i�1


tai


�r


i�1


tcl �11�


From Eqns (9)–(11) we have:


LG �
�l


i�1


�f n�i


�r


i�1


�p


k�1


� f n�j�k �12�


The MIE model differs in its treatment of rings.
Kirchoff’s laws are assumed to apply to transmission
through rings.


From the CIE we have for structures 1 and 2:


Lm � fbm f n �13a�
Lp � fbP f n �13b�


Then rm/p is:


rm�p � Lm


Lp
� fbm f n


fbp f n
� bm


bp
�14�


where bm and bp represent the contributions of transmis-
sion through the meta- and para-substituted benzene rings
respectively and n is the number of bonds between the
benzene ring and the nearest reacting atom of the reaction
site. The CIE model predicts that rm/p is constant.


The MIE model represents transmission through two or
more paths by an expression analogous to Kirchoff’s law
for the resistance of parallel resistors. Transmission
through an acyclic path is represented in the same manner
as the CIE model. We may represent transmission
through the benzene ring in this model as Bm and Bp


respectively. Then:


rm�p � Lm


Lp
� fBm f n


fBpf n
� Bm


Bp
�15�


Again, the model predicts that rm/p is constant.


Both the CFE model and any modification of it require
that the transmission of the field effect have a dependence
on both the angle � and on the distance parameter r�m


and, therefore, rm/p need not be constant as a function of
n. Values of rm/p are best compared for reactions or
properties of the same type. Values of rm/p are presented
in Table 2.


That the rm/p values are not constant is shown by
comparing the mean values of rm/p obtained for
phenylene systems with different Y. The values and their
standard errors for Y = OH or OD, NH or ND, NCS and
CN are 0.691 � 0.0712, 0.750 � 0.0890, 1.05 � 0.145;
and 1.38 � 0.0820 respectively. There is no significant
different difference between the values for �OH and �NH.
The means for OH and NH are 2.5 and 2.1 standard
deviations from that for NCS, whereas the values for CN
are 4.0, 7.7, and 8.4 standard deviations respectively from
those for NCS, NH, and OH.


Inspection of the histogram for �COrm/p values (Fig. 3)
shows clearly that rm/p is not constant. If it were, the
values observed would be subject to random error and,
therefore, should follow a Gaussian distribution. It is
obvious from the histogram that they do not do so. A
histogram of �CNrm/p values also shows no Gaussian
distribution (Fig. 4). We conclude that this evidence
shows that neither inductive effect model is obeyed.


"��	� #� 9����6	� �+ 	�:� "���� +�	 ���;


"��	� $� 9����6	� �+ 	�:� "���� +�	 ����
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�
��� �� <���� �+ ��� ���=�	 	��� 	�:�


G Y Svb n Lm Lp rm/p


��CN
Pna CN CCl4 1 10.1 7.46 1.35
Pna CN CHCl3 1 9.15 7.11 1.29
Pna CN CCl4 1 9.73 6.57 1.48
Pna CN DMSO 1 12.2 9.12 1.34
Pna CN HMPA 1 11.8 8.06 1.46
E-CH=CPh— CN CCl4 3 3.50 4.05 0.864
CH=CPh— CN CHCl3 3 4.04 4.77 0.847
CH=CPh— CN CHCl3 3 4.72 4.05 1.17
—C=CHPh CN CHCl3 2 2.46 2.87 0.857


��NCS
Pnc NCS CCl4 1 �48.1 �42.0 1.15
Pnc NCS CHCl3 1 �36.0 �38.1 0.945


��NH
Pnd NH2 (s) CS2 1 17.5 21.7 0.806
Pnd NH2 (as) CS2 1 21.4 30.1 0.711
Pnd NHD CS2 1 12.5 19.9 0.628
Pnd NHD CS2 1 18.8 28.9 0.651
Pnd NHAc CCl4 1 �3.11 �4.73 0.658


��OH
Pne OH CCl4 1 �11.9f �18.0 0.661
Pne OH CCl4 1 �14.0f �18.7 0.749
Pne OD CCl4 1 �9.90f �11.8 0.839
PnCOe OH CCl4 2 �11.4f �12.4 0.919
PnCH2COe OH CCl4 3 �7.42f �7.28 1.02
PhNH OH CCl4 2 �16.3f �16.1 1.01


��CO
Pn Hg CCl4 1 10.4 13.8 0.754
t-Pn-E-2-Vn Hg CCl4 3 8.37 5.73 1.46
Pn Meg CCl4 1 14.9 15.4 0.968
Pn Meg CCl4 1 14.3 8.66 1.65
c-Pn-E-2-Vn tBug CCl4 3 5.39 6.55 0.823
c-Pn-E-2-Vn 2-Tng CH2Cl2 3 5.69 6.61 0.861
Pn c-E-2-Vn-Phg CCl4 1 8.86 7.37 1.20
Pn c-E-2-Vn-Phg CCl4 1 7.08 6.14 1.15
Pn c-E-2-Vn-Fcg CCl4 1 7.99 9.03 0.885
Pn-5,2-Frn-2-Vn- Phg CCl4 6 2.66 3.81 0.698
Pn t-E-2-Vn-Phg CCl4 1 8.88 11.3 0.786
Pn t-E-2-Vn-Phg CCl4 1 7.44 9.20 0.809


Pn NMe2
g CCl4 1 8.12 8.42 0.964


E-Pn-2-Vn NMe2
g CCl4 3 5.40 4.84 1.12


Pn OHg CCl4 1 10.7 14.1 0.759


Pn OHg CCl4 1 11.8 16.0 0.738
Pn-2-Vn OHg CCl4 3 10.4 11.1 0.937
Pn OMeg CCl4 1 9.07 11.4 0.796
Pn OMeg CCl4 1 13.6 11.4 1.19
t-6,2-/6,3-Pyn OMeg CCl4 1 10.2 9.83 1.04
c-6,2-/6,3-Pyn OMeg CCl4 1 12.6 11.8 1.07


�CO2


�


PnCH2 CO�
2


g D2O 2 8.82 10.6 0.832


Values in italics are unreliable.
a For G = Pn, rm/p = 1.38 � 0.0820.
b DMSO: dimethyl sulfoxide; HMPA: hexamethylphosphamide; Fc: ferrocenyl; Pyn: Pyridinylene.
c For G = Pn, rm/p = 1.05 � 0.145.
d For G = Pn, rm/p = 0.691 � 0.0712.
e For G = Pn, rm/p = 0.750 � 0.0890.
f LmCO.
g Z in COZ. c = s-cis, t = s-trans.
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Both the CIE and the MIE models predict that different
conformers of G will have the same L values. This is
because the same path between X and Y is traversed in
each conformer, only the arrangement in space differs
and the inductive effect is independent of spatial
arrangement. Then for G, which can exist in s-cis and
s-trans conformations, the ratio rc/t, given by Eqn. (16),
must equal unity.


rc�t 	 Lc�Lt �16�


Values of rc/t are reported in Table 3. Again, examination
of the histogram (Fig. 5) shows that they are not constant,
they do not have the expected Gaussian distribution and
do not equal unity. Thus, neither inductive-effect model
accounts for transmission of the electrical effect in
infrared stretching frequencies.


)
���/ �� ��� 0
����� 
�� 1�2
3
-�����
���
����


The Hammett and Yukawa–Tsuno equations assume
rm/p = 1. We have presented evidence that this is not
generally the case for either chemical reactivities or for
infrared stretching frequencies. It follows, then, that
correlations of data sets containing both meta- and para-
substituted benzene derivatives must frequently be
subject to error. It would be best to avoid the use of
these equations in such cases.


����+!,���,


(1) The transmission of the universal electrical effect in
infrared spectra is well fit by the MFE model with
m ��1.5 � 0.2.


(2) The considerable variation in rm/p and rc/t values and
their failure to show a Gaussian distribution provide
further evidence against the existence of the inductive
effect.


(3) The values of rm/p obtained show that, in the general
case, the Hammett equation is inferior to either di- or
tri-parametric equations, as it assumes the equality of
�m and �p. This is also true of the Yukawa–Tsuno
equation.


We have now shown that the inductive effect does not
fit the experimental data on the transmission of electrical
effects in a range of chemical reactions and in infrared
stretching frequencies. Recent quantum chemical calcu-
lations support the field effect as the mode of electrical
effect transmission.14 Now is the time to abandon the
inductive effect as a model of electrical effect transmis-
sion. It has long outlived its usefulness.
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G Z in COZ Sv Lc Lt rc/t


6,2-Pyn OMe CCl4 10.2 12.4 1.24
6,3-Pyn OMe CCl4 11.8 9.83 1.20
E-4�-Pn-2-Vn Ph CCl4 6.91 7.91 0.877
Pn E-Ph-2-Vn CCl4 6.14 9.20 0.668
Pn E-Ph-2-Vn CCl4 7.37 11.3 0.652
E-4�-Pn-2-Vn Ph CCl4 8.44 8.12 1.04
E-4�-Pn-5�,2�-Tpn-2-Vn Ph CCl4 3.49 3.17 1.10
E-3�-Pn-5�,2�-Frn-2-Vn Ph CCl4 2.66 4.65 0.572
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ABSTRACT: The B3LYP/6-31G(d) methodology was applied to the study of the diketone pentacy-
clo[5.4.0.02,6.03,10.05,9]undecane-8,11-dione (1), the hydrocarbon pentacyclo[5.4.0.02,6.03,10.05,9]undecane (2) and
the ketone pentacyclo[5.4.0.02,6.03,10.05,9]undecane-8-one (3). Also examined were the oxygen-protonated species
1H� and 3H�. The diketone pentacyclo[5.4.0.02,6.03,10.05,9]undecane-4,8-dione (4) and the ketone pentacy-
clo[5.4.0.02,6.03,10.05,9]undecane-4-one (5) and their protonated forms were used for comparison purposes. This
information was used to construct several isodesmic reactions, allowing the quantitative estimate of the influence of
the carbonyl groups on the stability of the various species in the gas phase. These results were in excellent agreement
with the experimental thermochemical and structural data available. Analyses by means of the natural bond orbital
theory and simple electrostatic models were also performed. Copyright  2001 John Wiley & Sons, Ltd.


KEYWORDS: DFT; NBO; field/inductive effects; thermochemistry; proton affinities; strain
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Our interest in pentacyclo[5.4.0.02,6.03,10.05,9]undecane-
8,11-dione (1) originates in a remarkable feature of its
rigid structure, namely the presence of two carbonyl
groups held at short distance in formally parallel planes.1


Sizeable electrostatic interactions have been attributed2,3


to this structural constraint.
From this point of view, oxygen protonation of 1 in the


gas phase is also expected to lead to species affected by
significant electrostatic effects.


This work initially addressed the problem of the
quantitative estimate of these interactions in both the
neutral and the protonated forms of 1. The parent
hydrocarbon, pentacyclo[5.4.0.02,6.03,10.05,9]undecane
(2) and monoketone 3, pentacyclo[5.4.0.02,6.03,10.05,9]
undecane-8-one were used as appropriate reference
compounds. The study was later extended to the diketone
4, pentacyclo[5.4.0.02,6.03,10.05,9]undecane-4,8-dione,
using as references compounds 2, 3 and 5, pentacy-
clo[5.4.0.02,6.03,10.05,9]undecane-4-one. We hoped that
this information would be useful for the study of field/
inductive effects.4–9


The results of experimental and computational studies
are reported below. Our approach is based on the
determination of the standard enthalpy changes for
isodesmic processes, such as the reaction in Eqn. (1), in
the gas phase.


(1)
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Reactions of this kind provide simple models allowing
the estimate of changes in energies (or enthalpies)
associated with intramolecular interactions. For instance,
�rH


0(1) can be taken as a quantitative measure of the
enhanced strain in 1 relative to that in the parent
hydrocarbon; �rH


0(1) can also be compared with other
estimates of differences in strain and provides a lower
limit for the destabilizing effect of the simultaneous
presence of the two carbonyls. Both experimental and
computational data can be used for the purpose of
determining these reaction enthalpies.


�2�


Experimental enthalpies of formation for 1 and 2 are
available, from Refs 1 and 10 respectively. We have also
tried to use Fourier transform ion cyclotron resonance
spectroscopy for the experimental determination of
�rG


0(2), the standard Gibbs energy change for the
protonation of 1 in the gas phase, reaction (2).
Unfortunately, we did not succeed, because of the very
low vapor pressure of this compound.


In this work we combine the available experimental
data with the results of computational studies.


(&�)'$�$�&#�� %*+'�$+


The size of the various relevant species is such that very


high computational levels were beyond our capabilities.
We have chosen the density functional theory with the
B3LYP functional11,12 and the 6-31G(d) basis set13 as a
reasonable compromise between accuracy and computa-
tional effort. In all cases, geometries were fully optimized
and analytical vibrational frequencies computed. Zero-
point energies were corrected according to Scott and
Radom.14 Calculations were performed using the Gaus-
sian 98 package of computer programs.15 Results are
presented in Table 1 together with the experimental
information available.1,10,16.


A natural bond orbital (NBO) analysis17 was carried
out to explore the orbital interactions in the species
studied. The results are summarized in Table 2.


!�+('++�&#


+���	����
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The optimized structures of the various relevant species
are summarized in Figs 1–5. The structures of 1H�, 3H�


and 4H� presented in the figures have the hydrogen
atoms of the hydroxyl group pointing towards C(1).
Similar structures with the opposite orientation of the
hydroxyl group were also found to be minima on the
corresponding potential energy surfaces, but they are
slightly less stable (about 0.4 kJ mol�1).


All these structures share a common feature: the
substantial distortion of the hydrocarbon ‘cage’.


(1) In the case of the three neutrals, the C(2)—C(6) and
C(8)—C(11) distances respectively remain in the


$��
� �� �'#
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���� ��	 ���#��������� 
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��� 	��� )�� �*
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Species Ea,b ZPEa,c TCEa,d H298
a,e,f �f H0


m�g�g


1 �575.588 353 0.188 232 0.197 166 �575.394 839 �113.6 � 3.4
2 �427.571 882 0.227 065 0.234 280 �427.342 007 71.7 � 0.5
3 �501.583 217 0.207 722 0.215 793 �501.371 454
4 �575.589 566 8 0.188 367 0.197 266 �575.395 955
5 �501.580 069 3 0.207 890 0.215 918 �501.368 183
1H� �575.917 848 0.200 292 0.209 573 �575.712 161
3H� �501.926 217 6 0.220 034 0.228 422 �501.702 065
4H �


C�4� �575.915 279 8 0.200 677 0.209 865 �575.709 308
4H �


C�4� �575.920 066 5 0.200 381 0.209 617 �575.714 336
5H� �501.917 647 9 0.220 309 0.228 659 �501.693 263
c-C5H10 �196.557 025 0.141 457 0.147 557 �196.412 212 �76.8 � 0.5
c-C5H8O �270.572 823 0.121 933 0.128 413 �270.446 776 �46.6 � 0.5
c-C5H8OH� �270.901 040 2 0.134 041 0.140 688 �270.762 953


a Computed at the B3LYP/6-31G(d) level. All results in hartrees.
b Electronic and nuclear energies.
c Zero-point energy.
d Thermal correction to enthalpy.
e Corrected as indicated in the text.
f Defined as: H298 = E � ZPE(corrected) � (TCE � ZPE).
g Experimental values (kJ mol�1) from Refs 1, 10 and 16.
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ranges 1.56–1.57 Å and 2.63–2.73 Å. The computed
O—O distance and the angle between the two
carbonyl groups in 1 reach 4.06 Å and 72° respec-
tively. Our results can be compared with the
experimental X-ray structure of the 3-methyl deriva-
tive of 1.16 The agreement is very good (the average
unsigned differences in bond lengths is ca 0.007 Å).


(2) In the case of the protonated species, the following
facts are observed.


(a) In the cases of 1 and 3, protonation of the carbonyl


group produces a significant shortening (up to 0.06
Å) of the C—C bond attached to this group [C(1)—
C(8) or C(8)—C(9)]. The NBO analysis (Table 2)
shows that the interaction between the oxygen’s
lone pair with the corresponding antibonding C—
C orbitals decreases when the former becomes
protonated. The stabilization energy associated
with the orbital interactions falls from a value of
approximately 96 kJ mol�1 in the neutral species to
25–38 kJ mol�1 in the protonated forms.


(b) In the cases of 1 and 3, a lengthening of up to
0.03 Å of two C—C bonds in � position relative to
the carbonyl group is observed [C(9)—C(10) and
C(1)—C(7)]. The interaction of these bonds with
the carbonyl anti-bonding orbital in the protonated
species (Table 2) explains the lengthening men-


$��
� �� +,- ����.��� �) �*
 /��	0����/��	 ��/����
���
������� 
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System Orbital interactionsa
Energy


(kJ mol�1)


1 LP O(8)//BD* C(1)—C(8) 96.3
1 LP O(8)//BD* C(8)—C(9) 96.1
1 LP O(11)//BD* C(7)—C(11) 96.3
1 LP O(11)//BD* C(11)—C(10) 96.1
1H� LP O(8)//BD* C(1)—C(8) 38.5
1H� BD O(8)—H//BD* C(8)—C(9) 26.3
1H� LP O(11)//BD* C(7)—C(11) 104.9
1H� LP O(11)//BD* C(10)—C(11) 102.2
1H� BD C(1)—C(7)//BD* C(8)—O(8) 42.1
1H� BD C(9)—C(10)//BD* C(8)—O(8) 35.4
3 LP O(8)//BD* C(1)—C(8) 93.8
3 LP O(8)//BD* C(8)—C(9) 93.5
3H� LP O(8)//BD* C(1)—C(8) 37.2
3H� BD O(8)—H//BD* C(8)—C(9) 26.0
3H� BD C(1)—C(7)//BD* C(8)—O(8) 49.7
3H� BD C(9)—C(10)//BD* C(8)—O(8) 38.1
4 LP O(8)//BD* C(1)—C(8) 94.3
4 LP O(8)//BD* C(8)—C(9) 96.3
4 LP O(4)//BD* C(3)—C(4) 100.4
4 LP O(4)//BD* C(4)—C(5) 99.2
4H� (C4) LP O(8)//BD* C(1)—C(8) 94.9
4H� (C4) LP O(8)//BD C(8)—C(9) 110.1
4H� (C4) BD O(4)—H//BD C(3)—C(4) 28.0
4H� (C4) LP O(4)//BD*(1) C(4)—C(5) 40.4
4H� (C4) BD C(5)—C(6)//BD* C(4)—O(4) 26.7
4H� (C4) BD C(5)—C(10)//BD* C(4)—O(4) 30.7
4H� (C4) BD C(2)—C(3)//BD C(4)—O(4) 25.2
4H� (C4) BD C(3)—C(9)//BD* C(4)—O(4) 34.0
4H� (C8) LP O(4)//BD* C(1)—C(8) 37.9
4H� (C8) BD O(4)—H//BD* C(8)—C(9) 26.3
4H� (C8) LP O(4)//BD* C(4)—C(5) 103.0
4H� (C8) LP O(4)//BD* C(3)—C(4) 113.2
4H� (C8) BD C(1)—C(7)//BD* C(8)—O(8) 45.4
4H� (C8) BD C(9)—C(10)//BD* C(8)—O(8) 33.1
4H� (C8) BD C(1)—C(2)//BD* C(8)—O(8) 25.4
4H� (C8) BD C(3)—C(9)//BD* C(8)—O(8) 22.5
5 LP O(4)//BD* C(3)—C(4) 97.9
5 LP O(4)//BD* C(3)—C(5) 102.1
5H� LP O(4)//BD* C(3)—C(4) 39.6
5H� BD O(4)—H//BD* C(3)—C(5) 27.9
5H� BD C(2)—C(3)//BD* O(4)—C(4) 28.8
5H� BD C(9)—C(3)//BD* O(4)—C(4) 31.6
5H� BD C(6)—C(5)//BD* O(4)—C(4) 29.1
5H� BD C(5)—C(10)//BD* O(4)—C(4) 31.8


a LP: lone pair; BD: bonding; BD*: anti-bonding.
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tioned. Something similar has been found for other
carbocations.18


(c) In the cases of 4 and 5, protonation of the carbonyl
group produces a shortening of the C—C bond in �
position to this group (up to 0.06 Å) and a
lengthening of those in � position (up to 0.04 Å).
The NBO analysis of the bonding–antibonding
interactions shows a smaller interaction between
the lone pair of the carbonyl group and the
antibonding C—C in � position when the former
is protonated, and a larger one between the � C—C
bonding orbital and the antibonding C—O.


(d) The OH group in 1H� is not oriented towards the
neutral carbonyl group and no chelation occurs.


*������	 ����
��


The experimental and computational data available have
been used to examine the following processes in the case
of molecules 1 and 3:


(1) The stepwise substitution of the two carbonyl groups
in 1 by two methylene groups, reactions (1) and (3);


,����� �� ,&123�!�&�45	6��#����7
	 ��������
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(2) The proton exchange between 1 or 3, and cyclopen-
tanone, reactions (4) and (5);


(3) The stepwise substitution of the carbonyl groups in
1H� by methylene groups, reactions (6) and (7).


�3�


�4�


�5�


�6�


�7�


Similar reactions were examined in the cases of 4 and 5.
Notice that in the case of 4, two different protonated


forms exist:


4 � 2c-C5H10 � 2 � 2c-C5H8O �8�
5 � c-C5H10 � 2 � c-C5H8O �9�
4 � c-C5H8OH� � 4H��C4� � c-C5H8O �10a�
4 � c-C5H8OH� � 4H��C8� � c-C5H8O �10b�
5 � c-C5H8OH� � 5H� � c-C5H8O �11�
4H��C4� � 2c-C5H10


� 2 � c-C5H8OH� � c-C5H8O �12a�
4H��C8� � 2c-C5H10


� 2 � c-C5H8OH� � c-C5H8O �12b�
5H� � c-C5H10 � 2 � c-C5H8OH� �13�
The standard enthalpy changes for these reactions are
collected in Table 3.
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From these data we draw the following conclusions.


(1) �rH0
m for reaction (1) provides an estimate of the


overall destabilizing effect of the two carbonyls in 1,
relative to 2. The purely computational value of
�rH0


m(1) amounts to �42.7 kJ mol�1, in very good
agreement with the purely experimental result
(�51.1 � 6.5 kJ mol�1) obtained from data given in
Table 1. Furthermore, two alternative ways were used
to estimate the difference in strains between 1 and 2:
(i) Benson’s additive scheme19 was applied to both
compounds in order to estimate �f H0


m(1) and
�f H0


m(2) in the absence of strain. The resulting
values are respectively �343.6 kJ mol�1 and �125.5
kJ mol�1. When compared with experimental data,
they were found to differ by 230.0 kJ mol�1 and
197.2 kJ mol�1 respectively. These differences can
be taken as measures of strain effects in 1 and 2. The
difference between these strains thus equals
32.8 kJ mol�1, in very fair agreement with the
experimental value of �rH0


m(1). (ii) Similarly,
Ibrahim’s bond separation scheme20 was applied to
estimate strain-free enthalpies of formation for 1 and
2. By following a procedure similar to that described
above, the difference in strains between 1 and 2 is
calculated as 39.4 kJ mol�1. The agreement with the
experimental value of �rH0


m(1) is excellent.
With respect to 4, �rH0


m(8) has the same meaning
as �rH0


m(1) relative to 1. Their values are extremely
close. Obviously, calculations of strain according to
Benson19 and Ibrahim20 lead to very similar results.


(2) �rH0
m(3) is less than 30% of �rH0


m(1) and �rH0
m(9) is


over 50% of �rH0
m(8). This indicates that the strain in


the monoketone 5 is larger than in 3. This is
confirmed by the fact that the position of the
computed C=O stretching vibration of the carbonyl
group in 3 is very close to that for cyclopentanone,


whereas that for 5 is 20 cm�1 higher.21 The
introduction of the second carbonyl enhances the
strain, the effect being somewhat larger in the case of
1. In the case of 4, the destabilizing effects of the
carbonyl groups are nearly additive, i.e.
�rH0


m�8� � �rH0
m�3� ��rH0


m�9�, whereas in the
case of 1 they are significantly larger (in absolute
value) than expected on the basis of additivity
��rH0


m�1� �2 �rH0
m�3�	. This indicates some degree


of cooperativity in the destabilization of 1.
(3) The proton affinity (PA) of a molecule is defined as


the negative of its standard enthalpy of protonation.22


For example, PA�1� 
 ��rH0
m�2�. �rH0


m�4� is thus
given by the difference between the PA of 1 and
cyclopentanone. The fact that this reaction is
practically thermoneutral is deceptively simple. The
proton exchange between 3 and the latter, reaction
(5), is seen to be exothermic by 38.1 kJ mol�1. Thus,
if we consider 1 and 3 as ‘substituted cyclopenta-
nones’, it is clear that substitution of hydrogen atoms
by the cyclopentane framework enhances the PA by
some 38.1 kJ mol�1 and that substitution by a neutral
cyclopentanone framework essentially offsets this
stabilizing effect. This can be rationalized on the
basis of stabilizing orbital interactions reported above
or in terms of polarizability effects according to the
Taft–Topsom model.6 As regards diketone 4, the
pattern is similar. Thus, depending on the protonation
site, the corresponding reaction enthalpies,
�rH0


m(10a) and �rH0
m(10b) are again small in


absolute value. �rH0
m(11), however, is also substan-


tially negative.


Combination of �rH0
m(4) and �rH0


m(10b) provides
�rH0


m(14), the standard enthalpy change for the process
in Eqn. (14):


4H��C8� � 1 � 4 � 1H� �14�


We find that �rH0
m�14� 
 2�9 kJ mol�1. The important


implication of this result is that carbonyl groups in
positions 4 and 11 exert essentially the same effect on the
stability of the protonated species.


On a semi-quantitative basis, the structural effects on
the stabilities of the neutral species seem in line with the
results to be expected on the basis of classical electro-
static models for substituent effects.4–9 One of the
simplest electrostatic models assumes that the two
carbonyl groups in 1 act as ideal dipoles located at the
mid-points of the C=O bonds. Using the structural data
obtained from the present study, and considering that the
overall dipole moment of 1, 5.03 D, is the vectorial sum
of the bond moments of the carbonyl groups, a positive
(repulsive) carbonyl–carbonyl interaction energy23 of
20.5 kJ mol�1 is obtained. If the carbonyl groups
remained parallel, and at the same distance, the repulsion
would reach 31.5 kJ mol�1. These are values of the order


$��
� -� ����	��	 
��*��#. �*��(
� )�� �
�
��
	 ���	
����
#���
��
��


Reaction �rH0
m(g)�kJ mol�1�


1 �42.7,a �51.1 � 4.1b


3 �13.3a


4 �2.9a


5 �38.1a


6 �39.8a


7 �24.5a


8 �39.9a


9 �22.0a


10a 7.4a


10b �5.8a


11 �23.4a


12a �47.3a


12b �34.1a


13 1.4a


a Purely theoretical quantum mechanical value.
b Purely experimental value.
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of magnitude of the observed effects. Because of the
larger separation between the carbonyl groups in 4, the
repulsive effect is expected to be appreciably smaller, as
indeed is the case. On the other hand, consideration of
�rH0


m(14) shows that the simple model is no longer valid
in the case of the protonated species. In fact, one would
expect an even larger destabilizing effect in 1H� than in 1
(charge–dipole interactions instead of dipole–dipole).
Actually, the opposite behavior is found [compare results
for reactions (1) and (6)].


The quantum-mechanical calculations reported above
rationalize these results. Protonation in any position
induces significant structural changes. Furthermore, as
NBO calculations indicate, orbital interactions are quite
important and account for the structural modifications.
Interestingly, orbital interactions are also significant in
the neutral species. It is then fair to ask whether the
reasonable conclusions of the classical model in the case
of the neutral species are simply fortuitous. We have no
answer to this question at this point.


The theoretical calculations used above are able to
reproduce satisfactorily the available experimental data.
They also provided useful insights into the structural
effects of the carbonyl groups, both neutral and
protonated. We are well aware of the fact that we are
moving against a background of over 60 years of
intensive study of these interactions, also known as
field/inductive effects.4–9 We do not intend by any means
to contribute any mechanistic hypothesis, particularly as
regards the through-bond/through-space mechanism of
transmission of effects. We were guided in this study by
the very simple concept that effects are large if the
distances between the relevant dipoles are small. This
was confirmed in the case of the neutral species, although
this result was achieved at the cost of increasing the
rigidity of the molecular framework through an increase
in the number of connecting bonds. Formally, these
results are qualitatively consistent with current concepts
on field/inductive effects. On the other hand, the simple
electrostatic model seems to fail in the case of the
protonated species, possibly because of the very large
structural changes induced by protonation. Obviously,
this detracts in no way from the extraordinary qualitative
and quantitative usefulness of field/inductive parameters
for heuristic and predictive purposes in correlation
studies in which these large structural changes are absent.
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ABSTRACT:When 6-aminocaproic acid (6-ACA) was adsorbed on silica gel and the suspension of the adsorbed sample
was treated in refluxing toluene, 6-ACA was selectively converted toe-caprolactam (e-CL) in the absence of catalysts.
The relationship between adsorption of 6-ACA and its reactivity to givee-CL was investigated by IR spectrometry with
the diffuse reflection technique. The smaller the amount of 6-ACA adsorbed on silica gel, the higher both the yield and
selectivity for e-CL became. When the loading amount of 6-ACA on silica gel was lower than� = 0.043 (� = surface
coverage), the amounts of chemical species having NH2, and C=O groups increased and a high selectivity fore-CL was
obtained. When the loading amount was higher than� = 0.40, 6-ACA was adsorbed as an amphoteric ion having NH�


3
and COÿ2 groups as in the solid state and gave a low yield and selectivity fore-CL. Thus 6-ACA activated by
adsorption, which concomitantly hinders intermolecular interactions by suppressing the translational movement,
facilitated intramolecular dehydration to yielde-CL. Copyright 2000 John Wiley & Sons, Ltd.


KEYWORDS: 6-aminocaproic acid; adsorption; silica gel;e-caprolactam; IR analysis; adsorbed state


INTRODUCTION


The utilization of adsorbents such as alumina and silica
gel affords new routes to selective organic synthesis,1–3


where substrates are adsorbed and oriented on the surface
of adsorbents with suppression of translational movement
or changes of the nature of the functional groups. Such
methods have the advantages of milder reaction condi-
tions, simpler work-up and often higher selectivity.
Examples of recent studies include cyclodehydration of
15-hydroxypentadecanoic acid to!-lactone on deal-
uminated H-Y zeolite,4 selective bromination of a linear
alkene in the presence of a branched or cyclic alkene on
ZSM-5,5 reduction of unsaturated ketones and aldehydes
to ally1 alcohols by Zn(BH4)2 on silica gel,6 monoacyla-
tion of a,!-diols catalyzed by Mx(SO4)y (M = Al, Ce, Na
and Ti) on silica gel7 and oxidation of 1,4- and 1,5-diols
to lactones by sodium bromite trihydrate on alumina.8


We have previously reported selective monomethyl
esterification of longer chain dicarboxylic acids in the
presence of shorter ones co-adsorbed on alumina.9 We
also reported the selective monomethyl esterification of
terephthalic acid on alumina10 and the adsorbed state of
the terephthalic acid.11 Adsorbents such as zeolite, silica
gel and alumina have been used deliberately as the
medium for surface reactions.


When 6-aminocaproic acid (6-ACA) or glycine was
adsorbed on silica gel and then the suspension of the
adsorbed sample was treated in refluxing toluene,e-
caprolactam (e-CL)12 or glycylglycine13 was obtained
selectively, whereas polymeric products were preferen-
tially formed in a conventional homogeneous reaction in
DMF. The relationship between adsorption and selectiv-
ity is not yet clear. This paper reports the details of the
selective cyclodehydration of 6-ACA on silica gel
(Scheme 1) and the relationship between the adsorption
and reactivity of 6-ACA.


RESULTS AND DISCUSSION


Selective dehydration of 6-ACA to e-CL on silica
gel


An adsorbed sample was prepared by addition of silica
gel to an aqueous solution of 6-ACA followed by
evaporation of the water. A suspension of the adsorbed
sample was refluxed in toluene and then the sample was


Scheme 1
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extracted with solvent followed by chromatographic
analysis.The results of the experimentsare given in
Table 1. According to this adsorption method, the
product e-CL was obtained selectively in high yield
without employingcatalysts.Table1 alsoshowsthat the
lower the amountof 6-ACA loadedon the silica gel the
higher was the selectivity for e-CL. 6-ACA was
quantitativelyrecoveredfrom theadsorbedsamplewhen
it was not refluxed in toluene.Using the conventional
method in homogeneoussolution using a Dean–Stark
water trap, e-CL was obtainedin only 23% yield with
concomitantformation of polymeric products(Table 1,
entry 6). In the homogeneousreactionin DMF solution,
additionof silica gel did not yield high selectivity(entry
5). Theappearanceof theselectivityis attributableto the
surfacereaction on the silica gel under heating.This
method was moderately insensitive to water: the
selectivitywasnot muchaffectedevenwith theaddition
of waterto theadsorbedsamplefollowedby treatmentin
thesameway (entry4).


Zeolite hasbeenprovedto be an effective adsorbent
for thismethod.Whentheadsorbedsamplewasprepared
with the useof zeolite (F-9, Wako Chemicals;faujasite
type,poresizeca 1.0 nm) containing7.9� 10ÿ6 mol of
6-ACA per gramof zeoliteandthentreatedin the same
manner, e-CL was obtained in 99% yield with 99%
selectivity.


IR spectrum of 6-ACA adsorbed on silica gel


TheIR spectrumof 6-ACA adsorbedonsilicagelandthe
relatedspectraweremeasuredandareillustratedin Fig.
1. The spectrumof authentic6-ACA in the solid state
exhibitedthecharacteristicbandsat1560cmÿ1 dueto the
stretching vibration of carboxylate anion [�asCOÿ2
(as= asymmetric vibration)] and at 2700–2000cmÿ1


due to the multiple combinationbandsof �NH�3 being
themostprominentbandnear2200cmÿ1 [Fig. 1(b)].The
spectrumof 6-ACA adsorbedon silica gel [Fig. 1(a)] is


alsocomplicated,but it clearly showsthe appearanceof
new bandsat 1655cmÿ1 due to the �C=O stretching
vibration and at 3460–3296cmÿ1 due to the �NH2


stretching vibration. Information about the hydroxyl
group of 6-ACA could hardly be obtainedbecausethe
OH groupis maskedby thehydroxyl groupof thesilica
gel surface(a broadabsorptionat about3500cmÿ1).


Someotherinformationconcerningtheassignmentof


Table 1. Selective cyclodehydration of 6-ACA to e-CL on SiO2
a


Entry Method
Loading(�)


(10ÿ4 mol gÿ1 SiO2)
Recovered
6-ACA(%)


Yield of
e-CL(%)


Selectivity
(%)


1 Adsorptionc 0.46(0.012) 10.2 89.6 99.8
2 Adsorptionc 3.8(0.095) 0.0 74.9 74.9
3 Adsorptionc 26.0(0.65) 28.2 3.1 4.3
4 Adsorptioncd 0.46(0.012) 26.0 68.3 92.3
5 Additione 0.10(0.0025)f 3.1 44.7 46.1
6 Homogenousg 35.2 22.8 35.2


a Reactionswerecarriedout underreflux for 20h in toluenefor adsorptionmethods.
b The valueof [(yield of e-CL)/(100ÿ recovered6-ACA)] � 100.
c Pre-adsorbedsampleof 6-ACA wasused.
d 9.0 wt% of waterwasaddedto theadsorptionsample.
e Silica gel (10.0g) wasaddedto a DMF solution(120ml) of 6-ACA (13.1mg).
f The loadingamount(t) if all the 6-ACA is adsorbed.
g 1.08� 10ÿ3 mol lÿ1 solutionof 6-ACA in DMF.


Figure 1. IR spectrum of 6-ACA adsorbed on silica gel and
the related spectra. Spectrum (a) shows that 6-ACA is
adsorbed on silica gel mainly as C=O and NH2
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characteristicbandswas obtainedas follows.14,15 The
characteristicbandsof �C=O of heptanoicacid, which
formsaciddimer in theneatsolid, appearsat 1715cmÿ1


[Fig. 1(c)] and thoseof e-CL at 1658cmÿ1 [Fig. 1(e)].
Sodium heptanoate[Fig. 1(d)] shows the carboxylate
anion COÿ2 at 1560cmÿ1 due to �asCOÿ2 , which also
observed in the spectrum of terephthalic acid on
alumina.11 The primary amino group of hexylamine
[Fig. 1(f)] displaystwo absorptionbandsfor the NH2,
stretchingvibration by hydrogenbondingin the region
3460–3296cmÿ1, oneat 3370cmÿ1 due to �asNH2 and
the other at 3296cmÿ1 due to �sNH2 (S = symmetric
vibration). The spectrumalsoshowsa weak absorption
band due to bending (scissoring)vibration, �NH2 at
1601cmÿ1. e-CL in the solid state showed a strong
absorptionbandat 3206cmÿ1 dueto �NH. Hexylammo-
niumchloride[Fig. 1(g)] showsabroadstrongstretching
band near 3096cmÿ1 arising from asymmetric and
symmetrical stretching vibration of the NH�3 group.
Multiple combinationbandsof mediumintensityappear
in the 2700–2000cmÿ1 regionwith the mostprominent
beingthebandnear2046cmÿ1.


Both of the IR absorptionbandsof the carboxyl and
amino groupsof adsorbed6-ACA do not match those
mentionedabove,suggestingthe formation of different
states.Consequently,when6-ACA is adsorbedon silica
gel, COÿ2 and NH�3 groupschangeto C=O and NH2


groups,respectively.TheC=O groupcorrespondsto the
carboxylic acid monomer,COOH, but the OH group
cannotbe measured.


Effect of loading amount


The amountof saturatedadsorptionof 6-ACA on silica
gelwasestimatedby theanalysisof adsorptionisotherm.
As shownin Fig. 2, the isothermfollows Langmuir-type
adsorptionandreachessaturationwhentheconcentration
of 6-ACA is higherthan10.0mmol lÿ1. The amountof
saturatedadsorption(E?) is 4.0� 10ÿ3 mol gÿ1 SiO2


with theadsorptionconstantK = 123 l molÿ1 at 25.0°C.
TheIR absorptionof 6-ACA onsilica gel with various


loading amountswas measured,and the spectra are
illustrated in Fig. 3. At fairly large loading [Fig. 3(e),
� = 0.40,where� = surfacecoverage)thespectrumof the
adsorbedsampleis similar to that of neat6-ACA in the
solid state[Fig. 1(b)] i.e. both of the spectraexhibited
�asCO2


ÿ at 1560cmÿ1 and �NH�3 at 2700–2000cmÿ1.
Drasticchangesin the IR spectrawereobservedwith a
decreasein the amountof 6-ACA adsorbed(t <0.003),
wherea newbandappearedat 1655cmÿ1 dueto �C=O
with a simultaneousdecreasein the intensityof �asCOÿ2
at 1560cmÿ1. Figure 3 also showsan increasein the
intensityof �NH2 in concomitantwith thedecreasein the
intensity of �NH�3 on going to smallert values.Hence
the adsorbedspeciesis deducedto changesuccessively
from the specieshavingCOÿ2 andNH�3 groupsasin the


solid state to the neutral specieshaving C=O, which
correspondsto the carboxylic acid monomer,and NH2


groupswith adecreasein theloadingamountasshownin
Scheme2. We havereportedsimilar resultsthat glycine
is adsorbedonsilicagelasspecieshavingC=O andNH2


Figure 2. Adsorption isotherm of 6-ACA on silica gel in
methanol at 25.0°C. This isotherm shows Langmuir-type
adsorption: saturation amount E? = 4.0� 10ÿ3 mol gÿ1


SiO2 with adsorption constant K = 123 l molÿ1


Figure 3. IR spectrum of 6-ACA on silica gel at various
loadings. The adsorbed species changes successively from an
amphoteric ion having COÿ2 and NH�3 groups to a neutral
species having C=O and NH2 with decrease in the loading
amount
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groups at an adequately low loading amount
(t = 0.0024).13


Figure4 showsthemolarratioof thecarbonylgroupto
the carboxylate anion, C=O/COÿ2 , in the adsorbed
samplesdeterminedby IR spectrometryasa function of
the amountof 6-ACA loaded.At � = 0.40 the value of
C=O/COÿ2 wassmall(0.06),which indicatesthatalmost
of all of the carboxyl group exists as the carboxylate
anion.Theratio increasedmoderatelywith decreasein t
and then increaseddrastically at � = 0.0025. These
findingsshowthat thedispersionof 6-ACA on thesilica
gel surfacereducesthe intermolecularinteractionsand
concurrentlychangesthe amphotericion to the corre-
spondingneutralspecies.


It is assumedthat the reactivity for thedehydrationof
theneutralspecieshavingC=O andNH2 groupsis high


becauserevealingof the lone pair of electronsof the
amino group causeseasyattack on the neutral carbon
centerof the carboxylgroupasshownin Scheme3. In
practice, both the yield and the selectivity for e-CL
increasedwith decreasein theloadingamountof 6-ACA
(Table1, entries1–3).On theotherhand,fairly selective
formation e-CL proceededeven at � = 0.095 (Table 1,
entry 2). The IR spectrumof this samplecould be an
intermediateof the two spectra(d) and (e) in Fig. 3,
where6-ACA existsmainly asanamphotericion having
COÿ2 andNH�3 . This adsorbedspeciescannotexplainthe
fairly selectiveintramoleculardehydration.6-ACA mol-
ecules at � = 0.095 are, nevertheless,assumedto be
dispersedon the silica gel surfaceand reducedin the
intermolecularinteractions,presumablyby the suppres-
sionof theirtranslationalmovements.Thiswouldprevent
the intermolecular reactions from yielding dimer or
trimer. Accordingly,combinedeffectsof dispersionand
activationof 6-ACA by adsorptiononthesurfaceof silica
gel would besignificantfor theselectiveformationof e-
CL with our method.


Water addition to adsorbed sample


To theadsorbedsampleof 6-ACA (� = 0.012)wasadded
9.0 wt% of water and the mixture wassubjectedto the
reaction.Theproducte-CL wasobtainedin 68.3%yield
with 92.3% selectivity as listed in Table 1 (entry 4).
Consequently,this adsorption method is moderately
insensitiveto the addition of water. The effect of the
additionof waterto theadsorbedsamplewasmonitored
by IR spectrometryandthe resultsareshownin Fig. 5.
The absorption band at 1560cmÿ1 due to �asCOÿ2
remainedin position with a decreasein intensity, but
the band at 1655cmÿ1 due to �C=O shifted to near
1710cmÿ1 with increasein intensityonadditionof water
[Fig. 5(a)–(c)]. The latter absorptionsuggeststhat the


Scheme 2


Figure 4. Molar ratio of carbonyl group to carboxylate anion
(C=O/COÿ2 ) in the adsorbed samples as a function of the
loading amount of 6-ACA. The dashed line shows the
surface coverage (�) for each loading amount. 6-ACA is
adsorbed as carboxylic acid at lower loadings and carbox-
ylate anion at higher loadings


Scheme 3
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adsorbed species did not change to the dimer of
carboxylic acid, becausethe characteristic band of
�C=O of heptanoicacid [Fig. 5(e)] was exhibited at
1715cmÿ1 and translationalmovementis requiredfor
formation of the dimer. Although the reasonwhy the
absorptionof C=O shifted to higher wavenumberon
additionof wateris notclearatpresent,thespeciesonthe
silica gel could readily be dehydratedto give e-CL
selectively.Suppressionof the translationalmovements
maypromotetheselectivereaction.


CONCLUSION


When 6-ACA adsorbedon silica gel was treated in
refluxingtoluene,cyclodehydrationproceededto yield e-
CL selectively.IR measurementof theadsorbed6-ACA
onsilicagelshowedthatadsorbed6-ACA hasCOOHand
NH2 groups at the low surfacecoverage(� < 0.043),
which would beactivefor selectivedehydrationwith the
aid of suppressionof the intermolecularinteractions.On
the other hand, at relatively high surface coverage
(� = 0.10) 6-ACA has COÿ2 and NH�3 groups,which
also gives a fairly selective reaction. In this case
sufficient dispersionof 6-ACA on the silica gel would
reduce the intermolecular reaction by repressionof
translationalmovement.


EXPERIMENTAL


General


Silica gel (Wako Chemicals; 200 mesh, for column
chromatography)was dried at 110°C overnight and
storedin adesiccator.Thespecificsurfaceareaof 371m2


gÿ1 was determinedby BET measurement.Authentic
samplesof 6-ACA and e-CL were of guaranteedgrade
from Tokyo ChemicalIndustry.Sodiumheptanoatewas
synthesizedfrom heptanoicacid with 1.2 molar equiva-
lent of metallic sodium,and hexylaminehydrochloride
was synthesized from hexylamine with 1.5 molar
equivalentof HCl. Both wererecrystallizedfrom water.
Othermaterialswerecommerciallyavailableandusedas
received.


Quantitativeanalysiswas performedwith a Yanagi-
motoModelG2800Finstrumentequippedwith Polyester
FF column (1.5 m) for gas chromatography(GC) and
with aTokyo-Rikakiki EYELA PLC-10systemfor high-
performanceliquid chromatography(HPLC) equipped
with a TR-35-415F(ODS)column(30cm) usingwater–
methanol(2:8, w/w) plus0.1 wt% of phosphoricacidas
theeluent.b-Naphtholwasusedasaninternalstandardin
all analyses.


Preparation of adsorbed sample and reaction proce-
dure. Typically, thesilicagelpowder(10.0g) wasadded
to an aqueoussolution (50ml) of 6-ACA (60.3mg,
4.6� 10ÿ4 mol), themixturewasallowedto standfor 8 h
at room temperaturewith occasionalshaking and the
solvent was subsequently removed under reduced
pressure.The adsorbedsample(10.0g) describedabove
wassuspendedin toluene(50ml) andheatedunderreflux
for 20h using a Dean–Starktrap to collect the water
formed.A reactionperiodof 20h hadbeenconfirmedto
be sufficient for completion of the reaction. After
filtration of the solid it was thoroughly washedwith
distilled water(3� 50ml) andDMF (3� 50ml) succes-
sively. The combined washingsand the filtrate were
concentratedin vacuoandthe productwasanalyzedby
GC and/or HPLC. The yield of e-CL was 89.6% with
10.2%of intact 6-ACA.


An adsorbedsamplewith 9.0wt% of wateraddedwas
preparedasfollows: water(0.90g) wasintroducedinto a
glasstubecontainingtheadsorbedsample(10.0g), then
the tube was sealedand allowed to standfor 1 day at
roomtemperature.


IR measurement. TheIR absorptionof 6-ACA adsorbed
on silica gel was measuredby Fourier transform IR
spectrometrywith a JASCOFT/IR-7000infrared spec-
trometerequippedwith DR-81 module for the diffuse
reflectiontechnique.Theadsorbedsamplewasmeasured
as a powder.Spectrawere measuredwith 100 scansat
8 cmÿ1 resolution and obtainedby ratioing the back-
ground spectraof adsorbentsilica gel or water-added


Figure 5. Change in IR spectrum of 6-ACA adsorbed on silica
gel (� = 0.012) on addition of water. The amount of
carboxylate anion decreased with addition of water
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silica gel to thoseof adsorbedsamples.Theintensitiesof
the IR absorptionof �C=O and�asCOÿ2 wereconverted
into molarities by determining the relative ratio of
absorptioncoefficients,erel = eC=O/eCOÿ2 = 0.89.


Adsorption isotherm. To a 10ml flask containing a
solutionof 6-ACA (1.31–105mg,0.999–80.0mmol lÿ1)
in methanol(10.0ml) were added100mg of silica gel
powder.Theflaskwastightly cappedandimmersedin an
automaticshakermaintainedat25.0�0.2°C. Adsorption
equilibrium was attainedafter 8 h. The initial and final
concentrationsof 6-ACA in thesolutionweredetermined
by HPLC.
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ABSTRACT: Reaction of alkaline hydrogen peroxide with tris(4-nitrophenyl) phosphate generates ca 1.5 equiv. of 4-
nitrophenol per mole of substrate with no evidence of build-up of an intermediate, and reaction of bis(4-nitrophenyl)
phosphate anion is too slow to give a product. The initially formed bis(4-nitrophenyl) peroxophosphate is assumed to
decompose to the phosphate ester by reaction with H2O2 or to eliminate 4-nitrophenoxide ion with the formation of a
transient cyclic peroxophosphate. Reaction of phenyl phosphorochloridate anion with HO2


� does not give phenoxide
ion by this intramolecular reaction. Semi-empirical and ab initio simulations indicate that elimination of aryloxide ion
from an aryl peroxophosphate should generate a cyclic rather than an open-chain peroxophosphate. Copyright  2001
John Wiley & Sons, Ltd.


KEYWORDS: hydrogen peroxide; tris(4-nitrophenyl) phosphate; phenyl phosphorochloridate; cleavage; kinetics;
structure simulations
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The hydroperoxide anion is an effective dephosphorylat-
ing agent and readily displaces F� and aryloxide and
thiolate ions.1,2 It is an �-effect nucleophile which is
more reactive than predicted in terms of Brønsted
correlations of nucleophilicity with basicity.3 These
reactions are practically important because HO2


� or
peroxy anions are potentially useful in the decontamina-
tion of phosphonate nerve agents.1,2–4


We recently found that reaction of HO2
� with bis(4-


nitrophenyl) phosphate ion [(4-O2NC6H4O)2 PO2
�


(BNPP)] generates more than 1 equiv. of 4-nitrophen-
oxide ion, although 4-nitrophenyl phosphate (NPP) is not
an intermediate and reacts very slowly in these condi-
tions.5 The phosphate derivatives are illustrated (Chart 1)
with their acronyms.


�4-O2NC6H4O�3PO
TNPP


�4-O2NC6H4O�2PO2
�


BNPP
4-O2NC6H4OPO3


2�


NPP
4-O2NC6H4OPO � Cl2


NPPDC
4-O2NC6H4OPO2 � Cl�


NPPC
PhOPO � Cl2


PPDC
PhOPO2 � Cl�


PPC


Chart 1


These results were explained in terms of the reactions
in Scheme 1, where the first-formed peroxomonophos-
phate 1 can either eliminate the second nitrophenoxide
ion and form the short-lived peroxophosphate 2 or react
with H2O2 giving oxygen and NPP. Reaction with OH�


also gives NPP, and allowance was made for its
contribution.5 Peroxomonophosphates are hydrolyzed
with displacement of H2O2, but this reaction is slow
except at low pH.6


Reaction of 4-nitrophenyl phosphorodichloridate
(NPPDC) in alkaline hydrogen peroxide should also
generate 1, and subsequently 2, because initial loss of Cl�


should be very fast7 and the monochloridate anion [4-
O2NC6H4OPO�


2 �Cl (NPPC)] reacts in alkaline H2O2 with
half-lives of �2 s and loss of Cl�.5 In agreement with this
model (Scheme 1), nitrophenoxide ion was formed in this
reaction by decomposition of 1, whereas reaction with
OH� gives no nitrophenoxide ion.5


In these reactions H2O2 (HO2
�) plays two roles


(Scheme 1). It displaces Cl� or nitrophenoxide ion from
NPPC or BNPP, respectively, but it also reacts with the
peroxophosphate 1,1b,6 giving unreactive NPP, in com-
petition with cyclization which generates nitrophenoxide
ion and the transient peroxophosphate 2. Competition
between these two reactions should depend in part on the
leaving group ability of the aryloxide group. Intramol-
ecular nucleophilic participation has been postulated in
the peroxydolysis of bisaryl oxalates,8 and intramolecular
nucleophilic attack by an oxide moiety is common in
dephosphorylations.9 Therefore, we examined products
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of the reaction of alkaline H2O2 with phenyl phosphor-
odichloridate [PhOPO�Cl2 (PPDC)], which should be
very rapidly hydrolyzed to the monochloridate anion
[PhOPO�


2 �Cl (PPC)],7 followed by displacement of the
second Cl� by HO2


� giving phenyl peroxophosphate
(3).5 Reaction of H2O2 with 3 giving O2 � phenyl
phosphate1b,6 will compete with the formation of 2 and
phenol, which should be disfavored by the lower leaving
ability of phenoxide relative to nitrophenoxide ion.
Therefore, we expected that relatively little phenol would
be formed in the reaction of PPDC with HO2


� (Scheme
2).


We also examined reactions of tris(4-nitrophenyl)
phosphate (TNPP) with the expectation that more than


1 mol of 4-nitrophenoxide ion would be formed in the
reaction with HO2


� owing to competition between
cyclization and reaction of 4 with H2O2. Allowance
was made for reactions of TNPP with OH� � H2O which
give nitrophenoxide ion (Scheme 3).


We combined this experimental approach with simula-
tions of structures of the intermediate peroxophosphate 2
and its conjugate acid 2a, (Scheme 1) and compared
them, and the heats of formation, with those of the
hypothetical open-chain isomers, 6 and 6a. We assume
that displacement of nitrophenoxide ion from 1 involves
nucleophilic participation by peroxo anion, but open-
chain intermediates 6 and 6a could be formed by P—O
cleavage of 1 or 3 in reactions analogous to the
spontaneous decompositions of monoalkyl and aryl
phosphate monoanions.5 We therefore compared pre-
dicted heats of formation of the hypothetical cyclic and
open-chain peroxophosphates 2, 2a and 6, 6a.


Calculations were made at various levels, viz. AM1,
PM3, HF 3–21G* and HF 6–31G*.


/01/�+2/!,%3


%��������� Substrates and reagents were commercial
materials (from ACROS and TCI America).


%��
��� Solutions of dilute 35% H2O2 in water and
substrates in dry THF were used and [H2O2] was
measured by titration with KMnO4. The pH of aqueous
H2O2 was adjusted just before starting the reaction.
Substrates were added to the stirred reaction solution at
25.0°C by using a Hamilton syringe for the product
experiments and a spring-loaded Hamilton syringe for the
kinetics.


4�	���  


4�	��� *


4�	��� 5
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For product reactions starting with PPDC, absorbance
of H2O2 in the UV region10 interfered with the spectrum
of the products. We used several methods to solve this
problem. (i) After complete reaction the pH was
reduced from 11.5 to 3.3 and the spectrum of the
reaction mixture was compared with that of the
corresponding solution of H2O2 at pH 3.3. The difference
spectrum was that of phenyl phosphate, �max = 264 nm.
(ii) The spectrum of the reaction mixture of
PPDC � H2O2 (pH 11.5), after 30 min., was compared
with that of an equivalent solution of PPDC (pH 11.5), to
which H2O2 had been added after complete reaction. The
spectra were almost identical, with no signal of phenol/
phenoxide ion. (iii) The above reaction mixture with
PPDC was left to stand overnight to allow decomposition
of H2O2 and the spectrum was that of phenyl phosphate,
with no other signals. A control experiment showed that
phenoxide ion would not have fully decomposed under
these conditions.


Hydrogen peroxide does not interfere with the signal of
4-nitrophenoxide ion at 400 nm, but TNPP is sparingly
soluble in water and we used H2O–THF (95:5, v/v) as
solvent. Absorbances were compared after reactions of
6 � 10�6 M TNPP with OH� or H2O2/HO2


� in the pH
range 10.9–11.5. Spectra were obtained on an HP model
8451A diode-array spectrophotometer at 25.0°C, and
solutions of H2O2 at the appropriate pH were used as
reference. The pH was adjusted by addition of concen-
trated NaOH and H2O2/HO2


� acted as buffer.
Formation of 4-nitrophenoxide ion was followed


spectrophotometrically at 400 nm in H2O–THF (95:5,
v/v). The low solubility of TNPP forced us to use dilute
(6 � 10�6 M) solutions, and observed absorbance
changes during reaction were low (ca 0.05). There was
also slight decomposition of H2O2, which prevented the
use of a stopped-flow spectrometer. Formation of
bubbles is not a serious problem when absorbance
changes are large, although it introduced random scatter
in the (linear) first-order rate plots, but the correlation
coefficients were 0.99 over 2.5–3.5 half-lives. We
could follow the spontaneous hydrolysis of 6 � 10�6 M


TNPP in water (pH 8.2, 0.01 M borate) by neglecting the
initial part of the rate plot to allow complete solubiliza-


tion and kobs � 10�2 s�1. The reaction with OH� was
followed in H2O–THF (95:5, v/v) with the pH adjusted
with OH�.


Although the correlation coefficients are low, owing to
scatter in the first-order rate plots there was no systematic
deviation once mixing was complete, and no evidence for
build-up of an intermediate.


%
���"��� �
�����	)� Structures of intermediates from
reactions of BNPP or NPDC5 were modeled by using
Spartan Plus software (Wavefunction)11 with initial
molecular mechanics minimization (MMFF) followed
by semi-empirical or ab initio treatments. We generally
used the HF 6–31G* level and geometries are very
similar at this and the 3–21G* levels.


�/4.3,4 %!" "+4$.44+-!
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Reaction of PPDC with HO2
� is very simple in that the


only product is phenyl phosphate, with no signal of
phenol (phenoxide ion), showing that intramolecular
displacement of phenoxide ion does not compete with
decomposition of the peroxophosphate 3 by reaction with
H2O2 (Scheme 2). These results were obtained under
various reaction conditions (see Experimental).


Reaction of TNPP with H2O2/OH� rapidly generates
4-nitrophenoxide ion, and we treated the data on the
assumption that 5 vol.% THF would not significantly
affect use of the pH scale or the value of the pKa of H2O2


in water, which we took as 11.7.5 The measured pH was
not much lower than the pKa and H2O2/HO2


� acted as its
own buffer. The concentration of THF involved a
compromise between the low solubility of TNPP and
medium effects on pH and pKa. Initially we used 10�5 M


TNPP, but the data were not reproducible and we
subsequently decreased the concentration.


Observed first-order rate constants, kobs, and second-
order rate constants, kHO2


and kOH, are given in Table 1.
They are corrected for the contribution of the sponta-
neous water reaction, kH2O, and where necessary, for


,�6��  � *��� �
	���	�� 
� ������
	 
� +$,, -�� ./� �	� /. 
��


Nucleophile


OH� HO2
�


pH kobs (s�1) kOH, (l mol�1 s�1)b kobs (s�1) kHO2
, (l mol�1 s�1)b


11.08 0.036 21
11.31 0.044 17
10.85 0.47 300
10.89 0.40 233
10.32 0.16 300


a The solvent was H2O–THF (95:5, v/v) and stoichiometric [H2O2] = 0.012 M.
b After correction for contributions of reactions with H2O and, where necessary, with OH�. kH2


O = 1.07 � 10�2 s�1.
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reaction with OH�. Concentrations of HO2
� and OH�


were, of necessity, kept low to slow the reaction and that
with H2O could not be neglected, especially at low pH
where reactions of OH� and HO2


� became less
important. The concentration of H2O2 was kept low
because otherwise reactions became too fast. Corrections
and the high rates of reaction with HO2


� are such that
values of kHO2


are approximate and we quote rate
constants to only two significant figures. Reactions of
BNPP are very much slower than those of TNPP, and do
not contribute to formation of nitrophenoxide ion.
Second-order rate constants of reactions of BNPP with
HO2


� and OH� are 7.9 � 10�4 and 3.5 � 10�5 l mol�1


s�1, respectively, in water at 25.0°C.5 Literature values
of pKa for dilute H2O2 in water range from 11.5 to
11.7,5,10,12 and use of the lower value decreases kHO2


by a
factor of ca 1.5. Relative values of kHO2


, kOH and kH2
O are


similar to those for reactions with BNPP,5 and for kHO2


and kOH are similar to those for many reactions.1–3


We use higher [H2O2], ca 0.1 M at pH 11, for the
product than for the kinetic experiments to reduce
contributions of reactions of TNPP with H2O and OH�,
although decomposition of 4 by attack of H2O2 is
accelerated (Scheme 3). Formation of nitrophenoxide ion
was monitored by comparing the absorbances after
reactions of equimolar TNPP with OH� and HO2


�.
Approximately 1.5 equiv. of nitrophenoxide ion were
formed in the reaction of TNPP with HO2


�, and as with
BNPP,5 a transient intermediate can generate additional
nitrophenoxide ion or decompose unproductively by


reaction with H2O2 to a phosphate ester which is
unreactive under our conditions (Scheme 3).


The yield of nitrophenoxide ion depends largely upon
competition between decomposition of the first-formed
peroxophosphate, 1 or 4, with intramolecular displacement
of nitrophenoxide ion, and reaction with H2O2/ HO2


�


which gives a nitrophenyl phosphate. Reaction of HO2
�


with BNPP generates between 1 and 2 equiv. of nitrophen-
oxide ion, and that with NPPC generates up to ca 0.5 equiv.
of nitrophenoxide ion,5 depending, in part, upon competi-
tion by the reaction with OH�.5 However, reaction of TNPP
could generate more than 2 equiv. of nitrophenoxide ion by
subsequent reactions of 1 and 5. Formation of ca 1.5 equiv.
of 4-nitrophenoxide ion indicates that the unproductive
reaction of 4 with H2O2/HO2


� limits the yield. We could
not study the reaction of TNPP over a wide range of
conditions in order to establish the relationship between
rate constants and products, as in the earlier work,5 or the
extent to which attack of a peroxyanion with a hydro-
peroxide1b,6 is affected by the structure of peroxopho-
sphate, 4, for example.


4�������� ��������



Heats of formation and geometries of the hypothetical
peroxophosphate cyclic intermediates, 2 and 2a, are
compared with those of the open-chain isomers, 6 and 6a,
in terms of various levels of calculation. The results,
summarized in Table 2, indicate that the cyclic structure


,�6�� *� *������� ���� 
� �
�����
	 
� �	���������� ���
&
�
�������


Intermediates AM1 PM3 3–21G* 6–31G*


�24.1 �39.5 �36.6


�5.1 �24.5 �13.6


�3.8 �3.1 �16.2 �18.2


�8.0 �3.7 �11.1


a Relative heats of formation (kcal mol�1) in the left to right direction.
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is preferred for the anion 2, and from HF ab initio
methods for the protonated from 2a. The open-chain
species, 6 and 6a, akin to metaphosphates, would be
formed if elimination of 4-nitrophenoxide ion did not
require nucleophilic participation by the peroxo moiety.5


Predicted geometries of the anions from calculation at
the 6–31G* level are illustrated for 2 and 6 and O—O
bond lengths of the cyclic intermediates are similar to
those in H2O2 and peroxocomplexes of transition metals,
which are 1.49 and ca 1.47 Å, respectively.13 Predicted
geometries calculated at the 3–21G* level are almost
identical with those shown illustrated for 2 and 6.
Calculations neglect hydration, but its contribution
should be similar for species of like charge. The negative
charge on 6 is localized but that on 2 is delocalized,
which offsets the stronger hydration of cyclic as
compared with extended ions.


The postulated intermediate 2 can break down by
attack of H2O or OH� on phosphorus generating the
strained cyclic species, 7 and 7a, but they are disfavored
relative to the open-chain peroxophosphates, 8 and 8a
(Table 2), which form inorganic phosphate by reaction
with H2O2.6 Therefore, we conclude that 2 ring opens by
attack of H2O OH� on phosphorus rather than by addition
giving 7 and 7a, followed by ring opening. Our
calculations relate to intermediates, not transition states,
but in fast reactions conversion barriers are low and
changes in geometries small. On the assumption that the
semi-empirical are less reliable than the ab initio
treatments, it appears that the general conclusions do
not depend on the charge of the intermediates, but it is
reasonable to assume that elimination of nitrophenoxide
ion from a peroxophosphate involves an anionic inter-
mediate (Scheme 1). The various methods of structure
simulations have been critically analyzed,11,14 and the
semi-empirical AM1 and PM3 methods appear to be less
reliable than the HF ab initio methods.


Predicted dimensions of the hypothetical peroxo inter-
mediates 2 and 6 are shown on the structures. We expect the
peroxo intermediates to be extensively deprotonated in our
reaction conditions, and the cyclic peroxophosphate 2 is
predicted to be symmetrical. These structures are from 6–
31G* calculations, but essentially identical structures were
obtained from 3–21G* calculations.


$-!$3.4+-!4


The initially formed peroxophosphate from the reaction
of HO2


� with PPC decomposes by reaction with H2O2/
HO2


� rather than by eliminating phenoxide ion, but the
peroxophosphate from reaction of TNPP eliminates 4-
nitrophenoxide ion in competition with decomposition by
reaction with H2O2/HO2


�. Quantum mechanical calcula-
tions indicate that elimination of aryloxide ion from the
initially formed peroxophosphate ester generates a labile
cyclic, rather than an open-chain, peroxophosphate.
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ABSTRACT: The vertical ionization potentials for three tetra-�-branched-alkyl-substituted alkenes (13–15) are
reported, compared with literature data for other tetralkylalkenes, and the values discussed with reference to AM1
semiempirical and B3LYP density functional calculations. Copyright  2001 John Wiley & Sons, Ltd.
Additional material for this paper is available from the epoc website at http://www.wiley.com/epoc
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The groups of Houk1 and of Brown2 measured vertical
ionization potentials (vIP) for tetraalkylalkenes 1–12 and
16 (Scheme 1) using photoelectron spectroscopy and
considered the origin of the differences in vIP that were
observed.


� �����


In this work, we measured the vIP values for three tetra-
�-branched-alkyl-substituted alkenes, 13–15. The
McMurray reaction3 was used to prepare 14 and 15 from
the related ketones. All four stereoisomers of 2,2�-
binorbornylidene and both the cis and trans isomers of
2,2�-bibicyclooctene were obtained. The major product of
the latter reaction was the more stable trans isomer4 15,
which had a lower Rf value in chromatographic
separation, both bridgehead hydrogens upfield and the
allylic methylene downfield of the cis isomer. That 15 is
trans was proved both by NOE effects in the NMR
spectrum and by obtaining an x-ray crystal structure. The
major isomer obtained in the former reaction was 14,
which had the same Rf and chemical shift patterns
relative to its other isomers as 15, and was demonstrated
to have syn methylene bridges by giving an epoxide upon
reaction with m-chloroperbenzoic acid that has seven
carbon signals. The vIP values for 13–15 appear along
with the previously reported compounds in Table 1. Our
group previously re-ran the PE spectrum of 165 (we note


that using the Ref. 1 vIP for 16 (0.08 eV larger than ours)
makes its point in Fig. 1 fall much nearer the correlation
line), obtaining a 0.08 V lower vIP than did Houk and
co-workers, and the entries in Table 1 use our value,
which was obtained and analyzed in the same way as for
13–15.


Brown et al.2 discussed the data considering a plot of
vIP versus the number of carbons. We pointed out later
that although changes in vIP for the pure p-hybridized
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lone pairs of halogen-containing compounds are quite
regular as the number of carbons in the alkyl substituents
is increased, vIP does not correlate linearly with the
number of carbon atoms, but also depends upon their
connectivity6 (the increments summed to produce neff


are � = 1.00, �1 = 1.00, �2 = 0.87, �3 = 0.77, �1 = 0.48,
�2 = 0.46, �1 = 0.25, �2 = 0.17, �1 = 0.06; the subscripts
refer to first, second, etc., carbon of the given type).
Linear decreases in vIP are found for plots versus the
‘effective number of carbons,’ neff, for saturated alkyl
substituents attached to a more easily ionized center
bearing p-orbital electrons. The neff values are obtained
from changes in p-lone pair vIP for alkyl iodides and
bromides, and expressed as increments for carbons �, �,
�, etc. to the center, with slightly decreasing increments
for a second or third such carbon.4 Studies of ethers
showed that cyclic and bicyclic alkyl groups can also be
included (we break rings as symmetrically as possible in
calculating neff).


6


����������


Figure 1 shows a plot of vIP versus neff for the
compounds in Table 1. The lines drawn show a linear
correlation, vIP(regr.) = 8.70 � 0.06neff, that is excellent
for several of these compounds, along with dashed lines
0.03 eV above and below this line so that compounds
that deviate significantly may be more easily seen (the
reproducibility of vIP values measured by photoelectron


spectroscopy appears typically to be about 0.03 eV). The
higher neff compounds deviate the most from the line,
with 9 lying above it and 11 and 13–16 lying below it.


The double-headed arrow in Fig. 1 highlights the most
surprising result,2 the 0.22 eV difference in vIP for the
two diastereomers of sesquinorbornene, the anti isomer
11 (a21/21), and syn isomer 12 (s21/21), which is
strikingly large for compounds of the same connectivity
and has been much discussed. Brown and co-workers
attributed the low vIP for 11 to exceptionally large �,�
interactions destabilizing the � orbital of this nearly
planar alkene relative to the pyramidalized 12.2 The
double bond of 12 is pyramidalized in the direction
making its two-carbon bridges approach instead of its


��#�� "� +	�,��	� �	�����" ���� 
	� ������"#�"�"#����


Compound Structure No. of Cs (neff) vIP (�vIP)a vIP [AM1] (obs. � calc.) vIP [DFT]b (obs. � calc.)


Acyclic and monocyclic alkyl groups—
1 Me2C=CMe2 6 (4.00) 8.46c (0.00) 8.45 (�0.01)
2 r5=CMe2 8 (6.00) 8.34d (0.00) 8.46 (�0.12)
3 7/5 10 (7.48) 8.25d (0.00) 8.27 (�0.02)
4 iPr2CCMe2 10 (7.74) 8.28c (0.04) 8.40 (�0.12)
5 c-iPrMeC)2 10 (7.74) 8.27c (0.03) 8.38 (�0.11)
6 t-iPrMeC)2 10 (7.74) 8.24c (0.00) 8.38 (�0.14) 7.96 (�0.28)
7 r6=r6 12 (8.96) 8.16d (0.00) 8.37 (�0.21)
8 nPr2C)2 14 (9.92) 8.11d (0.01) 8.39 (�0.28)
9 iPr2C)2 16 (11.48) 8.13c (0.13) 8.38 (�0.25)


Bi- and polycyclic alkyl groups—
10 21/6 (�-Me) 12 (9.74) 8.15d (0.3) 8.17 (�0.02)
11 a-21/21 12 (9.74) 7.90d (�0.22) 7.96 (�0.06) 7.52 (�0.38)
12 s-21/21 12 (9.74) 8.12d (0.00) 8.07 (�0.05) 7.74 (�0.38)
13 21/22 13 (10.61) 7.88e (�0.18) 8.14 (�0.30) 7.44 (�0.44)
14 221)2 14 (9.74) 7.96e (�0.16) 8.36 (�0.40) 7.67 (�0.29)
15 222)2 16 (11.48) 7.95e (�0.06) 8.20 (�0.25) 7.52 (�0.43)
16 AdAd 20 (13.90) 7.76f (�0.11) 8.21 (�0.45) 7.49 (�0.27)


a �vIP = vIP � vPI(regr.), where vIP(regr.) = 8.70 � 0.06neff.
b (U)B3LYP/6–31 � G* calculation.
c From Ref. 1.
d From Ref. 2.
e This work.
f From Ref. 4 Allinger MM2 calculations4 get the trans isomer to be 0.90 kcal/mol more stable than the cis isomer, while AM1 calculates get it to be
0.26 kcal/mol more stable. Houk’s group obtained 7.84 eV.1


��$��� "� -"	� 	
 �+- ������ ��
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one-carbon bridges. The latter would lead to less �-
carbon non-bonded interaction because the one-carbon
bridge is bent further away from the CbC=CCb plane than
are the two carbon bridges. To allow consideration of
both directions of bend, we call the angle between the two
CbC=CCb planes (Cb refers to a bridgehead carbon) of
bis(C,C�-bicyclic) alkenes �, and use � �180° when the
substituents on norbornyl systems are pyramidalized
toward the one-carbon bridge and ��180° when they are
pyramidalized toward the two-carbon bridge (Scheme 2).
Using this nomenclature, derivatives of 11 have � values
near 180°, but those for 12 derivatives are 196–198°,7 and
this large difference in pyramidalization is clearly
important in causing their vIP values to be so different.
Houk and co-workers give the most detailed analysis of
the reasons for � not being 180° for 12.8 Both the unusual
bond angles about the double bond (the small Cb—C=C
angles make the CbCvCb bond angle very large) and the
unusually electron rich � orbital (because of the four �-
branched substituents) in sesquinorbornenes lower the
out-of-plane bending force constants. As indicated in
structures A and B, the large �-branched substituents on
each norbornene ring are nearly eclipsed with the
bridgehead CH bonds when � = 180°. The syn compound
12 stabilizes itself by bending substantially to stagger the
substituents, as indicated in C (Houk and co-workers
showed the slightly less familiar ‘two-membered ring’
cartoons of the � bonds in the projections B and C; we
show � bond representations, which lead to the same
conclusions and are more familiar to most of us). The anti
compound 11 does not get any eclipsing relief upon
pyramidalization because what stabilizes one ring
destabilizes the other by the same amount, so it remains
at � = 0 despite having a small bending force constant.
The present work demonstrates that the 21/22 system 13
has a vIP close to that for 11. However, derivatives of 11
are nearly planar and the one derivative of 13 studied by
crystallography has a � of 198°, which is as pyramida-
lized, and also is pyramidalized in the same direction as
12.9 If 12 has a higher vIP than 11 because it is
pyramidalized, why does 13 have a vIP close to that of
11, and not that of 12?


We carried out quantum mechanical calculations to try
to understand these results. We calculated vIP by
subtracting the enthalpy calculated for the geometry
optimized neutral compound (n0) from that obtained by a
single point calculation of the cation using the geometry


of the neutral compound (n�). The second to last column
of Table 1 shows vIP values calculated by AM1.10 (our
AM1 calculations were carried out using various versions
of Clark’s program VAMP)11. AM1 calculations give
larger vIP than the observed value in all cases but 1, and
the amount usually increases with neff. We note that the
effect of �-branching on lowering vIP appears to be
underestimated by AM1 calculations. AM1 calculations
are very rapid (�25 s of CPU time were required for
geometry optimization of each compound discussed here)
and have proven especially useful for understanding the
effects of ring size changes on the properties of bis(N,N�-
bicyclic) hydrazines.12 Although errors in vIP as large as
0.45 eV occur for some of the higher neff compounds in
Table 1, when the geometry is changed for a molecule, or
when diasteromers are compared, such errors tend to
cancel, and greater accuracy is expected for such changes
than for comparing molecules that differ more in
structure. Employing these rapid calculations allows the
investigation of effects of changing geometry that would
take too long to be worthwhile by more sophisticated
calculation methods, because such calculations would
take months instead of hours of CPU time to carry out.
For example, it took us 3.7 � 103 times as much CPU
time to optimize 15 using B3LYP/6–31G�* calculations
as using AM1 (that is, over 25 h versus 24 s), and
2.4 � 104 times as long to do the single point on the
cation at UB3LYP/6–31G�* (that is, over 10 h versus
1.5 s), even though a more powerful machine was used
for the Gaussian calculations. The last column of Table 1
contains results of density functional theory (DFT)
calculations of vIP carried out at the (U)B3LYP/6–
31G�* level using Gaussian 98.13 The � angles obtained
are 11 180.0°, 12 195.5° and 13 191.2°, so the
pyramidalities of these sesquibicyclic alkenes obtained
using B3LYP/6–31G�* optimizations are certainly
better than those from AM1 calculations, which gave �
far too close to 180° for 12 (183°) and 13 (181.4°). Both
methods of calculation show the 2,2-bicyclic compounds
14 and 15 to be untwisted at their double bonds, as
expected. However, surprisingly to us, the DFT vIP
values are often significantly further from experiment
than are the AM1 values (see Table 1). There are no spin
contamination problems; the �S2� values for the n�


structures are �0.754 in all cases. The difference
between the DFT vIP values for the anti and syn 21/21
systems is the experimental value, much better perfor-
mance than AM1, as expected because the AM1
pyramidalities were wrong. It seems that this DFT
method substantially overestimates the effect of �-
branching lowering vIP. It does not appear to us to be
reasonable to state that DFT calculations are likely to
help one understand the ionization potentials any better
than the AM1 calculations, and we use values calculated
by AM1 in this discussion. The DFT calculations are too
slow to make carrying out the calculations discussed
below reasonable.
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Figure 2 shows the changes in vIP as a function of �
and also its ��Hf(n


�) and ��Hf(n
0) components for 11–


13. Vertical ionization potentials are often discussed in
terms of stabilization or destabilization of the � orbital
from which ionization occurs, because Koopmans’
theorem works so well for ionization potentials. How-
ever, vIP is the difference in enthalpy between the
vertical cation (n�) and the neutral ground state (n0).
Effects that stabilize both the cationic and neutral
oxidation states will affect vIP, and effects on the two
oxidation states are calculated to be different. These plots
rationalize nicely why vIP is larger for 12 than for 11, yet
similar for 11 and 13. Changing � in either direction from
180° increases s hybridization, which alone would cause
an increase in vIP. However, pyramidalization also
changes the overlap between the � and � framework
orbitals in a rather complex fashion. The sum of all
effects results in a very small decrease in vIP as �
deviates further from 180° for 11 [a21/21, see Fig. 2(a)].
In contrast, for 12 [s21/21, Fig. 2(b)] vIP increases
significantly as � increases on either side of 180°,
because ��Hf(n


�) increases relative to ��Hf(n
0) as the


alignment of the p-orbital axes with the 1-bridge �-bonds
becomes poorer and poorer (see structure C). This
suggests that radical cation C1-bridge/�,�� interaction


dominates the pyramidality change effect. Pyramidaliz-
ing 13 (21/22) to more positive � raises vIP in the 160–
170° region almost as much as it does for 12, but the
effect levels out in the more positive � region, as the
interactions with the single one-carbon bridge become
small. Thus pyramidalization is not predicted to raise vIP
for 13. Although AM1 gives a significantly larger error in
vIP for 13 than for either 11 or 12, we suggest that the
trends upon pyramidalization of these compounds help in
understanding the vIP pattern observed.


The next most striking thing about Table 1 and Fig. 1 is
the similarity of vIP for 8 and 9, which is not expected
because �-branching significantly decreases vIP, so that
the observed oxidation potential for 9 is actually about
0.13 eV higher than expected by comparing its vIP with
those of other tetraalkylalkenes. This caused us to


��$��� %� -"	�� 	
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consider how large the effect is for having isopropyl
groups oriented staggered with respect to a C=C bond
versus having them eclipsed, as shown in cartoon form in
Scheme 3 using the ‘two-membered ring’ cartoon for a �
bond used by Houk et al.8a It is known that 9 assumes a
conformation with each isopropyl group �-hydrogen
tucked between the methyls of an adjacent isopropyl
group, the conformation labeled ESES (for alternating
eclipsed and staggered substitutents),14 and that AM1 as
well as molecular mechanics calculations do a reasonable
job of describing the energy surface for twisting.14d,e The
vIP calculated for ESES 9 is indeed substantially higher
than that for the SSSS and EEEE rotamers (see Table 2),
but this may well occur because the latter are so crowded
that they are calculated to have significant twisting about
the C=C bond (SSSS 9 has 14° twist and EEEE 9 has 24°
twist).


Although a significant decrease in vIP occurs as
staggered isopropyl groups are rotated to become
eclipsed in the least hindered system examined, the
dialkyl t-iPrHC=)2, such an effect was not calculated for
the tetraalkyl cases 4–6, and an increase is found for 6
using DFT. It seems clear that calculations at a level that
predicts vIP better than those examined would have to be
carried out to consider whether there is a significant E
versus S effect on vIP in acyclic compounds. We note
that neither DFT nor AM1 calculations predict the similar
�vIP observed for the SSSS bis(bicyclic) compounds 14
and 15, and do not appear to us to give insight as to why


14 and 16 fall well below the correlation line but 15 falls
rather near it.


�����������


The vIP values for 11–13 provide excellent examples of
the fact that deforming from an equilibrium geometry can
have different effects upon the neutral form and the
vertical cation, and that both oxidation states need to be
considered in analyzing vertical ionization potentials.
The rather poor absolute performance of B3LYP
calculations for calculating the vIP values of these
alkenes was not expected, and it suggests that despite
their good performance for geometries,15 DFT calcula-
tions may not be the best to use for estimating internal
reorganization energies (Marcus’s �inner), which is
calculated from the energies of n0, n� and both oxidation
states at the relaxed cation geometry.16 According to
AM1 calculations, pyramidalizing to � �180° for 12
(s21/21) is calculated to lower vIP because the vertical
cation is less destabilized than the neutral form due to
overlap with the 1-carbon bridges improving, whereas
pyramidalizing to � �180° raises vIP because it
destabilizes the vertical cation more than the neutral
form owing to overlap with the 1-carbon bridges
becoming less favorable, combined with the increase in
s-hybridization that occurs for both directions of bend.
The behavior of 13 (21/22) shows that it is principally
overlap with the 1-carbon bridges that matters, because
the shape is similar to 12 at � �180°, but for � �180°,
where overlap with the 1-carbon bridge is poor, neutral
and cation are destabilized by nearly the same amount,
and vIP no longer varies as � is increased. For 11 (a21/
21), where changing � from 180° in either direction
improves overlap with one 1-carbon bridge but makes it


��#�� %� ������"��"���� ��"���� ������" 	�,��	� �	�����"� ��� ���� �	��	����� 
	� �	�� �	��	��"���$������� �"#����


Compound iPr ��Hf(n
0) (kcal mol�1) ��Hf(n


�) (kcal mol�1) �vIP (eV)


iPr2C=)2 (9) ESES 0 0 0
SSSS 2.98 �0.21 �0.12
EEEE 17.60 12.00 �0.24


t-iPrHC=)2 SS 0 0 0
ES 1.37 �2.09 �0.15
EE 2.72 �0.97 �0.16


iPr2C=CMe2 (4) ES 0 0 0
SS 1.03 0.83 �0.01
EE 2.67 2.98 �0.01


c-iPrMeC=)2 (5) SS 0 0 0
ES 2.13 2.85 �0.03
EE 8.62 9.10 �0.02


t-iPrMeC=)2 (6)a SS 0 (0) 0 (0) 0 (0)
ES 2.05 (2.71) 2.05 (3.40) 0.00 (�0.03)
EE 4.33 (5.13) 4.34 (6.20) 0.00 (�0.05)


a The numbers in parentheses are from (U)B3LYP/6–31�G* calculations.
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poorer with the other, vIP is nearly unaffected by the size
of � in the range studied because destabilization of both
oxidation states is the same.


 '( ��) ����


.�������"	4�)*)*)����)�*��5������*������ 1"&2) This was
prepared by the literature method.17


����������*�'���"	4*)*)�5�����*��"����$���"	4*)*)�5�
������� 1"*2) A solution of TiCl3 (22 g, 0.145 mol) in
anhydrous THF (200 ml) was stirred at room tempera-
ture. Li wire (3 g, 0.44 mol), cut into small pieces, was
added and the mixture refluxed for 1 h. After cooling,
bicyclo[2.2.1]heptan-2-one18 (4 g, 0.036 mol) in anhy-
drous THF (50 ml) was added dropwise via a canula. The
reaction mixture was refluxed for 10 h. After cooling, the
reaction mixture was diluted with pentane (100 ml) and
carefully filtered through a pad of Fluorosil in a sintered-
glass funnel. Rotary evaporation of the solvent gave 1.4 g
(20%) of a colorless liquid. 1H NMR showed a mixture of
the four possible isomers. Purification was accomplished
by preparative TIC on silica plates (Merck) impregnated
with AgNO3 using hexane–diethyl ether (99:1) as eluent.
The trans configuration for 14 was inferred by analogy
with 15, as it had a larger yield, smaller Rf (0.23) and
bridgehead hydrogens upfield of, and allylic methylene
downfield of the other isomers. The one-carbon bridges
being syn was established by epoxidation with m-CPBA,
which produced a compound having seven 13C reso-
nances as the major product. 1H NMR (CDCl3): � 2.53 (br
s, 2H), 2.30 (br s, 2H), 2.11 (d, J = 15 Hz, 2H), 1.69 (d,
J = 15 Hz, 2H), 1.6–1.5 (series of m, 4 H), 1.36–1.11
(series of m, 8 H). 13C NMR (CDCl3): � 131.51 (Cq), 41.0
(CH), 39.03 (CH2), 37.17 (CH2), 36.77 (CH), 29.08
(CH2), 28.59 (CH2). HRMS: m/z 188.1574 (M, 51%)
observed, 188.1565 calculated for C14H20.


������*�'���"	4*)*)*5	���*��"����$���"	4*)*)*5	�����
1"+2) A solution of TiCl3 (5 g, 0.033 mol) in anhydrous
THF (30 ml) was stirred at room temperature. Li wire
(0.067g, 0.1 mol), cut into small pieces, was added
and the mixture refluxed for 1 h. After cooling,
bicyclo[2.2.2]octan-2-one19 (1 g, 0.008 mol) in anhy-
drous THF (20 ml) was added dropwise via a canula. The
reaction mixture was refluxed for 20 h. After cooling, the
reaction mixture was diluted with pentane (30 ml) and
carefully filtered through a pad of Fluorosil in a sintered-
glass funnel. Rotary evaporation of the solvent gave
0.43 g (25%) of a white solid. 1H NMR showed the ratio
of trans to cis olefins was 2:1. Fractional sublimation
provided a pure sample of the trans compound; m.p. 126–
127°C. 1H NMR (CDCl3): � 2.3 (br s, 2H), 2.13 (d, 4H),
1.66 (br s, 2H), 1.51–1.45 (series of m, 16 H). 13C NMR
(CDCl3): � 129.65 (Cq), 33.46 (CH2), 27.86 (CH), 26.37
(CH), 25.93 (CH2), 25.91 (CH2). HRMS: m/z 216.1884


(M, 100%) observed, 216.1878 calculated for C16H24.
Double bond configuration was demonstrated by NOE:
for 15 irradiation at either � 2.3 (allylic) or 1.66 (non-
allylic) bridgehead hydrogens led to �4% NOE of the
allylic CH2 protons at � 2.13. For the minor isomer,
irradiation of the non-allylic bridgehead (� 1.76) led to
�3.5% NOE of the allyic CH2 proton signal, but
irradiation of the allylic bridgehead signal (� 2.46) signal
led to �1% NOE. Therefore, 15 is the trans double bond
isomer. A later crystal structure determination verified
this conclusion (shown in detail in the PhD Thesis of
L.A.R).


-�	�	�"����	� �������) Spectra were run on a Varian
IEE-15 spectrometer, modified with a rebuilt analyzer,
and flowing He I lamp ionization source. Peak potentials
were estimated by superimposing sums of Gaussian
curves of adjustable position, width and intensity over the
unsmoothed data points on the screen of an IBM-PC-XT,
using software written by P. A. Petillo. The spectra and
fitted curves are illustrated in the PhD Thesis of L.A.R.
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ABSTRACT: The kinetics of the rearrangement of 3-(substituted phenyl)-4-(p-tolyl)-1,2,4-oxadiazole-5(4H)-thiones
in solution were determined in the temperature range 160–200°C. From the correlation of logk againsts, it was found
that form-Me, p-Cl andp-CN, the compounds rearrange with the homolytic cleavage of the N—O bond, whereas for
p-Me, H andm-NO2, the rearrangement occurs with the heterolytic cleavage of the N—O bond. In comparison with
the uncatalysed rearrangement, Cu catalysis greatly increased the rate of the rearrangement of 3-(m-chlorophenyl)-4-
(p-tolyl)-1,2,4-oxadiazole-5(4H)-thione at 166°C. Copyright 2000 John Wiley & Sons, Ltd.


KEYWORDS: thermal rearrangement; substituent effect; 3-(substituted phenyl)-4-(p-tolyl)-1,2,4-oxadiazole-5(4H)-
thiones


INTRODUCTION


Substituent effects on free radical reactions are more
complex than those for polar reactions. Therefore, this
area has continued to hold the interest of chemists over
the years. Both electron-withdrawing and electron-
releasing substituents, when conjugated with a radical
centre, can provide stabilization of the radical. Hence
polar substituent constants are not appropriate measures
of radical stabilization. A number of approaches, which
are based on extended Hammett equations, has been
made to quantify the effect of substituents on free radical
reactions. These frequently contain both radical and polar
components since polar effects operate in many radical
reactions.


RESULTS AND DISCUSSION


Simamura and co-workers proposed1 thetp scale, which
is based on the product distribution for phenyl radical
addition to substituted benzenes (Scheme 1). In this
reaction, a large kinetic effect is obtained, sincepara
substituents are directly conjugated to a cyclohexadienyl
radical. However, this model reaction has serious
disadventages. Thet values depend on the assumption
that all of the intermediate adduct radicals end up as the


substitution product, and the reactive phenyl radical is
prone to side reactions at the substituent groups.


Yamamoto and Otsu2 studied the chain transfer
reaction between the polystyryl radical and ring-sub-
stituted cumenes. They proposed a set of parametersER,
which represent the resonance stabilization energy of the
radical, and in their proposed equation (Scheme 1), ther
value is chosen as�0.7 to agree with the Alfrey–Price
Q/esystem.3 Because of the empirical nature of theQ/e
scheme, this agreement is difficult to justify.


Sakuraet al.4 examined the reaction of substituted
styrene with trichloromethyl radical and developed a
delocalization substituent constantED (Scheme 1). In this
reaction, the formation of a benzylic radical is involved in
the rate-determining step. However, the radical character
is only partially developed.5 Therefore, the kinetic effects
will be smaller than they would be for complete radical
development. Additionally, a polar contribution in this
reaction must be important since an electronegative
radical is used. A similar reaction of substituted toluenes
with trichloromethyl radical is known to proceed on a
purely polar basis.6


A s.F scale was derived7 from the bromination ofpara-
substituted 3-cyanotoluenes (Scheme 1).The involve-
ment of a steric effect, interference of side reactions and a
polar contribution are all disadvantages in this approach.


Creary’ss.c scale8–10was based on the extensive rate
data for the rearrangement of methylenearylcyclopropane
(Scheme 1). However, the extent of electron decoupling
in the transition state of this reaction is not certain.


Arnold and co-workers suggested as.a scale11,12based
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on the reduction of the exocyclic a C—H coupling
constantby stabilizing substituentsin benzyl radical
(Scheme1). Theadvantageof this schemeis theabsence
of problemsassociatedwith side reactionsand that the
radical character is, of necessity, fully developed.
Possible disadvantagesinclude the uncertainty of
whetherstabilizationby different types of substituents
is linearly related to the reduction of the coupling
constants(aH).


The thermaldecomposition of dibenzylmercurialswas
chosen13,14asamodelreactionfor thesJ scale(Scheme1).
The advantageof this reaction is that the full stabilizing
effectof a parasubstituenton a benzylradicalcomesinto
play in the transitionstate,and gives a reasonablylarge
kinetic effect. Additionally, sidereactionsshouldbe less
important, since the main fate of the benzyl radicals is
dimerization.The difficulties of this schemeare experi-
mental.Somedibenzylmercurials with conjugatingelec-
tron-withdrawinggroupsaredifficult to prepare,andsome
of the compoundshavelimited solubility in the solvents
normally usedfor the kinetic experiments.


Recently, an hfsc= rxsx� r.s. equation was ob-
tained15 from ESR coupling constants for bis(p-Y-
substitutedphenyl)aminoxylradicals.Thedelocalization
of unpairedelectronsin the aminoxyl radical may be
representedby thestructuresI, II andIII (Scheme2).


In thissystem,thevariationin theaN couplingconstant
is small (maximum 1.27 G), leading to a coarsely
graduatedscale. However, it is interesting that the
aminoxyl radical is stabilized by both electron-with-
drawingandelectron-releasingsubstituents.


Since the aminoxyl radical is stabilized by a wide
rangeof thesubstituents,we expectedthattherateof the
thermal rearrangementof 3-substituted phenyl-4(p-
tolyl)-1,2,4-oxadiazole-5(4H)-thiones(IV ) to the corre-
sponding5-ones(V) would be similarly enhancedby
both electron-withdrawingand electron-releasingpara
substituentsthrough the structuresVI, VII and VIII
(Scheme3).


This type of thione–thiolrearrangementwasfound to
proceedthrougha free radical mechanism.A transient
free-radicalspecieshasbeendetected16 by ESRmeasure-
mentsin the thermalrearrangementof oxime thionocar-
bamatesto thioxime carbamates.


The rearrangementswere carried out on ca (5–
8)� 10ÿ3 M solutions in n-pentadecanein individual
degassedampoules,andthereactionsweremonitoredby
HPLC analysisof the remainingthiones.No deviations
from first order were noted, and the results are
summarizedin Table1.


Thefirst-orderrateconstantsobtainedat 180°C gave,
asexpected,no goodoverall correlationwith any of the
polar substituentconstantss, s� or sÿ. Plots of logk
againsts show, however, that m-Me, p-Cl, m-Cl and
p-CN substituentslie close to a line of small gradient;
r = 0.15(Fig. 1), indicatingthat homolysisof the N—O
bondoccurs(Scheme4).


Sinceboth electron-withdrawingand electron-releas-
ing substituentsareinvolved,thiscanbeexplainedby the


Scheme 1


Scheme 2


Scheme 3
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operation of a polar factor, and shows no effect of
conjugation(spindelocalization)from the radicalcentre
to thesubstituents,suchasin Scheme3 (structureVIII ).
In Fig.2,plotsof logk for p-Me,H andm-NO2 substituted
compoundsagainst s lie in a line, but with a high
negativeslope; r =ÿ1.3. This strongly indicates that


rearrangementof the thiones with these substituents
occursvia theheterolysisof theN—O bond,soplacinga
positivechargeon nitrogenatom(Scheme5).


The point for the p-NO2 substitutedcompoundlie
abovetheline in Fig. 2. We think that therearrangement
of this proceedsthrougha morecomplexmechanism.


The rate of thermal rearrangementof 3-(m-chloro-
phenyl)-4-(p-tolyl)-1,2,4-oxadiazole-5(4H)-thiones was
greatly increasedwhen a catalytic amount of copper
powderwaspresent.(Table1). We interpretthisasbeing


Table 1. Kinetic data for the thermal rearrangement of
3-(substituted phenyl)-4-(p-tolyl)-1,2,4-oxadiazole-5(4H)-
thiones


Substituent T (°C) 10ÿ3k (sÿ1) E (kcalmolÿ1)


H 180 15.89
m-NO2 180 1.98
p-CN 180 36.32
p-Cl 180 29.46
p-NO2 180 12.44
p-Me 180 29.94
m-Me 180 28.49
m-Cl 160 7.35


180 32.31 23.08
200 74.13


m-Cl 166 105.04(with Cu catalysis)


Figure 1. Plots of logk for m-Me, p-Cl, m-Cl and p-CN
against s


Scheme 4


Figure 2. Plots of logk for p-Me, H and m-NO2 against s


Scheme 5


Scheme 6
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dueto theformationof thethione–coppercomplexin the
transition state (Scheme6), which should lower the
activationenergyfor the reaction.


EXPERIMENTAL


The preparationof 1,2,4-oxadiazole-5-thiones and their
rearrangementproduces(1,2,4-thiadiazole-5-ones)has
been reported previously.17,18 The compoundswere
recrystallizedbeforeuse.


Solutions of (5–8)� 10ÿ3 M 1,2,4-oxadiazole-5-
thionesin n-pentadecanewereprepared.A 1 ml volume
of each solution was transferredusing a 1 ml bulb
pippette into Pyrex ampoules. Each ampoule was
degassedandsealedundervacuum.The ampouleswere
wrappedin aluminiumfoil andwoundroundwith copper
wire to preventthefoil from beingremovedandto ensure
that theampoulewould sink in theoil-bath.


The oil-bath was filled with silicone oil as the
thermostatfluid. The heaterwascontrolledby a Variac
anda relay contactthermometer,respectively.The fluid
wasagitatedby asteelpaddlestirrer.Kinetic studieswere
carriedoutat160,166,18Oand200°C.Onremovalfrom
the oil-bath eachampoulewascooledto room tempera-
ture,opened,andthecontentsweretransferredto sample
tubes. Analysis of the remaining 1,2,4-oxadiazole-5-
thioneswascarriedout by HPLC usinga NovapakC18


column,expressedin termsof the peakarea,and these


datawereanalysedfor the bestfit to the first-orderrate
equationby regressionanalysis,usinga computer.
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ABSTRACT: An improved method of conformational analysis using 1H and 13C NMR, IR, theoretical calculations
and solvation theory is reported for 2-bromocyclohexanone, used here as a model compound. The solvent dependence
of the 3JHH, 1JCH and 1JCD NMR coupling constants and the associated changes in the IR first overtone carbonyl band
intensities together with theoretical calculations allow the direct determination of the conformational equilibria
without recourse to model compounds. Calculations with the Gaussian 98 program at the HF/6–31 g(d,p) and B3LYP/
6–31 � g(d,p) levels together with solvation theory gave the conformer free energy difference (Eeq � Eax) in different
solvents. The observed couplings, when analyzed by solvation theory and utilizing DFT geometries, gave a value of
Eeq � Eax of 1.15 kcal mol�1 in the vapor phase, decreasing to 0.6 kcal mol�1 in CCl4 and to �0.5 kcal mol�1 in
DMSO solution (1 kcal = 4.184 kJ). The axial percentage changes from 74% (in CCl4) to 30% (in DMSO), and these
are in good agreement with infrared data (�C=O, first overtone), despite the uncertainties of the latter method. The
results illustrate the advantages of the joint application of these techniques, which represents an improved approach to
the study of the conformational equilibria of substituted cyclohexanones. Copyright  2001 John Wiley & Sons, Ltd.


KEYWORDS: 2-bromocyclohexanone; conformational analysis; NMR; IR; solvation; density functional theory


��$�&'(�$�&�


The conformational analysis of 2-halocyclohexanones
has been investigated since the 1950s, when Allinger and
Allinger1 noted the difficulty in identifying the carbonyl
bands for the 2-bromocyclohexanone isomers (Fig. 1) in
the infrared spectrum. Subsequent attempts2–5 to ratio-
nalize the conformational preferences of the halocyclo-
hexanones were made, but the possible occurrence of
Fermi resonance or other factors gave rise to uncertanties
in the comparison of the infrared with the NMR results.


In 1964, Garbisch6 used the �-hydrogen coupling
constants or chemical shifts, taking the analogous tert-
butyl derivatives as models to determine � and/or J for the
individual conformers. This procedure has been criticized
owing to possible distortions of the ring geometry caused
by the tert-butyl group,7,8 and to the difficulty in
maintaining these diastereoisomers in the pure state,
because of their facile interconversion through enoliza-
tion of the carbonyl group.9


The infrared method has been much improved in


recent years with the simultaneous investigation of the
fundamental and the first overtone bands of the C=O
stretching frequency, which allows the exclusion of any
Fermi resonance, and by computer-assisted deconvolu-
tion with the Fourier transform (FT) IR equipment
program.10


In this work, a method which does not use any
derivatives as model compounds was employed. This
method is based on the determination of J values (3JHH,
1JCH, 1JCD) in solvents of various polarities. �-Deutero-2-
bromocyclohexanone was prepared to measure the 1JCD


coupling without interference from the 2JCH and 3JCH


couplings, which led to a complex multiplet for the C-2
signal. The 13C NMR spectrum of the deutero compound
was recorded with 1H decoupling to give a clear triplet
from the 1JCD coupling. The NMR data were analyzed
using geometries from density functional theory (DFT)
calculations and solvation theory to determine the
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conformational isomerism. Infrared data were used to
compare with NMR results.


This method can be applied to studies of conforma-
tional isomerism in both cyclic and acyclic systems, and
also to compounds of biological interest such as peptide
derivatives. It should be borne in mind that model
compounds for extracting the coupling constants of
individual conformers are not available for aliphatic
systems, hence Eliel’s NMR method cannot be applied.


$*+&�,


Ab initio and DFT calculations were performed using the
Gaussian 98 program11 at the HF/6–31g(d,p) and
B3LYP/6–31 � g(d,p) levels, respectively, and the solva-
tion calculations using the MODELS program.12 In the
latter, the solvation energy of a molecule is given by
including both the dipole and quadrupole reaction fields
and also a direct dipole–dipole term to take account of the
breakdown of the Onsager reaction-field theory in very
polar media. On this basis, the solvation energy of any
molecule in state A, i.e. the difference between the
energy in vapor (EA


V) and in any solvent (EA
S) of relative


permittivity (dielectric constant) � is given by the
equation


EA
V � EA


S � kAx��1 � lx� � 3hAx��5 � x�
� bf �1 � exp��bf �16RT �� �1�


where x = (�� 1)/(2�� 1), l = 2(nD
2 � 1)/(nD


2 � 2),
b = 4.30(a3/2/r3)(kA � 0.5hA)1/2 and f = {(�� 2)(�� 1)/
�}1/2 for � �2 and is zero otherwise, nD is the solute
refractive index, T is the temperature (K), kA and hA


are �A
2/a3 and qA


2/a5, �A and qA being the dipole and
quadrupole moments of molecule A and a the solute
radius, and r is the solute–solvent distance and is taken as


a � 1.8 Å. The solute radius is obtained directly from the
molar volume (VM) of the solute by the equation VM/
N = 4�a3/3, where N is Avogadro’s number. The molar
volume can be obtained from the density of pure liquid, if
known, or directly in the program from additive atomic
volumes. Similarly, the solute refractive index may be
inserted if known or can be calculated directly from
additive contributions.


For a molecule in state B, a similar equation is obtained,
differing only in the values of kB and hB. Subtraction of
the two equations gives the experimentally required
quantity �ES (EA


S � EB
S), the energy difference in any


solvent S of given relative permittivity, in terms of �EV


(EA
V � EB


V), calculable or measurable parameters. This
theory has been given in detail previously and was shown
to give an accurate account of the solvent dependences of
a variety of conformational equilibria.12–14


The dipole and quadrupole moments of the molecules
(� and q) are calculated directly from the partial atomic
charges in the molecule given by the CHARGE routine.15


This is both computationally simpler and more accurate
than the use of bond dipole moments.


An important factor in the determination of the
conformational equilibrium between two conformers of
very different dipole moments is that the temperature
dependence of pure liquid (or solvent) relative permit-
tivity can appreciably affect the value of the energy
difference obtained. It has been shown12 that the true
value of the free energy difference at any temperature
[�H(t)] is related to that obtained using the Van’t Hoff
equation [Eqn. (2)], by Eqn. (3):


dlnK�d�1�t� � ��H��R �2�
�H�t� � �H� � T�dH�dt� �3�


The correction factor T(dH/dt) has been shown to be as


$��
� !� ��������
	 4
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HF/6–31g** B3LYP/6–31 � g**


Parameter Axial Equatorial Axial Equatorial


r(C=O) (Å) 1.190 1.186 1.217 1.223
r(C2—Br) (Å) 1.977 1.946 1.994 1.950
r(C2—H) (Å) 1.077 1.083 1.089 1.093
	C2—C=O 120.27 124.25 120.21 124.20
	C6—C=O 123.63 122.70 123.60 123.10
	Br—C2—C1 107.52 112.18 107.02 111.72
	C2—C1—C6 116.04 113.05 116.14 112.66
�(Br—C—C=O) 108.65 1.48 106.06 1.71
�(H—C2—C3—Hax) 52.65 174.73 52.22 175.83
�(H—C2—C3—Heq) 62.93 58.28 62.86 59.36
E (hartree)a �2878.14983 �2878.14764 �2881.04173 �2881.03815
ZPEa 0.15164 0.15140 0.14121 0.14110
Erel. (kcal mol�1) 0 1.24 0 2.25
�(D) 3.57 5.05 3.54 4.77


a For HF geometries, single-point MP2 electronic correlation was used to calculate the energy.
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much as 0.5 kcal mol�1 (1 kcal = 4.184 kJ) for moder-
ately polar solutes and solvents,12,16,17 hence it cannot be
ignored in any accurate determination of conformer
energies.


�+-(.$- ��' '�-�(--�&�
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The geometries of the conformers were optimized at both
the HF/6–31g** and B3LYP/6–31 � g** levels11,18 and
the geometric parameters and energies are given in Table
1. Both calculations give the axial conformer as the most
stable conformer in the vapor phase. The geometries
given by the B3LYP/6–31 � g(d,p) calculations are
considered more accurate than the HF calculations18,23


and they were used henceforth. The CHARGE routine
using these geometries gave dipole moments (axial 2.90
D and equatorial 4.10 D), which are in good agreement
with the observed dipole moments for the 4-tert-butyl
derivatives (cis 3.18 D, trans 4.26 D).13 Hence the
CHARGE partial atomic charges may be used with
confidence in the MODELS solvation calculations. The
experimental values for the 2-bromocyclohexanone
dipole moments are 3.37 D (n-heptane), 3.50 D (benzene)


and 3.64 D (p-dioxane),19 further supporting the calcu-
lated values. Note that as expected with the 6–31G* basis
set, the ab initio dipole moments are too large for the HF
calculations18 (Table 1). The parameters required to
calculate the solvation energy through Eqn. (1) are given
in Table 2.


The observed trend in Table 3 for the HH couplings (J
increases with increasing �) denotes an increase in the
population of the most polar (equatorial) conformer with
increasing solvent polarity. This was expected, since the
coupling 3J2ax � 3ax (equatorial conformer) is much larger
than 3J2eq � 3eq (axial conformer). A similar but much
less pronounced trend is also noted for 3J2ax � 3�eq


(equatorial conformer) and 3J2eq � 3�ax (axial conformer).
In the 1JC2,H and 1JC2,D couplings the observed trend (J
decreases with increasing �) agrees with the ‘Perlin
effect,’ which results from �,�* hyperconjugation
between the diaxial antiperiplanar CH bonds, for the
equatorial conformer, with a larger and weaker C2—H
bond in comparison with the axial conformer, owing to
the lower values of 1JC2,H and 1JC2,D. The corresponding
�CC → �*CH effect in 1JC2,Heq (axial conformer) is
assumed to be smaller.21,22


It is first necessary to determine how much of the
observed variation of the couplings is due to changes in
the conformer populations and how much to an intrinsic
solvent dependence. A method of isolating the changes in
the couplings due to population changes is simply to plot
one variable against another. If the changes are due solely
to population changes, the plots are linear.16,17 This
procedure showed that the 3JH2,H3 vs 3JH2,H3�, vs 1JC2,H


and vs 1JC2,D are accurately linear (correlation coeffi-
cients 0.99, 0.97 and 0.98, respectively). Hence the
changes in these couplings are due solely to population
changes and they may all be considered in the estimation
of the conformational equilibrium.


The NMR data in Table 3 may be combined with the
solvation calculations to provide a detailed account of the
conformational equilibrium via Eqns (4):


Jobs � naxJax � neqJeq


nax � neq � 1


neq�nax � e��E�RT


�E � Eeq � Eax


�4�
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Level Conformer �(D) k (kcal mol�1) h (kcal mol�1) nD VM l


HF/6–31g** Axial 2.83 2.654 1.789 1.5085a 132.12b 0.6053
Equatorial 4.03 5.319 1.191 1.5085a 132.12b 0.6053


B3LYP/6–31 � g** Axial 2.90 2.317 1.835 1.5085a 132.12b 0.6053
Equatorial 4.10 4.621 1.254 1.5085a 132.12b 0.6053


a Ref. 20.
b Calculated from experimental density value (d25 = 1.340 g cm�3) given in Ref. 20.


$��
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Solvent � 3JH2,H3
3JH2,H3�


1JC2,H
1JC2,D


CCl4 2.24 4.28 — 156.64 24.03
CDCl3 4.81 6.25 4.57 155.28 23.84
CD2Cl2 9.01 6.99 4.76 — —
Pure liquid 10.40 7.32 4.78 154.60 23.92
Pyridine-d5 12.40 7.56 4.84 — —
Acetone-d6 20.70 — — — 23.88
CD3CN 37.50 8.50 5.06 154.53 23.73
DMSO-d6 46.70 9.15 5.20 154.13 23.66


a J at 22°C, except for 1JC2,D, which were obtained at 24°C.
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The value of J in the pure liquid gives, with the data in
Table 3, an interpolated value of 10.40 for the pure liquid
relative permittivity.


With these considerations, the solvent data may be
used with the solvation theory to search for the best
solution for both the conformer energy difference and the
values of Jeq and Jax. In this search process all the data in
Tables 3 and 5 were used. This showed however, that all
the chloroform data were slightly but systematically in
error and the VT data for this solvent were removed.
Hydrogen bonding of the chloroform and the solute
carbonyl group may be responsible for this. Using all the
remaining data MODELS gave values of �EV =
1.15 kcal mol�1, 3J2ax,3ax = 12.9 Hz (eq), 3J2eq,3eq =
1.0 Hz (ax), an r.m.s. error of 0.19 Hz and the energy
differences and couplings in Table 4. The values of the
remaining couplings in the two conformers may be
obtained directly from the previously noted linear
relationships between the couplings in Table 3. This
gives 3J2ax,3eq = 6.0 Hz, 3J2eq,3ax = 3.4 Hz, 1JC2,Hax =
152.1 Hz, 1JC2,Heq = 158.1, 1JC2,Dax = 23.4 Hz and
1JC2,Deq = 24.3 Hz.


The HF method with the 6–31g** basis set gave a
value for �EV value of 1.24 kcal mol�1, in much better


agreement with the value found above than the DFT
method (2.25 kcal mol�1), as expected.18


The variable-temperature NMR data show that the
3JH2,H3 coupling in CCl4 solution, in which the � value is
almost independent of temperature,24 increases with
increasing temperature (Table 5). This indicates that the
axial conformer is preferred in this solvent. However, in
CDCl3 and CD2Cl2 the opposite effect is observed and
3JH2,H3 decreases with increasing temperature. The
permittivity values for these solvents increase with
decreasing temperature (Table 5), and these changes will
favor the more polar (equatorial) conformer. However,
the observed equatorial mole fractions are much higher
than expected, if they were just determined by the
changes in the � values. Hence it can be concluded that a
decrease in the temperature shifts the equilibrium
towards the equatorial conformer, in both CDCl3 and
CD2Cl2 solutions. The results from this analysis are
compared with previous data in Table 6 and clearly show
that the conformational preference for the 2-bromocy-
clohexanone changes on going from CCl4 to CD2Cl2 and
the more polar solvents from the axial to the equatorial
conformer. The data cover a wide range of polarity and
are consistent for each solvent, in contrast with the
literature values, which considerably overestimate the
axial percentages for CH3CN and DMSO solutions. In the
less polar solvents CCl4 and CHCl3 the differences are
smaller and may well be due in part to concentration
effects. The results presented in Table 4 show in general
good agreement between the observed and calculated
coupling constants, supporting the correctness of the
procedure used.


�������� �����	�����


The 2-bromocyclohexanone conformational analysis via
the C=O stretching band has presented difficulties for a
long time, owing to Fermi resonance between this
vibration and the first overtone of a C–H bending,
methynic or methylenic (850–900 cm�1),5 and also to
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ES
eq � ES


ax


3JH-2,H-3 (Hz)


Solvent � (kcal mol�1) Calc. Obs. nax


CCl4 2.24 0.57 4.27 4.28 0.74
CDCl3 4.81 0.20 5.96 6.25 0.59
CD2Cl2 9.01 �0.04 7.14 6.99 0.48
Pure liquid 10.40 �0.08 7.35 7.32 0.46
Pyridine-d5 12.70 �0.14 7.63 7.56 0.43
Acetone-d6 20.70 �0.28a 0.38
CD3CN 37.50 �0.43 9.02 8.50 0.32
DMSO-d6 46.70 �0.49 9.29 9.15 0.30


a From 1JC2,D, which were obtained at 24°C.
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3JH-2,H-3 (�)


Temperature (°C) CCl4 CDCl3 CD2Cl2


�80 — — 9.03 (14.96)
�60 — — 8.50 (13.35)
�40 — 7.27 (6.12) 7.96 (12.01)
�20 — 6.78 (5.61) 7.58 (10.88)


0 — 6.43 (5.18) 7.31 (9.92)
20 4.28 (2.24) 6.30 (4.81) 7.04 (9.08)
30 4.29 (2.22) — —
40 4.33 (2.20) — —
50 4.41 (2.18) — —
60 4.46 (2.16) — —


a From Ref. 24.
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band overlap in the fundamental region. However, we use
the IR data as additional evidence for the NMR results.
The FTIR spectrum in the C=O stretching first overtone
region was analyzed using the intensity (I) and also the
area of the computationally deconvoluted bands in order
to eliminate any interferences from Fermi resonance.
This gave values (Table 6) in excellent agreement with
those obtained from the NMR calculations.


���������	���
 �����������


The conformational behavior of 2-bromocyclohexanone
can be interpreted as follows. In the vapor phase and in
non-polar solvents, three factors may contribute to a
preference for the axial conformation.27 A steric effect
between the lone pairs of the oxygen and the �-
substituent and a repulsive dipole–dipole interaction
(both in the equatorial conformer) and an interaction
between the nBr and �*CO orbitals. In polar solvents, the
second factor will be decreased and the equatorial
conformer becomes more stable and has the larger
population. However, the predominance of the equatorial
conformer is also favored by the occurrence of an
attractive nO –nBr interaction through the bonds via the
�*CC orbital28,29 and by the charge stabilization for the
equatorial conformer in polar solvents, owing to the
higher acidity of the axial �-hydrogen, in comparison
with the corresponding equatorial �-hydrogen.30 More-
over, the axial conformation presents 1,3-diaxial repul-
sion between bromine atom and the syn axial hydrogens.


The results from this work obtained through this
improved approach, which differs from other authors’
work based on the classical methodology of using data
from the tert-butyl derivatives (Table 6), demonstrate the


considerable potential of the NMR and theoretical
calculation method described.


�&��.(-�&�-


The NMR technique using the variation of the 3JHH


coupling constants with solvent is very sensitive to the
conformer population changes in solution and, with the
aid of theoretical calculations, it has been shown to be a
powerful tool in the study of the 2-bromocyclohexanone
conformational equilibrium. The C=O stretching first
overtone analysis was also an auxiliary technique.


The present method led to very satisfactory results in
comparison with existing literature data for 2-bromocy-
clohexanone and it is proposed as a viable method for the
conformational analysis of other substituted alicyclic and
aliphatic ketones, and even of other series of carbonyl
compounds.


+2�+���+�$�.


1H and 13C NMR spectra were obtained on a Varian
Gemini 300 spectrometer operating at 300.07 and
75.45 MHz, respectively, and on a Bruker AC 300P
spectrometer operating at 75.47 MHz for carbon. Spectra
were of ca 30 mg cm�3 solutions with a probe tempera-
ture of 22°C for 2-bromocyclohexanone and 24°C for its
deuterated derivative. [2H12]Cyclohexane was used as the
deuterium lock for the CCl4 solution and pure liquid. The
1H and 13C spectra were all referenced to Me4Si. Typical
conditions were spectral width 2000 Hz with 32 K data
points and zero-filled to 128 K to give a digital resolution
of 0.03 Hz, for proton spectra. Proton-coupled carbon
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Literature This work


IR


Solvent 1H (�) 1H (J) IR 1H and 13C (J) I Area


Benzene — 78b, 62c 60e — — —
C6H12 — 89b, 76c 55e — — —
CS2 — — 68e — — —
CCl4 84b 87b, 80c 74e 74 77 66
CHCl3 79b 70b, 68d 68e 59 59 51
CH2Cl2 — — — 48 40 23
Pure liquid — — — 46 — —
Pyridine — — — 43 — —
Acetone — — — 38 — —
CH3CN 56b 46b — 32 — —
DMSO — — 53e 30 — —


a Deuterated solvents were used in the NMR studies. IR data from this work refer to v(C=O) first overtone bands (I = intensity).
b Ref. 5.
c Ref. 3.
d Ref. 25.
e Ref. 26.
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spectra were obtained with spectral width 17 000 Hz with
128K data points and zero-filled to 512 K for a 0.06 Hz
digital resolution. Proton-decoupled carbon spectra
(deuterated derivative) were obtained with spectral width
20 000 Hz, 128 K data points and zero-filled to 512 K for
a 0.08 Hz digital resolution.


The IR spectra were recorded with a BOMEM Model
MB 100 FTIR spectrometer using a 1.00 cm quartz cell
for solutions of ca 0.03 M, for the first overtone of
carbonyl stretching bands analysis, with the solvent as
background.


2-Bromocyclohexanone was prepared according to a
literature procedure.1 NMR data (chemical shifts in ppm;
J in Hz): 1H NMR (CDCl3, 300.07 MHz), � 1.75 (1H, m,
H4), 1.84 (1H, m, H5�), 1.96 (1H, m, H5), 2.03 (1H, m,
H4�), 2.25 (1H, m, H3), 2.35 (2H, m, H3� and H6), 2.98
(1H, m, H6�), 4,45 (1H, ddd, 1.46, 4.57, 6.25, H2); 13C
NMR (CDCl3, 75.45 MHz), � 22.1 (C4), 26.8 (C5), 36.8
(C3), 37.9 (C6), 53.4 (C2), 203.5 (C1).


(!+
��
��!(!3�����*���)
�����
. 2-Bromocyclo-
hexanone (1.0 g, 57 mmol) and 2.0 ml (25 mmol) of
acetone-d6 were placed in a 10 ml flask equipped with a
magnetic stirrer. The reaction mixture was stirred for 72 h
(40°C). The product was distilled to give 0.6 g
(3.4 mmol, 59%) of a mixture containing: 2-bromocy-
clohexanone-d1 (8%), bromocyclohexanone-d2 (36%),
bromocyclohexanone-d3 (51%) and bromocyclohexa-
none-d4 (5%), b.p. 86°C/7 mmHg. Deuteration grade
was determined by mass spectrometry.
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ABSTRACT: The disappearance of 1- and 3-nortricyclanols (1-OH and 2-OH) in aqueous perchloric acid was
followed by capillary GC at different temperatures and acid concentrations. 1-OH is ca 1000 times more reactive than
2-OH. The activation parameters, solvent deuterium isotope effects and parameters of excess acidity equations were
measured and the products were studied. Both isomeric nortricyclanols react according to the AdE2 mechanism, i.e.
the cyclopropane ring is protonated at the rate-determining stage of the reaction. The protonation causes, in the case of
1-OH, an isomerization called homoketonization with 2-norbornanone as the only product and, in the case of 2-OH,
hydration, i.e. the formation of hydroxyl-substituted norbornyl cations, the fast attack of which by water produces
several norbornanediols. Copyright  2001 John Wiley & Sons, Ltd.
Additional material for this paper is available from the epoc website at http://www.wiley.com/epoc


KEYWORDS: nortricyclanes; kinetics; acid catalysis; excess acidity; homoketonization; hydration; reaction
mechanisms
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Recently, a mutual comparison of the kinetics and
mechanisms of acid-catalyzed hydrolysis (hydration)
of 1- and 3-X-substituted nortricyclanes or tri-
cyclo[2.2,1.02,6]heptanes (1-X and 2-X) was started at


our laboratory.1 In the first case, when X = OAc, the
disappearance rates and reaction mechanisms of the
isomers were very similar, although the reaction was
changed from AAC2 ester hydrolysis2 to the AdE2 or
A-SE2 hydration of the cyclopropane ring3 with in-
creasing acid concentration. Even the concentration
[c(HClO4) � 6 mol dm�3] where the portions of the two
reactions were equal was observed to be similar for both
isomers.1


This similarity is surprising, because 1-OAc is a
tertiary and 2-OAc a secondary acetate. Evidently, the
location of the acetoxyl group at a cyclopropane carbon
in the tertiary isomer makes the normal AAL1 ester
hydrolysis in this case less probable.2 1-Nortricyclanol
(1-OH) was considered to be a possible unstable
intermediate product of the hydrolysis for 1-OAc.1,4


Therefore, it was chosen as the subject of additional
studies on the comparison of 1- and 3-substituted nor-
tricyclanes, when accordingly 3-nortricyclanol (2-OH) is
the other isomer. Their disappearance rates were
measured in aqueous perchloric acid at different
temperatures and acid concentrations and in deuterioper-
chloric acid, and the products were analyzed in order to
elucidate the reaction mechanisms.


)�*)$��)"#� 


 �������! 1-Nortricyclanol (1-OH) was prepared by
LiAlH4 reduction of the corresponding acetate (1-OAc)
in dry diethyl ether.4 The substrate was unstable at room
temperature, so it was stored in a freezer as a concen-
trated ether solution of the crude product. 3-Nortricycla-
nol (2-OH) was obtained by alkaline hydrolysis of
2-OAc.5 The purities by GC were 85% for 1-OH
[contains 7% of 2-norbornanone (3) and in total 8% of
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three impurities] and 99.5% for 2-OH. The substrates
were identified from their 13C NMR spectra [1-OH
(CDCl3, TMS) tentative assignments: C-1, 66.3; C-2 and
C-6, 18.0; C-3 and C-5, 34.2; C-4, 32.6; and C-7, 38.9;
2-OH;6 and 37] and from GC–FTIR and/or GC–mass
spectra.


"���# ������������! The disappearance of the sub-
strates in aqueous perchloric acid was followed by GC
(with a FFAP capillary column) using cyclohexanone
(for 1-OH) or 2-norbornanone (3, for 2-OH) as the
internal standard and dichloromethane as the extraction
solvent.1 The pseudo-first-order rate constants were
obtained from the slopes of the strictly linear
(r = 0.9990–0.99997) correlation of ln St vs t(S� = 0),
where St is the ratio of the GC integrals of the substrate
and the internal standard at time t. Each rate constant was
measured twice, the values being equal to within at least
4% (average 1.4%) for both 1-OH and 2-OH. The
impurities (8%, see above) did not affect the kinetic runs
on 1-OH by GC.


$�	��#� ��������! The only product of hydrolysis (and
isomerization) of 1-OH was identified by comparing its
retention time with that of authentic 2-norbornanone (3).
The formation of 3-d1 from 1-OH was also observed in
0.25 M DClO4 (D2O) (1.3 h at ca 321 K; ca 10t1/2) by
GC–MS. A 2H NMR spectrum of the isolated (by CH2Cl2
extraction) 3-d1 was recorded in CHCl3–CDCl3 (9:1)
with TMS-d1 (not enriched according to D) as the internal
reference and the spectrum was compared with those
obtained by Nickon et al.8


About 0.2 g of 2-OH was stirred magnetically with
50 cm3 of 3 M HClO4(aq.) for 0.5 h (ca 1t1/2) and 5 h
(�10t1/2) at ca 318 K in a tightly stoppered Erlenmeyer
flask. The solution was extracted several times with
CH2Cl2 and the combined organic solution was neutra-
lized and dried by allowing it to flow through anhydrous
K2CO3. The solvent was evaporated almost totally and
the residue was analyzed by GC, GC–FTIR and GC–MS,
the components being mainly identified by comparing
their spectra with those stored in the memories of the
spectrometers.


$)+' #+ �"& &�+('++�%"


$��� ���������, ����-����� �������� ��� ����
���� �������


The rate constants of disappearance for 1- and 3-
nortricyclanol (1-OH and 2-OH) were measured in
aqueous perchloric acid at different temperatures and
acid concentrations and in deuterioperchloric acid. The
pseudo-first-order rate constants (k�) are shown in Table
1. 1-OH is much more reactive than 2-OH (990 times in
1.0 M HClO4 at 298.2 K) and also clearly more reactive


than 1-acetoxynortricyclane (1-OAc; 19 times).1 Hence it
is natural that 1-OH could not be detected by GC in the
hydrolysis of 1-OAc. The rate constants measured for
2-OH are in fair agreement with those measured earlier
under similar conditions.5 The activation parameters for
1-OH were measured in 0.25 M HClO4(aq.) and for
2-OH in 1.0 and 5.4 M HClO4(aq.). Their values are
shown in Table 2 together with the solvent deuterium
isotope effects. All values were calculated from the
second-order rate constants [ka = k�/c(HClO4)].


The slightly or moderately negative entropies of
activation, �5 to �27 J K�1 mol�1 at 298 K, and the
isotope effects, kH/kD = 1.62–2.72, greater than unity are
typical of the rate-determining protonation of the
cyclopropane ring (AdE2 mechanism; Schemes 1 and
2).6 In the case of 2-OH, the decrease in �S≠ from �5 to
�27 J K�1 mol�1 with increasing acid concentration
(1.0–5.4 M) seems normal for the AdE2 mechanism.9


Thus, �S≠, �27 J K�1 mol�1, for 1-OH in 0.25 M acid
is unexpectedly negative. The reason for this is not
known.


#���� �� %��� #	������� 
	� ����������#� 	
 �� ���
&��	���#�#���	� '��%. ��� /�%.( � �)��	�� ���#��	�# �#�
�� �

����� ������������ ��� �#� #	�#������	�� ��� �
������	���#��	�# �#�


Substrate T (K)
c(HClO4)a


(mol dm�3) X0
b k� (10�4 s�1)c


1-OH 288.2 0.249 1.130 � 0.005
298.2 0.248 3.69 � 0.05
298.2 0.250 3.70 � 0.07d


298.2 0.249 1.360 � 0.015e


298.2 1.014 22.5 � 0.3
308.2 0.247 11.17 � 0.07
318.2 0.246 30.1 � 0.6


2-OH 298.2 1.013 0.0227 � 0.0003d


318.2 1.005 0.257 0.336 � 0.004
328.2 1.000 1.148 � 0.004
338.2 0.994 3.546 � 0.019
348.2 0.988 10.59 � 0.11
288.2 5.459 2.252 � 0.011
298.2 5.427 8.39 � 0.12
298.2 5.427 8.1 � 0.4d


308.2 5.388 26.9 � 0.4
318.2 1.510 0.362 0.723 � 0.004
318.2 2.002 0.467 1.384 � 0.004
318.2 2.361 0.549 2.184 � 0.008
318.2 2.953 0.699 4.267 � 0.025
318.2 3.488 0.856 7.975 � 0.026
318.2 3.939 1.007 13.64 � 0.08
318.2 4.383 14.15 � 0.07e


318.2 4.381 1.173 22.97 � 0.11
318.2 4.904 1.392 43.8 � 0.4
318.2 5.358 1.602 74.3 � 0.6


a Temperature corrected.
b Excess acidity, temperature corrected.10,11


c Error limits are standard deviations.
d Calculated from the activation parameters (Table 2).
e Measured in DClO4 (D2O).
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The excess acidity theory10,11 was applied to the rate
constants measured for the disappearance of 3-nortri-
cyclanol (2-OH; 1-OH being too reactive for the
corresponding measurements) at different acid concen-
trations at one temperature, 318.2 K (Table 1). The rate
constant should follow the equation10,11


log k� � log cH� � m��m�X0 � log k0 	1



if no protonation of the substrate other than the rate-
determining step on the cyclopropane ring occurs (the
‘pure’ AdE2 mechanism), and the equation1,12


log k� � log�cS�	cS � cS�H�
 � log cH�


� m��m�X0 � log k0 	2



if the hydroxyl substituent of the substrate S is also
protonated in a fast equilibrium producing S�H� (the
‘impure’ AdE2 mechanism; Scheme 2).


In the above equations, k� is the pseudo-first-order rate
constant measured in aqueous acid with concentration
cH� [= c(HClO4)] and excess acidity X0 (cH� and X0 are
corrected according to temperature);10,11 m≠ is the slope
parameter indicative of the character of the transition
state and m* is the slope parameter dependent on the site
of proton attack (the cyclopropane ring in this case, when
m* = 1.80 � 0.10);11,13 k0 is the medium-independent
rate constant of the rate-determining step (r.d.s. in
Scheme 2); and cS and cS�H� are the concentrations of
the unprotonated substrate and of the substrate protonated
on the substituent, respectively.


In the case of substrate 2-OH, the hydroxyl group is


#���� /� $��������� 	
 �#����	� ��� �	����� �������� �	�	�� �

�#�� �� �*+ " '������ �	���
	����,��( ��� ���������� 	
 ��� �-#��� �#��� �)���	� ./)�! '&(0 �� &�+ " 
	� ��� ����	���� 	

�� ��� &��	���#�#���	� '��%. ��� /�%.( � 1��2�'�)!(� ,�� �������� �����	��


Substrate c(LClO4)a (mol dm�3) �H≠ (kJ mol�1) �S≠ (J mol�1 K�1) kH/kD


1-OH 0.25 81.2 � 0.7 �27 � 3 2.72 � 0.07
2-OH 1.01 103.8 � 0.4 �5.0 � 1.2


5.43 86.9 � 1.8b �27 � 6b


4.38 1.62 � 0.02c


m� pKS�H
� m≠ m* �A


d log(k0/M�1 s�1)


2-OH 0.97 � 0.07 �2.04 � 0.26 1.52 � 0.08 0.84 � 0.05 �4.85 � 0.03


a L = H or D.
b The Arrhenius plot is slightly curved; however, r = 0.9996 for the linear regression.
c 318.2 K.
d �A = m≠ m*/1.80.10,13


+����� � +����� /
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partly protonated in the moderately concentrated acids
[c(HClO4) = 1.0–5.4 M] used in the present work. Thus,
the plot log ka vs X0 (ka = k�/cH�) obeying Eqn. (1) is not
linear (Fig. 1). In order to estimate the protonation
correction term, �log[cS/(cS � cS�H)], of Eqn. (2), the
equation is changed to a non-linear form:1,12,14


log k� � log cH� � m��m�X0 � log�1
� 	cH��KS�H�
10m�X0  � log k0 	3



with the excess acidity equation:10,11


log	cS�H��cS
 � log cH� � m�X0 � pKS�H� 	4



derived for the protonation equilibrium (Scheme 2). In
these equations, m� is the slope parameter indicative of
the protonation of the hydroxyl group and KS�H� the
thermodynamic dissociation constant of the substrate
protonated on the substituent. Non-linear least-squares
minimization can be used for the evaluation of the four
parameters of Eqn. (3), i.e. m≠ m*, KS�H� (or pKS�H�), m�
and k0 (or log k0), by iteration from the experimental
values of k�, cH� and X0 (Table 1) and from the estimated
approximate values of the parameters. The iterated best
values of the parameters are given in Table 2.


The excess acidity parameters for the AdE2 hydration
of 3-nortricyclanol (2-OH) seem reasonable. The par-
ameters dependent on the protonation of the hydroxyl
group (m� = 0.97 and pKS�H� = �2.0 at 318 K) are very
close to those measured earlier for other alcohols.9,12,15


The combined parameter m≠ m* consists of two terms,
the latter being dependent on the protonation site (in this
case a cyclopropane ring) and the former on the character
of the transition state of the AdE2 mechanism, i.e.
according to Kresge and co-workers,16,17 on the progress


of proton transfer from a hydroxonium ion (H3O�) to the
substrate at the transition state (0 � m≠ �1; m≠ = �A, i.e.
the excess acidity Brönsted �). Thus �A = m≠ m*/1.80 =
0.84 � 0.05, which is a typical value for the protonation
of nortricyclanes in HClO4(aq.) and in excellent agree-
ment with the isotopic Brönsted � (�1 = 0.85 � 0.02)
measured for 2-OH in 0.1 M LClO4 (L2O) (L = H or D) at
348.2 K.18


Now the correction term, �log[cS /(cS � cS�H�)], of
Eqn. (2) can be calculated by Eqn. (4) from the values of
m� and pKS�H� in Table 2. If the left-hand side of Eqn. (2)
vs X0 is drawn, a strictly linear (r = 0.9992) plot is
obtained (Fig. 1). The difference between the two plots in
Fig. 1 [according to Eqns (1) and (2)] shows that the
effect of protonation of the hydroxyl oxygen is marked on
the hydration rate of the cyclopropane ring of 2-OH.


.	���	��� �������


According to the product analyses (see Experimental),
the only product of hydrolysis for 1-nortricyclanol (1-
OH) is 2-norbornanone (3), which was also slowly
formed from 1-OH during storage. The process (Scheme
1), called homoketonization,4,8,19 is comparable with the
keto–enol tautomerism,20 both isomerizations being
catalyzed by acids and bases. The mass spectrum of 3
formed in 0.25 M DClO4 (D2O) shows that it contains one
deuterium atom per molecule and the 2H NMR spectrum
indicates that ca. 90% of deuterium is situated at the
endo-6 position (�D = 1.31) and ca. 8% at the exo-6
position (�D = 1.60; besides 2% found at 1.84). The
exo/endo ratio of 8:92 is in excellent agreement with that
observed by Nickon et al.8 for the hydrolysis of
1-acetoxynortricyclane (1-OAc) in D2SO4–DOAc–D2O
([DOAc]:[D2O] = 1:1 or 2:1) and shows that the rate-
determining deuteration (protonation) occurs dominantly
at C-2 or C-6 by retention in aqueous acids (Scheme 1).
The formation of a thermodynamically stable oxo-
carbenium ion (SH�) is the probable reason for the
relatively high protonation rate of 1-OH [k�(1�OH)/
k�(2�OH) � 1000; see Table 1).


3-Nortricyclanol (2-OH) in HClO4(aq.) probably
produces five or six isomeric norbornanediols (4–9;
Scheme 2), the proportions of which do not vary
markedly within 1–10 half-lives of the substrate. Attemps
were made to identify them by GC (retention times), by
GC–FTIR (the isomers could not be separated, but two
�OH absorptions were detected: 3653 cm�1 being typical
of the free and 3601 cm�1 of the hydrogen-bonded
hydroxyl group; cf. �OH = 3657 cm�1 for 2-OH) and by
GC–MS [the molecular ion (M�� = 128) was sometimes
hard to detect owing to the easy elimination of one or two
water molecules]. The retention times and spectra were
also compared with those recorded for six methoxynor-
borneols formed in the hydration of 3-methoxynortri-
cyclane (2-OMe).21 The approximate amounts of the


1���� �� /-#��� �#��� ��	�� ./)�� '�( ��� '�(0 
	� ��� 3�/�
������	� 	
 &��	���#�#���	� '/�%.( � 1��2�'�)!( �� &�+!�
"4 '�( /)�! '�(5 '�( /)�! '�(! ��� #	���#�	� �����
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considered isomeric norbornanediols are shown in
Scheme 2. Accordingly, the C-1—C-6 edge of the
cyclopropane ring opposite to the 3-substituent is cleaved
most easily, producing mainly 2,7-norbornanediols (4
and 5), in agreement with earlier observations.6,21–23


��2��3����������
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ABSTRACT: A series of electron donors [neutral Ni(II) and Cu(II) complexes of tetraazatetraenemacrocyclic
ligands] differing in metal ion, size of the macrocyclic ligand, and the length of the aliphatic bridges linking the
macrocyclic units in dimeric species were synthesized and their redox, structural and spectroscopic properties were
studied. The x-ray results for the donors under study show a nearly planar geometry of the monomeric
tetraazamacrocyclic complexes and interesting ‘organic-zeolite-like’ structures of the dimers. The dimeric Ni
complexes have flexible cavities between the two single ligands linked with aliphatic chains suitable for
accommodating some small-sized guests. For the dimeric compounds the metal oxidation [M(II)/M(III)] takes place
independently on each centre except one binuclear Ni complex, where the cooperativity of the metal centres was
observed. Methyl substituents give rise to irreversibility of the oxidation process of the complexes studied. In the
absence of these substituents neither reorganization nor ligand addition/elimination kinetics affect the electrode
process. A common scale for the donors under study and some important acceptor compounds (p-benzoquinone,
chloranil, tetracyanoethylene and tetracyanoquinodimethane, etc.) was proposed on the basis of their cyclic
voltammetric behaviour in the same physicochemical conditions. Copyright 2000 John Wiley & Sons, Ltd.
Additional material for this paper is available from the epoc website at http://www.wiley.com/epoc


KEYWORDS: Ni complexes; Cu complexes; cyclic voltammetry; donor–acceptor systems; macrocyclic complexes;
bismacrocyclic ligands; redox properties; x-ray structure; cooperative effects


INTRODUCTION


Metal ion complexes are well recognized as tunable
materials owing to the dependence of their redox
potential on the electronic/structural properties of
ligands. The macrocyclic ligands also offer a versatile
molecular scaffolding for the coordinated ions. The
scaffolding provides its own structural rigidity/flexibility
and may also protect (expose) the structure from (to) the
environment. We describe here the synthesis and proper-
ties of a number of tetraazatetraenate Ni(II) and Cu(II)
metal complexes (Fig. 1). These are either compounds
synthesized for the first time (Fig. 1, Mm, where M stands
for the metal ion andm= 14, 15, 16 denotes the number
of atoms in the macrocyclic ring of the ligand) or
described elsewhere [Fig. 1, (MmMe2-n)2, m= 15, 16,
n = 4, 6).1


Compared with the compounds reported earlier by
Jäger,2 Alcock et al.3 and Busch and co-workers,4,5 the
monomeric donors studied in this work contain formyl


instead of acetyl groups. Also, the monomers without
methyl substituents were synthesized (Fig. 1, R = H). The
compounds prepared constitute a logical series of species
differing by one, two or three selected structural factors.
These factors are the coordinated ion (M = Ni2� or
Cu2�), the size of the macrocyclic monomeric ligand
(14-, 15- and 16-membered macrocycles), dimerization
of two macrocyclic ligands (a comparison of monomers
and dimers) and the length of the links connecting two
monomeric moieties.


Our ultimate goal (beyond the scope of this paper) is to
use the macrocyclic donors as substrates for larger
dimeric/oligomeric units possessing some tailored cav-
ities. Such a supramolecular structure may be held
together by covalent, ionic or weak molecular interac-
tions. We are interested not only in the monomeric
donors but also in the dimeric ones, the latter with a
variable number of the CH2 groups linking both
macrocycles. The bridge length changes the cavity size,
which is crucial for the future donor–acceptor interaction.
Similar donors, lacunar complexes of Co(II) and Fe(II),
have been used extensively as dioxygen carriers.5 When
cavities and acceptors have appropriate size, hydropho-
bic/hydrophilic properties and charge distributions, then
one may hope that each acceptor molecule would be
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dockedbetweena pair of donors.This may result in a
number of novel applicationsof such complex donor
(D)–acceptor(A) systems,e.g.allowing chargetransfer
in several adjacent DA units or even generating
electronicbistability.6,7


The purposeof this study was to select the most
promisingDA pairsfor suchstudyapplications,i.e. pairs


with the smallest difference of the redox potentials.
Therefore,p-benzoquinone(Q), chloranil (CA), tetra-
cyanoethylene(TCNE) and tetracyanoquinodimethane
(TCNQ) were proposedas acceptorsand placedon a
commonredoxpotentialscale.The abbreviationsgiven
in Fig. 1 will beusedthroughoutthis paper.


In addition to structural properties solute–solvent


Figure 1. Tetraazaenemacrocycle ligands of Ni(II) and Cu(II) metal ions. Each macrocyclic ligand carries a formal ÿ2e electric
charge compensating that of the cation. The symbol Mm with M = Cu, Ni and m = 14, 15, 16 means the corresponding metal
cation (M2�) and the m-membered macrocycle complex with R = H (for R = CH3 the symbol MmMe is used). The abbreviations
(Ni16Me2-4)2 and (Ni16Me2-6)2 represent the bismacrocyclic molecular dimers of Ni16Me bound by two four- and six-
membered methyl units, respectively


Copyright  2000JohnWiley & Sons,Ltd. J. Phys.Org. Chem.2001;14: 63–73


64 W. GROCHALA ET AL.







interactionsare known as important factors in redox
processes.8,9 Hence tuning of the redox potential
differencesis meaningfulonly when done in the same
solvent,for bothdonorsandacceptors.With this in mind
we choseacetonitrile(AN), a solventsuitablefor both
polar and non-polar compoundsand convenient for
electrochemicalstudies owing to its high dielectric
constant(�36).


EXPERIMENTAL AND COMPUTATIONAL
PROCEDURE


Details of syntheses,ab initio calculations, x-ray
diffractioncrystallographicstudies,Ramanspectroscopy,
UV–VIS, NMR, massspectrometricand voltammetric
measurementsaregiven in theSupplementaryMaterial.


Crystallographicdata(excludingstructuralfactors)for
thestructuresreportedin this paperhavebeendeposited
with the CambridgeCrystallographicData Centreand


allocatedthedepositionnumbersCCDC121699,CCDC
121700and CCDC 121701for Cu14, Cu16 and Ni14,
respectively.Copiesof the datacanbe obtainedfree of
chargeon applicationto CCDC(E-mail: deposit@ccdc.-
cam.ac.uk).


RESULTS AND DISCUSSION


Geometric features


The monomericligandsstudiedin this work areneutral
species composed of two strongly delocalized 7p-
electronsystemsseparatedby aliphaticlinks andcoupled
by thebridgingmetalion. Thissituationis oftenformally
depictedaseachof thetwo systemscarryingÿ1eelectric
chargecompensatedby the�2echargeatthecoordinated
cation.Structuralfeaturesof the ligandswerestudiedin
the solid state by x-ray crystallography and for the
isolatedmoleculesby abinitio calculations.Accordingto


Figure 2. Molecular structure of monomeric donors obtained from the crystallographic measurements: (a) Cu14; (b) Ni14; (c)
Cu16. All monomeric compounds are almost square planar (see Table 1). Molecular structures of dimeric donors (Ref. 1) are
shown in (d) (Ni16Me2-4)2 and (e) (Ni15Me2-4)2. In contrast to (Ni15Me2-4)2, the (Ni16Me2-4)2 structure hosts disordered
toluene molecules in the cavities between strongly deformed macrocyclic fragments linked with two aliphatic chains. Only non-
hydrogen atoms are shown for the bismacrocycles
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our calculations (RestrictedOpen-ShellHartree–Fock
level, 6–31G*basisset10) thechargedistributionfor the
isolatedmoietiesresemblesonly qualitatively the above
picture. The Mulliken net chargeon the metal atom is
�1.48eand�1.62einsteadof �2e, and on the NC3N
fragmentsone hasÿ1.14e and ÿ1.20e insteadof the
formalÿle chargefor the Ni14 andCu14, respectively.
The calculationsshow that all the bondsare strongly
polar with the largestpolarizationbeingat the complex
centre,andthe mostnegativenet chargesarecarriedby
the four nitrogenatoms.


Accordingto thex-rayresults,themolecularstructures


of the monomeric Cu14, Ni14 and Cu16 complexes
exhibit differentdegreesof planarity.Ni14 andCu14are
almost squareplanar (Figs 2 and 3, Table 1), whereas
Cu16 is significantly distorted from planarity. Some
small differencesamongthe Ni—N distances,and also
among the Cu—N distances,are within the level of
errors.Fromthecrystallographicpoint of view, only the
Ni14 molecule is a symmetricmolecule in the crystal
lattice with the nickel atom at the symmetrycentre(Ci


symmetrygroup). The ab initio Hartree–Fock(6–31G
basisset)geometryoptimizationgivesalsoCi symmetry
for theisolatedNi14 molecule(for Cu14 thecalculations


Figure 3. Illustration of the crystal packing and short contacts such as CÐH� � �O and Me� � �O interactions (dotted lines) in (a)
Cu14, (b) Ni14 and (c) Cu16. Zeolite-like structure of the bismacrocycles: (d) (Ni15Me2-4)2 with water molecules between the
stacked column of the bismacrocycle and (e) (Ni16Me2-4)2 with disordered toluene molecules in the cavities of the
bismacrocycles1
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giveC2 symmetry,with thesymmetryaxisgoingthrough
the metal atom, M, and almost orthogonalto the best
planeof theMN4 system).Theab initio calculationsfor
Ni14 show that the Ni� � �N distancesare very closeto
1.92Å and 1.87Å at the Hartree–Fockand the density
functionaltheory(DFT/B3LYP)levels,respectively,The
consecutiveN—Ni—N anglesare 85.9, 94.1, 85.9 and
94.1° at theHF leveland86.2,93.8,86.2and93.8° at the
DFT/B3LYP level. The M� � �N distancesin Cu14 are
slightly longer, 1.96 and 1.93Å at the HF and DFT/
B3LYP levels,respectively.TheconsecutiveN—M—N
anglesin Cu14 are85.7,94.9,85.7and94.9° at the HF
level and85.7,94.7,85.7and94.6° at the DFT/B3LYP
level. The DFT/B3LYP resultsfor the M� � �N distances
agree to within 0.01Å with the experimentalvalues,
much betterthan the Hartree–Fockresults.The M� � �N
bond lengthening(0.04 and 0.06Å for HF and DFT/
B3LYP, respectively)is consistentand larger than the
differenceof the Shannon’sion radii (0.02 Å11) The ab
initio Hartree–Fock geometry optimization for the
isolatedmolecules(startingfrom thex-rayconfiguration)
gives also the planar fragments, with a very small
OCCHOCarCar dihedral angle, of the order of 0.4° for
Cu14and2.3° for Ni14, andtheCar—CCHO bondlengths
typical for aromaticsystems,about1.43Å.


ThecentralMN4 fragmentexhibitsa highersymmetry
(closeto C2h) thanthatof thewholemolecule.Sincethe
deviationof the centralMN4 fragmentfrom the square
planarsymmetryis fairly small for bothCu14 andNi14,
onemayanticipatethatthespectroscopicalternativerule
will be approximately obeyed for some bands. The
calculationsgiveinformationaboutp-conjugationeffects
for Ni14 and Cu14. The C—C bondsin the p-electron
regionarealmostequalto thecharacteristicbondlength
of 1.42Å. The C—N bond lengthsare close to about
1.30Å for all theCar—N bondsandto 1.42–1.46Å for all
the Caliph—N bonds.The equality of the Car—N bond
lengthssuggeststhat thep-conjugationis extendedover


theregionbetweenthe two nitrogenatoms,althoughthe
bondlengthis only slightly largerthanthattypical for the
CN doublebond (1.28 Å). In agreementwith this, the
Caliph—N bondlength is closeto a typical singleC—N
bondlength(1.47Å). The formyl groupsin Ni14, Cu14
and Cu16 participatein the p-conjugatedsystem.The
x-ray diffraction dataconfirmtheir near-coplanaritywith
the central p-electron part, especially for the 14-
memberedmacrocycles.Indeed,theanglesbetweeneach
of thetwo formyl groupplanesandthebestfour-nitrogen
planearebothequalto 9° for Ni14 (centreof symmetry),
14 and 6° for Cu14 and 21 and 24° for Cu16. The
intermolecularcontactsin Cu14 and Ni14 crystalsare
different(Fig. 3). ThecentralCu2� cationhassomeclose
contacts(about 3.335 Å) with symmetry [1/2� x, 1/2
ÿ y,ÿ z] related O(2) atom and about 3.19Å with
H(10a) from the neighbouring [1ÿ x, ÿ1/2� y, 1/
2ÿ z] molecule the closestin the crystal lattice. Both
the oxygenatomsinteractwith —CH groups,O(1) with
H(9b) [1� x, y, z], ca 2.48Å, and O(2) with H(2b)
[ÿ1� x, y, z], ca 2.32Å, and H(9a) [x, y, ÿ1� z], ca
2.38Å. Thearrangementof Ni14 moleculesin thecrystal
lattice is such that some intermolecular dimers are
formed via weak C—H� � �O interactions with the
H� � �O distance 2.42Å, with the H� � �O distance
2.42Å, O(1)� � �H(1b) [1ÿx, 1ÿy, 1ÿz]. Such a weak
dimer interactswith anotherone locatedmore or less
perpendicularlyin such a manneras to facilitate the
M� � �H close contactsof about 3.16Å to H(1a) [ÿx,
1/2� y, 1/2ÿ z] (Fig. 3). In the case of Cu14 the
situationis similar with the closestM� � �H contactonly
slightly longer (3.19 Å). However,in contrastto Cu14,
thereis no closeM� � �O contacts.


TheCu16moleculesalsoform moleculardimersin the
crystal (Fig. 3), interacting with the neighbouring
moietiesvia weak C—H� � �O hydrogenbonds(ca 2.4
Å). TheseH-bondsareonly slightly longerthanthosein
the Ni14 andCu14 cases,2.58and2.87Å from O(1) to


Table 1. Geometry of the central NiN4 fragment: deviation from square-planar symmetrya


Compound
Deviationof


metal ion
Deviationsof the
nitrogenatoms


Metal—N
bondlengths


Deviationsof the
aromaticcarbonatoms


Ni14 0.000 0.00,0.00,0.00,
0.00


1.858,1.856,
1.858,1.856


0.31,ÿ0.28,0.28,
ÿ0.31


Cu14 0.025 0.13,ÿ0.13,0.13,
ÿ0.13


1.933,1.927,
1.935,1.921


0.35,ÿ0.35,0.36,
ÿ0.36


Cu16 0.030 0.47,ÿ0.45,0.42,
ÿ0.45


2.081,1.993,
2.150,1.957


1.13,0.15,ÿ0.97,0.44,
ÿ0.05,ÿ0.92


(Ni15Me2-4)2 0.008 0.13,ÿ0.15,0.15,
ÿ0.14


1.881,1.845,
1.891,1.817


ÿ0.60,ÿ1.41,ÿ0.81,
ÿ0.77,ÿ1.64,ÿ0.85,
0.91,1.72,0.86,0.56,


1.49,0.63
(Ni15Me2-4)2 ÿ0.077,ÿ0.066 0.06,ÿ0.06,


ÿ0.05,0.060.02,
ÿ0.02,0.02,
ÿ0.02


1.897,1.874,
1.900,1.843
1.871,1.900,
1.895,1.887


0.13,ÿ0.19,ÿ0.87,
ÿ0.04,0.86


a A deviationof anatomrepresentsthedistancein Å of thecorrespondingatomfrom the bestplanebasedon the nitrogenatoms.
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H(7a) [ÿx, ÿy, 2 ÿz] and H(2a) [ÿ1ÿ x, ÿy, 2ÿ z],
respectively.TheshortestintermolecularH� � �O contacts
for theO(2) atomareevenlongerandequalto ca2.9Å.
Also, the shortestM� � �O (4.33Å) andM� � �H (3.68Å)
contactsfor Cu16 are ca 1 Å longer than for the other
monomers.


Spectroscopic results


Figure 4 showsa sectionof the electronic absorption
spectraandTable2 presentsthe wavelengthsof several
electronictransitionsobservedin theUV–VIS spectraof
the donorsin the solution. In the analysisof electronic
transitionsonehasto takeinto accountthe d–d,LMCT,
MLCT, p–p* andn–p* transitions.


Most of the donors studied have three evident
absorptionbandsin the 300–1100nm range(the 800–
1100nmregionwasblankandhenceis notshownin Fig.
4). Thereis a very strongsinglebandat 300–390nm and


a shoulderat about330–370nm.This strongsingleband
maybeassignedto theligand-centredp–p* transitionsin
analogy with the Soret band12 with a large molar
absorptioncoefficient(e� 5� 103 l molÿ1 cmÿ1). There
is no cleartendencyof energydecreaseof thestrongUV
band as the structure becomesflatter (Table 2). The
strongbandat about320nm is almostinsensitiveto the
ligand ring distortions [compare the � values for
Ni16Me2 and(Ni16Me2-4)2] andto the ring substituted
with methyl groups(comparethe� valuesfor Ni16Me2


and for Ni16). This suggeststhat the band at about
300nm originates from a local N,C-centred p–p*
transition.


The lowest-energytransition of small intensity is
observedfor all compoundsat about480–550nm. This
seems to be due to the p–p* electronic transition
(HOMO–LUMO, an analogueof a Q porphyrinband12)
with astrongcontributionfrom thecarbonylgroups(thus
havinga partial n–p* characteralso).


The IR, Raman and RR spectraall of the donors


Figure 4. Electronic absorption spectra (A means absorbance) of saturated donor solutions in a 1:1:1 mixture of CH3CN,
CH3OH, CH3Cl: (a) Cu14; (b) Ni14; (c) Cu16; (d) Ni16


Table 2. Wavelengths, � (nm), and the assignment of the electronic transitions for the donors under study


Transition Cu14 Cu16 Ni14 Ni15 Ni16 Ni16Me2 (Ni16Me2-4)2 Ni16Me2-6)2


(p–p*) 300vs ca.300 335vs 329s 320vs 321vs 320vs 315vs
(p–p*) 330sh 390vs- 370sh 375sh 370sh 425sh – –
(p–p*) � (n–p*) 530w 550w 490w 512w 490w 480w 480m 490w
LMCT 750w 650vw
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studied here are similar and related to those of the
analogousmetalloporphyrins.12 This is the reasonwhy
we presentonly a representativeexample of the IR,
RamanandRR spectra(Figs5 and6). Thefull setof the
IR, Raman and RR spectra are included in the
SupplementaryMaterial .


An approximatesquare-planarsymmetryof thecentral
part of the Ni14 and Cu14 molecules may explain
qualitativelytherelativeintensitiesof theRamanandIR
spectra.The vibrations localised mainly in the centre
should approximately exhibit C2h symmetry. As a
consequence,most of the IR-active modesare Raman
inactive and vice versa, which is confirmed by the
calculatedIR intensities.If the symmetryof Cu14 and
Ni14 were indeedC2h, their molecularvibrationsmight
be decomposedasÿ = Raman(31 Ag� 14 Bg)� IR (32
Bu� 16 Au). The samesmall deviationsfrom the C2h


symmetry explain why in reality the Ag modeshave
negligible IR intensities(typically 0.0–0.2km molÿ1),
andtheBg modesarealsopracticallyforbiddenin theIR
spectra(0.0–2.9km molÿ1).13 If themolecularsymmetry
wereD2h, which is still closeto reality for thecentralpart
of thecomplexes,theAu modeswouldbeforbiddenin the
IR. This seemsto be the reasonwhy in the IR the Au


modesare much weaker (usually 4.8–22.1km molÿ1)
thantheBu modes(typically strongor very strong,up to
239km molÿ1). Of course,theassignmentbasedon C2h


symmetryfails for themodescontainingstrongcontribu-
tion from thealkyl bridges(elementdecreasingmolecu-
lar symmetry).


Electrochemical results


Strongerdonorabilitiesaremanifestedvoltammetrically
by adecreasein theformal potentialof theNi(II)–Ni(III)


or Cu(II)–Cu(III) systems(Fig. 7 and Table 3). A
promising donor would exchangeelectron reversibly
and no chemical reactionsshould interfere with this
process.


Almost reversibleelectrodebehaviourfor Ni14, Ni16
andCu14wasdemonstratedby thecloseto unity ratioof
the cathodic to anodic peak currents and the peak
potential differences,Epaÿ Epc, close to 60 mV. The
oxidation of Cu14 proceedsat less positive potentials
than that of Ni14, indicating better electron donor
propertiesof the former. For the 14-memberedmono-
meric ligands, Cu14 oxidizes more easily than Ni14,
whereasthe oppositeoccursfor Cu16 andNi16. Hence
the formal potentialof theM(II)–M(III) complexcouple
is determined by both the electronic and structural
factors.The reversibility of the Cu14 systemsuggests
thatboththeCu(II) andCu(III) formsappearin a similar
planar configuration,so the electron releasedoes not
require larger reorganization of the complex. The
planarity, the high redox reversibility and a low value
of theformal potentialfor Cu14 makeit oneof themost
promisingof theelectrondonorsunderstudy.


Changesof substituentsor of the macrocyclicligand
size affect both the potential at which the complex is
oxidized (Fig. 7) and the reversibility of the system.A
lower reversibility of thenon-planarCu16 vs the planar
Cu14 and Ni14 vs Ni16 indicates larger structural
changesaccompanyingthe electron transfer in those
cases.Also, thesubstitutionof Ni16 with two additional
methyl groups(Jäger-typecomplexes2) introducesche-
mical irreversibility.


In¯uence of dimerization and the double bridge
length


Figure2 showsthemolecularstructureof the(Ni15Me2-
4)2 and (Ni16Me2-4)2 complexes.1 Both Ni(II) dimers
have large cavities formed between the macrocycle
moietiesjoined by two aliphatic chains.The bismacro-
cyclic Ni(II) receptors form unique 3D structures
containing parallel channels (Fig. 3)—an ‘organic
zeolite.’ The channelscanbe occupiedby somesmaller
guestmolecules(e.g.H2O,CHCl3 or toluene).According
to x-ray results,thereis anumbrella-likedistortionof the
monomers of the dimeric ligands especially for
(Ni16Me2-4)2, owing to the tension in the too short
aliphatic links. Thesestructuralchangesmay result in
more facile oxidation of the metal ion in the dimeric
specieswith respectto themonomer(Table3 andFig. 7).
The anodicpeakfor the two bismacrocyclesis twice as
high asthosefor thesinglemacrocyclecompoundssince
two redox centresare presentin one molecule of the
bismacrocycliccomplexes.However,lack of the catho-
dic counterparts of these peaks reveals following
chemicalreactionsof theNi(III) oxidationproduct.


The appearanceof two oxidation signals may be


Figure 5. IR spectrum of Cu14
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expectedfor two identical redox centreswhen in close
proximity. In the case of the (Ni16Me2-4)2 and
(Ni16Me2-6)2 complexes,the appearanceof a single,
but twiceashigh,oxidationpeakmeansthatbothcentres
are separatedwell enough and do not interact, so
voltammetricallythey behaveastwo independentNi(II)
sites. Our x-ray analysis gives for the intermetallic
distance9.3Å for (Ni16Me2-4)2. Thus,assumingsmall
crystal packing effects, the electrostaticinteraction in
acetonitrile(AN) seemsto beeffectivelyshieldedatsuch
distances.In contrast,for (Ni15Me2-4)2 a muchshorter


intermetallicdistanceis found from the x-ray measure-
ments(5.22 Å). Therefore,a splitting of the oxidation
peakin AN solutionis observed(seeTable3 andFig. 7)
which reflectsthecooperativityof themetalcentres.


The electronic spectrumof (Ni16Me2-4)2 does not
showlargedifferencesin comparisonwith Ni16. There-
fore, not only the positively chargedmetal centresare
effectively shieldedby the solventas demonstratedby
electrochemistry,but also the interaction of the p-
electronsystemsof the two macrocyclesis fairly small.


The dimerizationinfluencesmore strongly the vibra-


Figure 6. Raman spectra of Cu14 excited with (a) 647.1 and (b) 488 nm radiation
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tionalspectraof thecomplexesthandoesthelengthof the
macrocycles.ThewavenumberdifferencesamongNi14,
Ni15 andNi16 areusuallysmallerthanthoseamongthe
monomericanddimeric units.As canbe seenin Fig. 2,
especiallytheumbrella-likeout-of-planedeformationof
the aromaticrings is an importantstructuredetermining


factorof thedimers.Thedifferencesbetween(Ni16Me2-
4)2 and(Ni16Me2-6)2 arelessimportant,thecompounds
have also similar oxidation peak potentials(0.752 and
0.747V, respectively)and the size of the hydrophobic
cavity seems to be the only structurally relevant
differencebetweenthem.


Figure 7. Redox properties of the tetraazaenemacrocyclic complexes of Cu2� and Ni2�. CV curves for 0.4 mM Cu14 (a), Cu16
(b), Ni14 (c), Ni15 (d), Ni16 (e), Ni16Me (f), (Ni16Me2-4)2 (g), (Ni16Me2-6)2 (h) and (Ni15Me2-4)2 (i) in 0.1 M a TBAP solution
of acetonitrile, scan rate 0.05 V s.ÿ1 The ®gure shows the oxidation potential dependence on the metal ion [(a) vs (c), (b) vs (e)],
of the macrocycle size [(a) vs (b), (c) vs (d) and (e), (g) vs (i)] of the methyl substitution [(e) vs (f)], of the dimerization [(f) vs (g), (e) vs
(g), (f) vs (h), (e) vs (h), (d) vs (i)] and of the bridge length [(g) vs (h)]. (a), (c) and (e) show the reversible oxidation processes. Note
the cooperativity of oxidation in case (i)


Copyright  2000JohnWiley & Sons,Ltd. J. Phys.Org. Chem.2001;14: 63–73


Ni AND Cu COMPLEXESOF TETRAAZATETRAENEMACROCYCLES 71







Common redox scale for donors and accep-
tors


Thegoalof this work wasto selectthosedonor–acceptor
pairs, which exhibit very close redox potentialswhen
measuredin the samesolvent.In the AN solutionsthe
reduction of all the acceptorsunder study, quinone,14


chloranil,15 tetracyanoquinodimethane16 and tetracya-
noethylene,17 proceedsin two well resolved1e redox
steps with the formation of a radical and dianion,
respectively. Table 4 gives the peak and formal
potentials,which show the following sequenceof the
redox potentials: TCNE� TCNQ>CA�Q, in line
with the ab initio calculatedelectron affinities (Har-
tree–Fock,6–31G* basisset, adiabaticapproximation,
vacuum conditions): TCNQ� CA� TCNE�Q
[TCNQ (2.94eV), CA (2.85eV), TCNE (2.76eV), Q
(1.31eV)].


Theformal potentialsfor theacceptorsanddonorsare
shownin Fig. 8. Theywereall measuredunderthesame
experimentalconditions[obtainedfrom cyclic voltam-
metry (CV) with the useof a glassycarbonelectrodein
AN]. For thetwo donor–acceptorpairsCu14–TCNQand
Cu14–TCNE, the electric potential differencesare the
smallest and are as small as 0.430 and 0.373V,
respectively.This suggeststhat the Cu14–TCNQ and
Cu14–TCNEredoxpairscanbeconsideredaspromising


buildingblocksfor bistablemolecules6,7 andnewdonor–
acceptormaterials.


CONCLUSIONS


The x-ray resultsfor the donorsstudiedshow a nearly
planargeometryof the monomerictetraazamacrocyclic
complexesandan ‘organic-zeolite-like’structuresof the
dimers.ThedimericNi complexeshaveflexible cavities
betweenof the two single ligandslinked with aliphatic
chains suitable for accommodatingsome small-sized
guests.


For the dimeric compounds the metal oxidation
[M(II)–M(III)] takesplaceindependentlyon eachcentre
except for (Ni15-Me2-4)2 where, owing to the short
metal–metaldistance,an oxidation cooperativity has
beenobserved.Methyl substituentsgive rise to irrever-
sibility of theoxidationprocessof thecomplexesstudied.
In theabsenceof thesesubstituentsneitherreorganization
nor ligand addition–elimination kinetics affect the
electrodeprocess.This suggeststhat the Cu14 can be
consideredasa promisingdonorfor newdonor–acceptor
complexes.


A commonscalefor thedonorsunderstudyandsome
importantacceptorcompounds(p-benzoquinone,chlor-
anil, tetracyanoethyleneand tetracyanoquinodimethane,


Table 3. Voltammetric characteristics of the donor compounds in AN±0.1 M TBAP solution (see Experimental section,
voltammetry), scan rate 0.05 Vsÿ1a


Compound Epa M(II)/M(III) Epc M(III)/M(II) E0
0


M(II)/M(III) Epaÿ Epc


Cu14 0.698 0.630 0.664 0.068
Ni14 0.947 0.867 0.907 0.080
Ni15 0.957 0.859 0.908 0.098
Cu16 1.060 0.972 1.016 0.088
Ni16 0.913 0.850 0.882 0.063
Ni16Me2 0.800
(Ni15Me2-4)2 0.615and0.737b


(Ni16Me2-4)2 0.756
(Ni16Me2-6)2 0.747


a The formal potentialsaregiven only for the systemswith well developedanodic/cathodicpeaks;blanksmeanthat the cathodicsignal is absent
owing to chemicalreactionconsumingtheoxidizedform of thecomplexfollowing electrontransferasdescribedin thetext.Epa andEpc denotethe
oxidationandreductionpeakpotentials,respectively,andE0


0


is the formal potential.All potentialsarein volts.
b The splitting of thepeaksis dueto anoxidationcooperativitybetweenthe two Ni(II) centres.


Table 4. Characteristics of the cyclic voltammograms of acceptor molecules in AN±0.1 M TEAP solution scan rate: 0.05 V sÿ1a


Compound Epc1 Epal E0
0


1 Epc2 Epa2 E0
0


2


TCNEb 0.237 0.344 0.291 ÿ0.784 ÿ0.694 ÿ0.739
TCNQ 0.200 0.269 0.234 ÿ0.352 ÿ0.278 ÿ0.315
Q ÿ0.520 ÿ0.450 ÿ0.485 ÿ1.210 ÿ1.130 ÿ1.170
CA 0.044 0.117 0.0805 ÿ0.732 ÿ0.649 ÿ0.690


a Epc1, Epa1, Epc2 andEpa2, arethepeakpotentialsfor thefirst andsecondelectrontransfer,respectively,andE0
1


0


, E0
2


0


arethe formal potentials.All
potentialsin volts.
b TCNE in 0.1M TBAP–CH2Cl2; scanrate0.02V sÿ1.
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etc.) was proposedon the basisof their CV behaviour
under the samephysicochemicalconditions.This scale
allowedus to selectthe Cu14–TCNQandCu14–TCNE
redoxpairsasgoodcandidatesfor thebuilding blocksof
anelectronicallybistablemolecule.
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ABSTRACT: The crystal structure of 1-(2-hydroxy-4-bromophenyl)-3-methyl-4-methyl-4-imidazolin-2-one was
determined by x-ray diffraction. The structure is stabilized by intermolecular hydrogen bonds formed between the 2-
hydroxy and central groups. Molecular modelling including ab initio calculations at the HF/6–31�G** level revealed
that in the gas phase the molecule is stabilized by an intramolecular hydrogen bond. The derivatives with 3-alkyl,
benzyl and phenyl substituents were studied by 13C NMR including solid-state 13C CP/MAS NMR [for 1-(2-hydroxy-
4-bromophenyl)-3-methyl-4-methyl-4-imidazolin-2-one] and FT-IR methods. The differences in chemical shifts
� = �liquid � �solid are significant for aromatic carbons C(3) (�2.9 ppm), C(4) (3.6 ppm) and C(5) (�3.9 ppm) and,
on the other side of the imidazoline ring, of C(7) (�1.5 ppm). These carbons are adjacent to N(1)—C(4), and are
subject to the largest changes of the environment during reorientation of the imidazolin-2-one moiety. Copyright
 2001 John Wiley & Sons, Ltd.


KEYWORDS: 1-aryl-4-imidazolin-2-ones; hydrogen bond; aromaticity; x-ray diffraction; ab initio calculations; 13C
solid-state NMR; infrared spectroscopy
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The aryl-4-imidazolin-2-ones with various substituents,
including imidazoline rings, exhibit anticonvulsant
activity.1 They have multiple agrochemical and pharma-
ceutical applications.2 Some of them exhibit bactericidal
and herbicidal activity.2 In order to relate the structural
features of such compounds to their biological properties,
a proper description of their conformational preferences
is a useful first step. The crystal structures of only a few
derivatives of imidazolin-2-ones have been reported so
far.2–12


The derivatives of imidazolin-2-ones are interesting
model compounds for the study of structural effects
because their properties depend on the mutual orientation
of the phenyl and imidazoline rings. Furthermore, the o-
hydroxy group on the phenyl ring can be involved in
intra- or intermolecular hydrogen bonding.


The structures and conformations in solution and in the
solid state of four derivatives of (2-hydroxy-4-bromo-
phenyl)-4-methyl-4-imidazolin-2-one (cf. Scheme 1)


were studied using 13C NMR spectroscopy. Since the
1H NMR spectra in the solid state were not sufficiently
resolved, the information about hydrogen bonding was
completed by solid-state Fourier transform infrared (FT-
IR) spectroscopy. In the case of 1-(2-hydroxy-4-bromo-
phenyl)-3-methyl-4-methyl-4-imidazolin-2-one (1) the
information on the mutual orientation of the rings and
possible stabilization of the molecule via hydrogen bonds
was obtained from x-ray diffraction. Molecular model-
ling including ab initio calculations13 completed the
studies.


������ �� '� �
��
�	�� ������� ��� 	��1���	& 
�
��
��


JOURNAL OF PHYSICAL ORGANIC CHEMISTRY
J. Phys. Org. Chem. 2001; 14: 323–327
DOI:10.1002/poc.370


Copyright  2001 John Wiley & Sons, Ltd. J. Phys. Org. Chem. 2001; 14: 323–327


*Correspondence to: M. K. Cyrański, Department of Chemistry,
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The 1,3,4-substituted 4-imidazolin-2-ones were synthe-
sized from aryloxazolon-3-yl-propanone, as reported
previously.14 Monocrystals of 1-(2-hydroxy-4-bromo-
phenyl)-3-methyl-4-methyl-4-imidazolin-2-one suitable
for further x-ray analysis were obtained by slow
evaporation from a methanol solution. A single-crystal
x-ray diffraction measurement was carried out using a
KUMA diffractometer with graphite monochromatic Cu
K� radiation. The data were collected at room tempera-
ture using ��2� scan techniques. The intensity of the
control reflections for the compound varied by less than
5% and a linear correction factor was applied to account
for this effect. The data were corrected for Lorentz and
polarization effects, and an absorption correction (em-
pirical) was also applied. The structure was solved by
direct methods15 and then refined by the full matrix least-
squares technique on F2 using SHELXL.16 Hydrogen
atoms were located from a difference map and refined iso-
tropically. Atomic scattering factors were taken from the
International Tables.17 C11H11BrN2O2, colourless crystal,
0.2 � 0.2 � 0.25 mm (grown from methanol), M1 =
283.13, monoclinic, space group P21/c, a = 10.869(2) Å,
b = 13.914(3) Å, c = 7.467(1) Å, � = 97.31(3)°, V =
1120.1(4) Å3, Z = 4, Dx = 1.679 g cm�3, absorption
coefficient � = 4.910 mm�1, absorption correction Tmin


= 0.9522, Tmax = 1.0202. The collected data range was
4.10 ��� 80.08 (0 � h � 13, �16 � k � 0, �8 � l � 8);
2399 reflections collected, 2294 [R(int) = 0.0805]
independent reflections, goodness-of-fit on F2 = 1.177;
final R = 0.0602, wR2 = 0.1955 [for all 1939 Fo � 4�
(Fo)], R = 0.0672 and wR2 = 0.2156 (for all data).
Weight = 1/[�2(Fo


2) � (0.1558P)2 � 0.00P], where P =
(Fo


2 � 2Fc
2)/3. Minimum and maximum difference elec-


tron densities were 0.640 and �0.613 e A�3. Structure
factors, anisotropic displacement parameters, H-atom
coordinates and complete geometry are deposited in the
Cambridge Structural Database.


The 13C NMR spectra were recorded in DMSO-d6 on a
Varian Gemini 200 spectrometer. The solid-state 13C
NMR spectrum was measured on a Bruker MSL 300
spectrometer at 75.5 MHz using cross-polarization (CP)
and magic angle spinning (MAS) techniques. The
powdered sample was placed in a ZrO2 rotor and spun
at 3.2–3.8 kHz. The chemical shifts were calibrated
indirectly through the glycine CO signal observed at
176.3 ppm relative to TMS.


Infrared spectra were recorded from KBr pellets using
a Nicolet Magna IR 550 spectrometer equipped with a
data station.


The ab initio calculations of geometry optimization (at
HF/6 – 31 � G**) and magnetic properties (at GIAO-HF/
6 – 31 � G*) were performed using Gaussian 94.13


04�3-/� '.2 2$��3��$1.


The ORTEP view with the numbering of atoms and the
crystal structure of the molecule are shown in Figs 1 and
2, respectively, while selected bond lengths with their
estimated standard deviations are given in Table 1.


The crystal structure of 1-(2-hydroxy-4-bromophe-
nyl)-3-methyl-4-methyl-4-imidazolin-2-one is stabilised
by an O(1)—H(11)� � �O(2)� intermolecular hydrogen
bond with intermolecular distance O(1)�O(2)� = 2.666(4)
Å, H(11)� � �O(2)� = 1.90(6) Å and angle O(1)—H(11)
� � �O(2)� = 35.9(5)°. Other intermolecular contacts stabi-
lizing the crystal structure are formed with distance
C(11)� � �O(2)� = 3.342(8) Å and angle C(11)—H(11)� � �
O(2)� = 60.7(2.1)°. Both fragments of the molecule,
phenyl and imidazolin-2-one rings, are planar within
experimental error. The angle between the best planes
of these fragments is 88.9(2)°. The almost perpen-
dicular orientation means that the conjugation of the
�-electrons of the two systems is not efficient. The
four carbon–nitrogen bonds are slightly shorter than the
typical single bond and longer than the typical double CN


7
(��� �� 2
������� ��������� 
� �!3�!���
4�!.!1�
�
��	��5!�!�����!.!�����!.!�����)
��	!�!
	�6 ����������	� ������
���
��� ����	 �� �� 7�8 ��
1�1����� �����
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bond indicating, that the N(1)—CO—N(2) fragment
contains delocalized electrons similarly as in the urea
fragment. The comparison of CN bond lengths with their
optimal values18 may be a measure of delocalization of �-
electrons over a C(7)—N(1)—CO—N(2)—C(8) frag-
ment. Applying the geometry-based HOMA index19 to
check the aromatic character of the imidazolin-2-one ring
yields a value of 0.767, indicating its substantial
aromaticity (the HOMA index is normalized in such a
way as to give 1 for a fully aromatic system and 0 for a
non-aromatic system). The dearomatization of the ring is
mainly due to the GEO term,19 which means that the
bond alternation is the main factor which is responsible
for the lowering of aromaticity. Also, the magnetic
index NICS developed by Schleyer et al.20 calculated
at the imidazoline ring center at GIAO-HF/6 – 31 � G*
shows a highly aromatic character of the fragment:
NICS = �9.2 ppm compared with the phenyl fragment,
NICS = �11.2 ppm. [NICS is defined as the negative
value of the absolute shielding computed at a ring centre
(or some other interesting point of the system); rings with


negative NICS values qualify as aromatic, and the more
negative is NICS, the more aromatic are the rings]


In the case of the N(1) nitrogen atom, the lone electron
pair interacts strongly with �-electrons of CO and may
additionally interact with the �-electrons of the phenyl
ring, which diminishes the interaction with the CO group.
The double bond character of N(1)—C(4) is therefore of
special interest, since it can be related to the rotational
barrier around this bond and to the flexibility of this
molecular fragment. Application of the HOSE model21,22


enabled us to estimate the relative weight of a structure
with a double bond between C(4) and N(1) among seven
canonical structures describing this molecular fragment
(Scheme 2). The contribution of H(7) of 8.7% appeared
to be the smallest one, indicating that the �-electron
interactions between the phenyl and imidazoline rings do
not seem to be very effective.


In order to establish the preferred conformation of the
rings, a full 10° steps conformational analysis was
performed for 1-(2-hydroxy-4-phenyl)-3-methyl-4-
methyl-4-imidazolin-2-one (starting from the experimen-


7
(��� �� #	����
������� �	�������
	� �	 �� ������� �������


/���� �� /������� 1
	� ��	&�� 39: 5� �	&��� 3°5 �	� �
���
	 �	&��� 3°5 ��� ���	���� �������
	� 3�	 ����	�����5 �
� �!3�!���
4�!.!
1�
�
��	��5!�!�����!.!�����!.!�����)
��	!�!
	�


N(1)—C(9) 1.367(5) N(2)—C(9)—N(1) 105.2(3)
C(9)—O(2) 1.240(5) C(9)—N(2)—C(8) 110.5(3)
N(2)—C(9) 1.367(5) C(7)—C(8)—N(2) 107.4(4)
N(2)—C(8) 1.373(6) C(8)—C(7)—N(1) 107.3(4)
C(8)—C(7) 1.345(6) C(7)—N(1)—C(4)—C(3) �91.7(5)
N(1)—C(7) 1.394(5) C(7)—N(1)—C(4)—C(5) 87.7(6)
N(1)—C(4) 1.426(4) C(9)—N(1)—C(4)—C(5) �85.5(5)
C(9)—N(1)—C(7) 109.5(3) C(9)—N(1)—C(4)—C(3) 95.1(5)
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tal geometry of the bromo derivative) allowing rotation
around the C(4)—N(1) and C(3)—O(1) bonds. The
revealed eight conformers next used as starting points for
ab initio optimizations (at HF/6 – 31 � G**) led to only
one conformer, the lowest energy system allowing the
formation of an intramolecular hydrogen bond. For
comparison, we also calculated the conformer with
perpendicular imidazoline and phenyl rings (in the frozen
conformation similarly to the crystal structure). No
imaginary wavenumbers were found in either case. The
difference in energy between the fully optimised and the
perpendicular (frozen) conformation is as high as
23.8 kJ mol�1 (zero point energy corrected), indicating
the possibility of an additional competitive structure
stabilisation via intramolecular H-bond formation. The
H(11)� � �O(2) distance is very short (1.847 Å) and the
angle between the best planes of the rings is 45.3°. Ab
initio calculations were performed for isolated system,
i.e. the results refere to the gas phase and might be
compared with the conformations present in a dilut
solution in a non-polar, weak interacting solvent.
Unfortunately, because of insolubility of the compounds
in less polar solvents such as CDCl3, the 13C NMR
spectra were recorded in DMSO. This solvent is a strong
proton acceptor and the intermolecular hydrogen bonds
present in the solid state are probably broken in this
solvent and the OH groups are bonded to the oxygen atom
of the solvent.


The 13C NMR chemical shifts for compounds 1 –4 are
given in Table 2. The resonances of phenyl carbons


bearing the substituents are easily recognized, and the
remaining CH carbons were assigned using the 2D
1H/13C HETCOR spectra analysed only for a narrow
range of aromatics. The chemical shifts of aromatic
carbons are in agreement with those found for the 2-
hydroxy-4-bromophenyl substituent of ureas.23 Some
influence of the substituent at N(2) can be seen on the
aromatic carbon chemical shifts; the largest changes
appear for the imidazolin-2-one carbons upon introdu-
cing a phenyl ring, because its �-electrons conjugate with
those of the imidazolin-2-one ring. A corresponding
increase in shielding of the neighbouring C(9) and C(8)
and deshielding of C(7) of ca 1.5 ppm is observed.


A comparison of the solid-state and solution chemical
shifts allows the identification of rigid and flexible
fragments of the structure. For rigid systems, the similar
aromatic ring and also the imidazoline ring [with a
C(7)=C(8) double bond and a delocalized N(1)—CO—
N(2) fragment], the solution conformation should be
close to that in the solid state, whereas the flexible
fragments are assumed to undergo larger changes of
screening. Inspection of solid-state chemical shifts for 1
shows that the differences � = �liquid � �solid are signifi-
cant for aromatic carbons near to C(4)—N(1), which are
subject to the largest changes of the environment during
reorientation of the imidazolin-2-one residue. Frozen
rotation around the C(4)—N(1) bond results in deshield-
ing of C(3) (�2.9 ppm) and C(5) (�3.9 ppm), increased
shielding of C(4) (3.6 ppm) and on the other side
deshielding of C(7) (�1.5 ppm) of the imidazoline ring.
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	���� ���������� �
� �� ��	,�&� 
� ��
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/���� �� /������� ��� ������� ����� 
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	 �	� �	 �� �
��� ����� 3�	
����	�����5� �	� �������	��� �3���5 < ���=���� ��
���


Compound C(1) C(2) C(3) C(4) C(5) C(6) C(7) C(8) C(9) C(10)


1 119.46 120.12 152.14 124.34 127.70 122.17 107.28 120.08 152.14 9.70
(120.8) (120.8) (155.0) (120.8) (131.6) (120.8) (108.8) (120.8) (152.8) (10.2)


� �1.3 �0.7 �2.9 3.6 �3.9 1.4 �1.5 �0.7 �0.7 �0.5
2 119.84 121.9 151.21 122.09 123.75 123.47 107.0 123.04 154.03 10.18
3 119.84 121.09 151.21 122.18 123.75 123.15 107.00 123.04 154.03 9.81
4 119.90 119.58 151.52 121.96 127.72 123.68 109.23 118.82 152.68 10.62
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The other source of differences in chemical shifts may be
due to different intra- and intermolecular contacts in the
two phases.


The FT-IR spectra of solid compounds 1–4 were
recorded in order to monitor the hydrogen bond network.
No sharp OH stretching band at ca 3600 cm�1 charac-
teristic of monomeric OH was observed, and the broad
and strong absorption in the range 2500–3400 cm�1, with
a maximum at approximately 3000 cm�1, confirms that
in all the compounds studied the OH group is involved in
hydrogen bonding. It is possible that this hydrogen bond
is intermolecular, as in 1.


'�!��%��	(������


M.K.C. thanks the Interdisciplinary Centre for Mathe-
matical and Computational Modelling (Warsaw Univer-
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ABSTRACT: n-(N,N-Dimethylamino)phenylethynes were satisfactorily prepared by a Wittig reaction between
chloromethylene(triphenyl)phosphine ylide and the appropriate n-(N,N-dimethylamino)benzaldehyde, followed by
dehydrochlorination with a strong base. The conjugate dimers 1,4-bis[n-(N,N-dimethylamino)phenyl]buta-1,3-diyne
were obtained by oxidative dimerization with copper(I) chloride. X-ray molecular structure analysis of the dimer 1,4-
bis[2-(N,N-dimethylamino)phenyl]buta-1,3-diyne corroborated the resonance contribution of the o-dimethylamino
substituent, which was confirmed in the solid state by the molecular crystalline packing. Both o- and p-(N,N-
dimethylamino) conjugate dimers develop 1:1 charge-transfer complexes with TCNE and their structure was
identified by NMR, IR and UV–visible spectroscopic data. Differential scanning calorimetric analyses of the 1,3-
diynes showed an irreversible transformation to a thermopolymer as a unimolecular reaction. Copyright  2001 John
Wiley & Sons, Ltd.


KEYWORDS: 1,4-bis[n-(N,N-dimethylamino)phenyl]buta-1,3-diynes; TCNE; charge-transfer complexes; synthesis;
structural analysis
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The use of molecular organic materials as conductors and
in nonlinear optics is of considerable interest since such
materials have inherent synthetic flexibility which
permits the design of specific molecular properties.1


Solid-state polymerization of 1,3-diynes to form
crystalline conjugated polydiynes has attracted much
attention,1,2 often because of the large and fast non-linear
optical response of the latter, which suggests that they
can have potential applications.3 Although the electronic
and optical properties of poly-1,3-diynes are primarily
dominated by the �-conjugated backbone, the substituent
groups markedly influence both their topopolymerization
behaviour and physical and chemical properties. An
aspect of the substituent effect that has received little
attention is the influence of formally �-conjugated
substituents on the electronic properties of poly-1,3-


diynes. This is because many of them are unreactive in
the solid state,4–6 although they do undergo liquid
crystal polymerization. Moreover, 4-aminophenyl-4-
nitrophenylbuta-1,3-diyne is solid-state reactive.6


The discovery of a one-dimensional metallic state in
the ion-radical solid formed from the �-donor tetra-
thiofulvalene and the acceptor tetracyanoquinodimethane
has stimulated interest in the structure–property relation-
ships of novel donors and acceptors.7 Although the
metallic conductivity and superconductivity of these
organic charge-transfer salts are the most important
properties, recently attention has also been directed to the
novel magnetic and optical properties which they can
display (review8).


Here we describe an efficient synthesis of o-, m- and
p-(N,N-dimethylamino)phenylacetylene units (3a–c),
the oxidative dimerization to 1,4-bis[n-(N,N-dimethyl-
amino)phenyl]buta-1,3-diynes (4a–c) and the synthesis
of charge-transfer complexes with acceptors, as well as
preliminary results concerning their conductive proper-
ties. The acetylene derivatives (3) were also obtained for
the synthesis of �-conjugated polyenes, and furthermore
serve for the synthesis of nanostructural molecules
containing these useful units (J. Gonzalo Rodrı́guez et
al., in preparation).
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Compounds 4a–c were synthesized from n-(N,N-di-
methylamino)benzaldehyde (1) and chloromethylene(tri-
phenyl)phosphine ylide to isolate the n-(2-chlorovinyl)-
N,N-dimethylaminobenzene (2) which, by dehydro-
chlorination with a strong base, gives the corresponding
n-(N,N-dimethylamino)phenylethyne (3) (Scheme 1).
Finally, the oxidative dimerization of 3 gives the 1,4-
bis[n-(N,N-dimethylamino)phenyl]buta-1,3-diyne (4) in
good yield.


/���	�	���� �� �� 	�
 �������
�������	���������
'	�
���
�% The preparation of o-(N,N-dimethylamino)-
benzaldehyde was carried out from o-fluorobenzaldehyde
by nucleophilic substitution with dimethylamine in
dimethyl sulfoxide.9


The synthesis of m-(N,N-dimethylamino)benzalde-
hyde, was carried out from m-nitrobenzaldehyde, in a
modification of the Cocker method (Scheme 2).10 In this
way, m-nitrobenzaldehyde was first transformed into the
dimethyl acetal and then the nitro group was satisfac-
torily reduced to the amino group with sodium sulfide and
transformed into the N,N-dimethylamino derivative by
treatment with dimethyl sulfate in an aqueous solution of
sodium carbonate; the monomethyl derivative was iso-
lated in low yield and re-used in the methylation step.
The m-(N,N-dimethylamino)benzaldehyde was finally
obtained by hydrolysis of the acetal with dilute sulfuric
acid (Scheme 2).


��������� �� 0����������0������
�������	���������
���������� �0	�% Compound 2a was prepared by the
Wittig reaction between chloromethylene(triphenyl)-
phosphine ylide and n-(N,N-dimethylamino)benzalde-
hyde in THF as a mixture of the E- and Z-isomers in
good yield.11


Good yields in the 2-chloroethenyl derivative were
obtained in all cases, as a mixture of the E- and Z-
isomers, which depends of the ylide stability, the solvent
and the base used for the preparation.12 Table 1 shows the
E/Z diastereoisomeric ratio of compounds 2a–c obtained
under the same reaction conditions (solvent and tem-
perature). For o- and p-(N,N-dimethylamino)benzalde-
hyde the Z-(2-chloroethenyl) form predominates whereas
for m-(N,N-dimethylamino)benzaldehyde the E-(2-
chloroethenyl) form predominates slightly in the mixture
of the two isomers.


��������� �� �������
�������	������������������
��	5�% Compounds 3a–c were prepared by dehydro-
chlorination of the corresponding 2-chloro-1-[n-
(N,N-dimethylamino)phenyl]ethene, by treatment with
n-butyllithium (�3 equiv.) at room temperature in good
yield.13,14 A one-step synthesis of 3c starting from 1c has
recently been described.15


��������� �� ���������������
�������	�������������
���	�����
����� ��	5�% The synthesis of the 1,3-diynes
4a–c was carried out by an oxidative homocoupling
reaction of the appropriate n-(N,N-dimethylamino)-
phenylethyne (3a–c), catalysed by copper(I) chloride in
pyridine at 40°C, in good yield. Compounds 4a–c were
isolated as crystalline yellow solids which are stable to
sunlight.


The 1,4-bis[n-(N,N-dimethylamino)phenyl]buta-1,3-
diynes (4a–c) were analysed by differential scanning
calorimetry (DSC). The diagrams show an endothermic
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Isomer Z (%) E (%) Yield (%)


2a ortho 58 42 96
2b meta 48 52 86
2c para 60 40 90
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peak corresponding to the melting of the compound
followed by an irreversible broad exothermic peak.
Analysis of the Arrhenius equation of the broad range
of the exothermic peak in the DSC diagram indicated an
irreversible and practically unimolecular reaction (Table
2). In the solid state, the 1,3-diynes transform, under the
effect of the temperature, into an insoluble black solid.


A single crystal of the 1,3-diyne 4a was exposed to Cu
K� x-radiation and the diffracted reflections were
recovered for crystallographic structure analysis. The
crystal was stable to the radiation and no topopolymer-
ization of the diyne 4a was observed.


"����	� �������� �� ��������0������
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Some selected bond lengths and angles for the buta-1,3-
diyne 4a are given in Table 3 and a view of the molecule
with the numbering scheme is shown in Fig. 1.


In contrast to the isomer 4c the molecule is not
centrosymmetric, but the bond lengths and angles are in
agreement with those found there.16 The bond distances
in the benzene rings are in the range 1.36–1.42 Å, the
shortest being C-21—C-22 = 1.357(6), C-14—C-15 =
1.362(6) and C-20—C-21 = 1.372 (6) Å.


Moreover, in this molecular structure C-11—C-1 =
1.424(4), C-17—C-4 = 1.421(4), C-2—C-3 = 1.379(4)
and N-5—C-18 and N-8—C-12 = 1.399(4) Å show im-
portant double bond character. The benzene rings are
nearly planar, with a maximum deviation of 0.016 (3) Å
and a dihedral angle between the two rings of 8.2 (1)°.
The diyne unit shows small deviations from linearity with
C-2—C-1—C-11 = 177.5 (4), C-3—C-4—C-17 = 176.1
(4) and C-2—C-3—C-4 = 178.0 (4)°.


The molecular packing is governed by polar inter-
actions between NMe2 and —C�C— that give rise
firstly to parallel layers to the ab plane which are


assembled through its respective opposed dipole
(CH3)2N → Ph (Fig. 2).
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Some linear conjugated systems are already known to
give charge-transfer complexes with the acceptor TCNQ
having conductive properties.17 Compounds 4a and 4c
also yield charge-transfer complexes with TCNQ (J.
Gonzalo Rodrı́guez et al., in preparation). The �-donor
character of 1,4-bis[n-(N,N-dimethylamino)phenyl]buta-
1,3-diyne (4a and 4c) was evaluated by cyclic voltam-
metry in acetonitrile with lithium perchlorate, giving
oxidation potentials of 0.79 mV for the ortho- and
0.72 mV for the para-dimer compound, while TCNE
has a potential of 0.15 mV.18


The preparation of the molecular complex between


!	��� 0% ���,�	�� �/���
	 '�
� �,� �"� ��
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�,����� ���1 '
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Compound m.p. (°C) Exo-range �H (J g�1) LnZ (s�1) Ea (kJ mol�1) n


4a 53.8 276–329 �632.5 29.9(5) 167(2) 1.23(2)
4b 173.2 241–302 �510.4 20.8(2) 118(1) 0.96(1)
4c 244.0 260–313 �619.8 25.0(1) 139(5) 1.20(5)


!	��� �% "
�� �
	� ��	��,� �	� �	���� '
� �	


Bond length (Å) Bond length (Å) Bond angle (°)


N-5—C-18 1.399 (4) C-1—C-2 1.204 (4) C-2—C-1—C-11 177.5 (4)
N-5—C-7 1.452 (4) C-1—C-11 1.424 (4) C-1—C-2—C-3 178.4 (3)
N-5—C-6 1.447 (5) C-2—C-3 1.379 (4) C-4—C-3—C-2 178.0 (3)
N-8—C-12 1.399 (4) C-3—C-4 1.179 (4) C-3—C-4—C-17 176.1 (4)
N-8—C-10 1.452 (4) C-4—C-17 1.421 (4)
N-8—C-9 1.450 (5)


7����� �% ��
��� 	�����	� �	� �,� ������
��� �� 2�3
��
�������- '
� �	
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1,4-bis[2-(N,N-dimethylamino)phenyl]buta-1,3-diyne
(4a) and TCNE as the acceptor molecule was carried out
in a solution of acetonitrile. On the basis of the elemental
analysis and powder diffraction techniques, the ortho-
1,3-diyne 4a forms only a 1:1 molecular complex with
TCNE that was isolated as a dark-violet solid with a
strong, bright metallic appearance, which showed semi-
conductor properties. The electrical resistivity for 4c was
measured on compacted pellets by a standard four-probe
method under an argon atmosphere at room temperature,
the conductivity being � = 1.5 � 10�5 ��1 cm�1.


The DSC analysis of the molecular complex 4a–TCNE
exhibited a broad, irreversible exothermic peak at 178°C
but melting of the components was not detected.


On the basis of the elemental analysis and powder
diffraction results, the para-1,3-diyne 4c forms a 1:1
molecular complex with TCNE which was isolated as a
black solid with a strong, bright metallic appearance,
which showed conductor properties (as a pellet,
� = 2.0 � 10�2 ��1 cm�1).


The DSC analysis of the molecular complex 4c–TCNE
showed a broad, irreversible exothermic peak at 203°C,
but melting of the components was not observed.


�������� �� ��� ��������0������
�������	������
����������	�����
����5!"�# ������	� ������


The 1H NMR spectrum of the 4a–TCNE complex in
solution of chloroform shows a general deshielding effect
on the protons of the TCNE complexed benzene ring
(Table 4). Thus, H-4 and H-6 appear at 7.78 ppm (7.25
and 7.48 ppm in the free diyne) as multiplets and H-3 and
H-5 at 7.35 ppm (6.89 ppm in the free diyne) as
multiplets. The deshielding effect for the uncomplexed
ring is more moderate; H-4 and H-6 appear at 7.35 and
H-3 and H-5 at 6.85 ppm. The methyl groups appear at
3.08 and 2.76 ppm as two singlets for the complexed and
uncomplexed rings, respectively (2.98 ppm as a singlet in
the free diyne).


The 13C NMR spectrum of the 4a–TCNE complex in a
solution of chloroform shows an important deshielding
effect for the carbons of the complexed ring. Thus, C-5
and C-4 appear at 124.4 and 133.7 ppm for the
complexed and at 121.4 and 133.0 ppm for the uncom-
plexed ring (120.2 and 129.9 ppm for the free diyne).
Moreover, a shielding effect was observed on C-2 and
C-1 (153.4 and 112.7 ppm and 155.6 and 112.1 ppm for
the complexed and uncomplexed rings, respectively
(155.8 and 113.2 ppm for the free diyne). This effect is
probably due to the resonance of the dimethylamino
group, which on the complexed ring has a deshielding
effect on the methyl substituents (44.5 ppm) whereas the
uncomplexed ring are practically unaffected (43.5 vs
43.6 ppm in the free diyne) (Table 4).


On the basis of the deshielding effect determined by
the difference in the carbon frequencies between the
complexed, uncomplexed and free diyne, the structure of
the charge-transfer complex 4a–TCNE can be defined as
an overlapping of the double bond of TCNE which is
closely parallel to the C-4—C-5 and C-3—C-6 bonds but
nearest to the former. The C-4—C-5 bond shows a


7����� 0% 4��1�	� 
' �,� �
������ '
� �	� �,
5�	� �,�
�	����
������ 6�6.�����,-� �
	����


!	��� �% �7 �	� �2� 6!8 ���� '
� �	 �	� �	9:�6+ �
����0
;�� ���<


Proton/carbon 4a
4a–TCNE


(complexed ring)
4a–TCNE


(uncomplexed ring)


H-3 6.89 7.35 6.85
H-5 6.89 7.35 6.85
H-4 7.25 7.78 7.35
H-6 7.48 7.78 7.35
Me2N 2.98 3.08 2.76


C-1 113.2 112.7 112.1
C-2 155.8 153.4 155.6
C-3 116.8 119.1 116.3
C-4 129.9 133.7 133.0
C-5 120.2 124.4 121.4
C-6 135.3 136.9 135.5
Ph—C� 82.0 87.7 84.6
�C—C 79.4 92.2 84.4
Me2N 43.6 44.5 43.5
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significant electron donor effect (important double bond
character) in the x-ray molecular structure of the free
diyne. Furthermore, in the 13C NMR spectrum, the TCNE
acceptor effect is higher than the donor effect of the
N,N-dimethylamino group, which was observed on the
—C�C—Ph bonds of the 1,3-diyne chain, 92.2 and
87.7 ppm, respectively, for the complexed ring, but this
effect is of low intensity in the conjugate Ph—C�C—
bond that show these two carbon atoms at 84.6 and
84.4 ppm, respectively. The same effects were observed
by 1H NMR, despite the grouping of the H-4,H-6 and
H-3,H-5 signals (Scheme 3).


The IR spectrum of the 4a–TCNE complex shows the
C�N group at 2220 cm�1 as a unique peak, whereas in
the free TCNE it appears at 2260 and 2220 cm�1; the
C�C bond appears at 2140 cm�1 for the complex and
2100 cm�1 in the free diyne; the conjugated C=C bond
shows three absorption bands at 1590, 1535 and
1485 cm�1 whereas in the free diyne only one is ob-
served, at 1590 cm�1; finally, the C—H vibration due to
ortho substitution shows two bands at 780 and 765 cm�1,
whereas in the free diyne only one appears, at 745 cm�1.


The UV–visible spectrum in CH2Cl2 (dark blue–violet
solution) shows a charge-transfer band at 559 nm (� =
730 l mol�1 cm�1).


All the data indicated a �-complexed association of a
TCNE molecule with only one of the rings in the 1,3-
diyne donor, which shows an important resonance
contributions to the N,N-dimethylamino group to the
complexation.


�������� �� ��� ���������������
�������	������
���������������	
����5!"�# ������	� ������


The structure of the 4c–TCNE molecular complex was
analysed by 1H and 13C NMR spectroscopy (Table 5). In
solution the complex exhibits a general deshielding effect
on the phenyl rings of the diyne derivative. Two signals
for methyl groups at 3.19 and 3.12 ppm for the
complexed and uncomplexed ring (2.98 ppm for the free
diyne) shows the �-bonding association of a molecule of
TCNE to only one of the aromatic rings in the diyne,
which involves a resonance contribution of the N,N-
dimethyl group to the complexation. This effect is more
evident when the aromatic protons are considered. Thus,
H-2,H-6 and H-3,H-5 are deshielded at 7.80 and


6.75 ppm (meta and ortho to the N,N-dimethyl group,
respectively), as doublets in the complexed ring, and at
7.51 and 6.68 ppm, respectively, in uncomplexed ring
(7.40 and 6.63 ppm, respectively, in the free diyne)
(Table 5).


On the basis of the proton symmetry in the NMR
spectrum of the 4c–TCNE complex, and the deshielding
effect determined by the difference in the proton
frequencies between the complexed, uncomplexed and
free diyne, the structure of the charge-transfer complex
can be defined as a parallel molecular overlapping of the
double bond of TCNE on C-5—C-4 and C-3—C-6 bonds
on the diyne ring, forming an orthogonal angle with the
C-2—C-5 axis (Scheme 4).


The IR spectrum of the 4c–TCNE complex, in the solid
state (KBr), shows the C�N group at 2210 cm�1 as a
unique peak, whereas the free TCNE exhibits two bands
at 2260 and 2220 cm�1; the C�C bond appears at
2120 cm�1 in the free diyne; the conjugated C=C bonds
show four absorption bands at 1600, 1535, 1505 and
1480 cm�1 (only two at 1600 and 1505 cm�1 in the the
free diyne) owing to the resonance of the dimethylamino
groups which are observed at 1380 cm�1 and assigned to
the greatest double bond character for the C—N bond
(1350 cm�1 in the free diyne). Finally, the C—H
vibration shows a new absorption band at 825 cm�1.
Two signals at 815 and 810 cm�1 are attributed to para
substitution in the complex (810 and 800 cm�1 in the free
diyne).


Moreover, the UV–visible spectrum in CH2Cl2 (dark


����� �


!	��� 8% �7 �	� �2� 6!8 ���� '
� � �	� �9:�6+ �
����0


Proton/carbon 4c
4c–TCNE


(complexed ring)
4c–TCNE


(uncomplexed ring)


H-2 7.40 7.80 7.51
H-6 7.40 7.80 7.51
H-3 6.63 6.75 6.68
H-5 6.63 6.75 6.68
Me2N 2.98 3.19 3.12


C-1 108.4 112.6 111.4
C-2,C-6 133.5 136.1 132.5
C-3,C-5 111.6 111.9 111.7
C-4 150.2 148.2 150.0
Ph—C� 82.2 92.3 83.9
�C—C 72.5 89.9 75.8
Me2N 39.9 40.9 40.1


����� �
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violet solution) shows a charge-transfer band at 524 nm
(� = 749 1 mol�1 cm�1).


All the data revealed a �-complexed association of a
TCNE molecule with only one of the rings in the 1,3-
diyne 4c, which exhibits an important resonance
contribution of its N,N-dimethyl group to the complexa-
tion.


The conjugation of the donor N,N-dimethylamino
group is necessary for the complexation of 4a and 4c
because, under the same conditions of preparation of the
4a and 4c complexes, the 4b–TCNE complex was not
isolated.


"2�",4�12�


The N,N-dimethylamino conjugated diynes 4a–c can be
satisfactorily obtained by the Wittig reaction between the
appropriate aldehydes and chloromethylene(triphenyl)-
phosphine ylide, followed by elimination of hydrochloric
acid and oxidative dimerization of the corresponding
acetylene. DSC analysis of the 1,3-diynes 4a–c showed
an irreversible transformation to a thermopolymer as a
unimolecular reaction. The conjugated 1,3-diynes show
electronic donor character and give 1:1 charge-transfer
complexes with TCNE as acceptor. The association of the
TCNE with only one benzene ring of the diyne is
determined by the presence of the N,N-dimethylamino
group on the ring.


#9/#(1-#�!+,


&����	�% Melting-points were determined with a Reich-
ert hot-stage microscope and are uncorrected. IR spectra
were recorded using a Perkin-Elmer Model 681 spectro-
photometer. UV–visible spectra were measured in
CH2Cl2, using a Unicam 8700 spectrometer. 1H NMR
(200 MHz) and 13C NMR (50 MHz) spectra were
recorded with a Bruker WM-200-SY spectrometer;
chemical shifts are given on the � scale, using TMS as
internal reference. Mass spectra were recorded using a
Hewlett-Packard SP85 spectrometer. Elemental analyses
were performed with a LECO CHN-900 instrument.


0������3�������	��������'	�
���
�% To a solution
of 2-fluorobenzaldehyde (9 g, 0.072 mol) in dry DMSO
(75 ml), under an argon atmosphere was added a
saturated solution of dimethylamine (40 ml) in dry THF
(20 ml) and K2CO3 (20 g). The mixture was warmed at
the reflux temperature for 3 h, then dimethylamine
(40 ml) in dry THF (20 ml) and DMSO (15 ml) was
newly added and warmed at the reflux temperature for a
further 3 h. The mixture was poured on to ice to give a
yellow oil, which was extracted with dichloromethane.
The solvent was removed and the residual oil distilled
under vacuum to obtain 2-(N,N-dimethylamino)benzal-


dehyde, 7.8 g (72%), as a yellow oil. B.p. 115–120°C/
5.0 mmHg.9 IR (film, Nujol): 2800 (C—H, CH3), 1685
(C=O), 1600 (C=C, conj.), 740 cm�1 (o-disubst.). 1H
NMR (CDCl3): � 10.22 (s, 1H, CHO), 7.75 (dd, 1H,
J = 8.0 and 2.0 Hz, H-6), 7.45 (td, 1H, J = 8.0 and 2.0 Hz,
H-4), 7.02 (m, 2H, H-3 and H-5), 2.9 (s, 6H, CH3). 13C
MNR (CDCl3): � 190.8 (C=O), 155.5 (C-2), 134.3 (C-4),
130.5 (C-6), 126.7 (C-1), 120.3 (C-5), 117.3 (C-3), 45.2
(2C, CH3). MS (70 eV): m/z (%) 149 (70) [M�], 132 (51),
120 (88), 106 (89), 91 (50), 77 (100).


�������3�������	��������'	�
���
�% ���������	
�
������ �������������� A mixture of m-nitrobenz-
aldehyde (5 g, 33 mmol) and dimethyl sulfite (3.96 g,
36 mmol), methanol (20 ml) and p-toluensulfonic acid
(30 mg) was warmed at the reflux temperature for 8 h.
The mixture was hydrolysed with sodium hydroxide
(15%) and extracted with ethyl acetate (30 ml), washed
with water and dried with magnesium sulfate. Then the
mixture was filtered and the dimethylacetal derivative
was distilled under vacuum giving a yellow oil, 5.8 g
(90%). B.p. 159–162°C/20 mmHg. IR (film, Nujol):
2840 (C—H) 1535 and 1350 (NO2), 1060, 1120 and 1160
(C—O), 850, 750 and 680 cm�1 (m-disubst.). 1H NMR
(CDCl3): � 8.35 (s br, 1H, H-2), 8.20 (m, 1H, H-4), 7.80
(d, 1H, J = 6.5 Hz, H-6), 7.55 (dd, 1H, J = 6.5 and 6.5 Hz,
H-5), 5.47 (s, 1H, HC—O), 3.34 (s, 6H, CH3).


�����	���	
������ �������������� To a mixture of
sodium sulfide (Na2S�9H2O) (15.79 g, 0.07 mol) in water
(16 ml) and hydrochloric acid (36%, 5.5 ml) was slowly
added the acetal prepared above (5.0 g, 25 mmol). The
mixture was warmed at the reflux temperature for 8 h and
finally extracted with ethyl acetate and dried with
magnesium sulfate. The m-aminobenzaldehyde di-
methylacetal was obtained as a yellow oil, 4.17 g
(87%). IR (film, Nujol): 3460 and 3380 (NH2), 2820
(C—H), 885, 790 and 690 cm�1 (m-disubst.). 1H NMR
(CDCl3): � 7.15 (dd, 1H, J = 8.0 Hz, H-5), 6.82 (m, 2H,
H-2 and H-6), 6.65 (m, 1H, H-4), 5.47 [s, 1H,
HC(OCH3)2], 3.70 (s br, NH2), 3.34 (s, 6H, CH3).


�������������� �� ���6�6�����������	����	
����
���� To a solution of m-aminobenzaldehyde dimethyl-
acetal (2.7 g, 16 mmol) in diethyl ether (10 ml) was
added a solution of sodium carbonate (7%, 50 ml) and
dimethyl sulfate in four portions during 4 days, with
stirring at room temperature. The mixture was hydrolysed
with ammonia solution, extracted with diethyl ether and
dried with magnesium sulfate. After filtration, the solvent
was removed, giving a residual oil which was treated
with dilute sulfuric acid (5%, 20 ml) for 1 h, with stirring
at the reflux temperature, extracted with dichloromethane
and dried with magnesium sulfate. After filtration, the
solvent was evaporated and the residual oil chromato-
graphed in a silica gel column using hexane–ethyl acetate
(3:1) as eluent. 3-(N,N-Dimethylamino)benzaldehyde
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was isolated as a yellow oil, 1.64 g (57%). IR (film,
Nujol): 2780 (C—H); 1680 (C=O), 1590 (C=C, conj.),
890, 770 and 710 cm�1 (m-disubst.). 1H NMR (CDCl3): �
9.93 (s, 1H, CHO), 7.38 (dd, 1H, J = 8.8 and 8.8 Hz, H-5),
7.27–7.12 (m, 2H, H-2 and H-6), 6.95 (dd, 1H, J = 8.8
and 2.2 Hz, H-4), 2.99 (s, 6H, CH3). 13C NMR (CDCl3): �
192.9 (C=O), 150.4 (C-3), 136.9 (C-1), 129.3 (C-5),
118.3 (C-4), 117.9 (C-6), 111.2 (C-2), 39.9 (2C, CH3).
MS (70 eV): m/z (%) 149 (77) [M�], 148 (100), 132 (8),
120 (5), 105 (6), 91 (5), 77 (16).


0�"���������0������
�������	������������������
�0	�% To a suspension of chloromethylene(triphenyl)-
phosphine chloride11 (10.9 g, 31 mmol) in dry THF
(60 ml), under an argon atmosphere at 0°C, was slowly
added a solution of n-butyllithium (1.6 M in hexane,
22 ml, 34 mmol). The solution became red and after
being stirred for 30 min, 2-(N,N-dimethylamino)benz-
aldehyde (3.19 g, 21 mmol) was added. The mixture was
stirred at room temperature overnight after which the
solvent was evaporated to give a brown solid which was
Sohxlet extracted with hexane. The hexane was evapora-
ted and the residual yellow oil chromatographed in a
silica gel column with toluene as eluent to isolate (E)-2a
and (Z)-2a (luminescent) as pale-yellow oils 3.13 g
(96%) (E:Z, 58:42).


�)�����������������6�6�����������	�����	�������	�
�0	�� IR (film, Nujol): 2800 (C—H), 1600 (C=C, conj.),
740 (o-disubst.), 660 cm�1 (CH=CHCl, Z). 1H NMR
(CDCl3): � 7.84–7.80 (m, 1H, H-6), 7.24–7.13 (m, 1H,
H-4), 7.06–6.90 (m, 2H, H-3 and H-5), 6.85 (d, 1H,
J = 7.9 Hz, CH=CHCl), 6.28 (d, 1H, J = 7.9 Hz,
CH=CHCl), 2.70 (s, 6H, CH3). MS (70 eV): m/z (%)
181 (14) [M�], 166 (1), 146 (72), 131 (100).


�+�����������������6�6�����������	�����	�������	�
�0	�� IR (film, Nujol): 2800 (C—H), 1600 (C=C, conj.),
960 (CH=CHCl, E), 740 cm�1 (o-disubst.). 1H NMR
(CDCl3): � 7.33–7.18 (m, 2H, H-4 and H-6), 7.07–6.93
(m, 2H, H-3 and H-5), 7.12 (AB, 1H, J = 13.7 Hz,
CH=CHCl), 6.62 (AB, 1H, J = 13.7 Hz, CH=CHCl),
2.73 (s, 6H, CH3). MS (70 eV): m/z (%) 181 (5) [M�],
166 (1), 146 (88), 131 (100).


0�"����������������
�������	������������������
�0��% Following the above method, 3-(N,N-dimethyl-
amino)benzaldehyde gives a mixture of (E)-2b and (Z)-
2b as a yellow oil, 2.0 g (76%) (E:Z, 48:52).


�)�����������������6�6�����������	�����	�������	�
�0��� IR (film, Nujol): 2790 (C—H), 1590 (C=C, conj.),
840, 760 and 690 (m-disubst.), 710 cm�1(CH=CHCl, Z).
1H NMR (CDCl3): � 7.24 (dd, 1H, J = 7.8 Hz, H-5), 7.09–
7.07 (m, 1H, H-2), 7.03–6.99 (m, 1H, H-6), 6.60 (AB, 1H,
J = 8.2 Hz, CH=CHCl, Z), 6.73–6.65 (m, 1H, H-4), 6.22
(AB, 1H, J = 8.2 Hz, CH=CHCl, Z), 2.95 (s, 6H, CH3).


MS (70 eV): m/z (%) 181 (72) [M�], 180 (100), 165 (8),
144 (6), 130 (6).


�+����������������6�6�����������	����	�������	�
�0��� IR (film, Nujol): 2790 (C—H), 1590 (C=C, conj.),
990 (CH=CHCl, E), 840, 760 and 690 cm�1 (m-
disubst.). 1H NMR (CDCl3): � 7.17 (dd, 1H, J = 7.8 Hz,
H-5), 6.73–6.65 (m, 3H, H-2, H-4 and H-6), 6.80 (AB,
1H, J = 13.6 Hz, CH=CHCl), 6.61 (AB, 1H, J = 13.6 Hz,
CH=CHCl), 2.95 (s, 6H, CH3). MS (70 eV): m/z (%) 181
(75) [M�], 180 (100), 165 (10), 144 (10), 130 (8).


0�"����������������
�������	������������������
�0�% Following the above method, 4-(N,N-dimethyl-
amino)benzaldehyde gave a brown oil which was
chromatographed in a silica gel column (hexane–toluene,
1:1) to give 2c as a mixture of E- and Z-isomers (40:60),
yellow solid (13.16 g, 99%). IR (CH2Cl2): 3078, 2810,
1600 (C=C, conj.), 1360 (NMe2), 960 (E), 830
(p-subst.), 700 cm�1 (Z). 1H NMR (CDCl3): � 7.63–
6.70 (8H, m, H-2� and H-3�, E and Z), 6.66 (1H, d,
J = 13.5 Hz, H-2, E), 6.50 (1H, d, J = 8.0 Hz, H-2, Z),
6.41 (1H, d, J = 13.5 Hz, H-1, E), 6.04 (1H, d, J = 8.0 Hz,
H-1, Z), 2.98 (6H, s, NMe2, E), 2.94 (6H, s, NMe2, Z). MS
(70 eV): m/z (%) 183 (29), 181 (95) [M�], 180 (100), 165
(91).


0������3�������	����������������� ��	�% To a solu-
tion of the (E,Z)-chloroethenyl derivative 2a (1.25 g,
6.9 mmol) in dry THF (40 ml) under an argon atmosphere
at 0°C was slowly added a solution of n-butyllithium
(1.6 M in hexane, 12.9 ml, 20.7 mmol) and the mixture
was stirred for 3 h at room temperature. Then a saturated
solution of ammonium chloride (25 ml) was added,
extracted with dichloromethane and dried over magne-
sium sulfate. After filtration, the solvent was removed,
giving a brown oil that was purified by silica gel column
chromatography using toluene as eluent to give the
acetylene derivative 3a (0.85 g, 85%) as a yellow oil. IR
(film, Nujol): 3320 (�C—H), 2800 (C—H), 2100
(C�C), 1600 (C=C, conj.), 760 cm�1 (o-disubst.). 1H
NMR (CDCl3): � 7.45 (m, 1H, H-6), 7.25 (dd, d, 1H,
J = 7.3, 7.3 and 1.7 Hz, H-4), 6.93–6.82 (m, 2H, H-3 and
H-5), 3.42 (s, 1H, �CH), 2.93 (s, 6H, CH3). 13C MNR
(CDCl3): � 155.5 (C-2), 134.8 (C-6), 129.6 (C-4), 120.6
(C-5), 117.0 (C-3), 114.5 (C-1), 83.1 (C�), 82.3
(�CH), 43.5 (2C, CH3). MS (70 eV): m/z (%) 145 (50)
[M�], 144 (100), 129 (14), 115 (19), 101 (9). C10H11N
(145.21): calcd C, 82.71; H, 7.64; N, 9.65; found C,
82.47; H, 7.45; N, 9.30%.


�������3�������	����������������� ����% Following
the above procedure, a solution of (E,Z)-chloroethenyl
derivative 2b gave 3b as a pale-yellow oil, 115 mg
(70%). IR (film, Nujol): 3300 (�CH), 2810 (C—H),
2110 (C�C), 1600 (C�C, conj.), 850, 780 and
690 cm�1 (m-disubst.). 1H MNR (CDCl3): � 7.17 (td,
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1H, J = 8.1 and 0.8 Hz, H-5), 6.90–6.82 (m, 2H, H-2 and
H-6), 6.71 (d br, 1H, J = 8.1 Hz, H-4), 3.01 (s, 1H,
C�CH), 2.94 (s, 6H, CH3). MS (70 eV): m/z (%) 145
(84) [M�], 144 (100), 129 (14), 101 (22). C10H11N
(145.21): calcd C, 82.71; H, 7.64; N, 9.65; found C,
82.66; H, 7.35; N, 9.42%.


�������3�������	����������������� ���% Following
the above procedure, a solution of (E,Z)-chloroethenyl
derivative 2c gave 3c (60%) as a yellow solid, m.p. 51–
52°C (lit.10 52–53°C). IR (CH2Cl2): 3300 (C—H), 2100
(C�C), 1615 and 1520 (C=C, conj.), 1360 (N(CH3)2),
820 cm�1 (p-subst.). 1H NMR (CDCl3): � 7.37 (2H, d,
J = 8.6 Hz, H-2�), 6.62 (2H, d, J = 8.6 Hz, H-3�), 3.00 (1H,
s, H-1), 2.99 (6H, s, N-Me2). MS (70 eV): m/z (%) 145
(M�, 100), 144 (99), 129 (25), 101 (18). C10H11N
(145.21): calcd C, 82.71; H, 7.64; N, 9.65; found C,
82.38; H, 7.29; N, 9.66%.


����:���0������3�������	���������������	�����

���� ��	�% To a solution of copper(I) chloride (0.31 g,
1.57 mmol) in pyridine (10 ml) in an oxygen atmosphere
was added a solution of 3a (0.63 g, 4.3 mmol) in pyridine
(10 ml). The mixture was stirred for 4 h at 40°C. The
pyridine was removed by distillation and the crude
product was washed with ammonia solution until the blue
colour disappeared and then extracted with dichloro-
methane (30 ml) and dried with magnesium sulfate. After
filtration, the solvent was removed giving a brown solid
that was chromatographed in a silica gel column with
hexane–ethyl acetate (6:1) as eluent to leave 4a (0.38 g,
61%) as a yellow solid, m.p. 65°C (decomp.). IR (film,
Nujol): 2920, 2100 (C�C), 1590 (C=C, conj.), 1370
(NMe2), 745 cm�1 (o-subst.). 1H NMR (CDCl3): � 7.48
(dd, 2H, J = 8.3 and 1.8 Hz, H-6), 7.25 (td, 2H, J = 8.3
and 1.8 Hz, H-4), 6.89 (m, 4H, H-3 and H-5), 3.00 (s,
12H, CH3). 13C NMR (CDCl3): � 155.9 (2C, C-2), 135.3
(2C, C-6), 129.9 (2C, C-4), 120.2 (2C, C-5), 116.8 (2C,
C-3); 113.4 (2C, C-1), 82.0 (2C, Ph—C�), 79.4 (2C,
�C), 43.6 (4C, NMe2). MS (70 eV): m/z (%) 288 (M�,
68), 287 (73), 271 (100), 200 (4), 144 (66), 143 (65). UV–
visible (CH2Cl2): �max 369 nm (� 28 000 l mol�1 cm�1).
Calcd for C20H20N2: C, 83.30; H, 6.99; N, 9.71; found C,
82.92; H, 7.15; N, 9.47%.


����:����������3�������	���������������	�����

���� ����% Following the above procedure, the acetylene
derivative 3b gave the diyne 4b (60%) as a pale-yellow
solid, m.p. 162–165°C. IR (KBr): 2930, 1590 and 1570
(C=C, conj.), 1370 (NMe2), 830, 770 and 680 cm�1 (m-
subst.). 1H NMR (CDCl3): � 7.19 (t, 2H, J = 8.3 Hz, H-5),
6.87 (m, 4H, H-2 and H-6), 6.73 (m, 2H, H-4), 2.97 (s,
12H, NMe2). 13C NMR (CDCl3): � 150.1 (2C, C-3),
129.0 (2C, C-5), 122.1 (2C, C-1), 120.5 (2C, C-6), 115.8
(2C, C-2), 113.5 (2C, C-4), 82.5 (2C, PhC�), 72.9 (2C,
H-C�), 40.3 (4C, CH3). MS (70 eV): m/z (%) 288 (M�,
100), 287 (55), 271 (25), 258 (6), 200 (7), 144 (14), 143


(38). Calcd for C20H20N2: C, 83.30; H, 6.99; N, 9.71;
found C, 83.15; H, 6.85; N, 9.62%.


����:�����������3�������	���������������	�����

���� ���% Following the above procedure, the acetylene
derivative 3b gave the diyne 4c (60%) as a yellow solid,
m.p. 233°C. IR (KBr): 2930, 2120 (C�C), 1600 and
1505 (C=C, conj.), 1430 (CH3), 1350 (NMe2), 810 and
800 cm�1 (p-subst.). 1H NMR (CDCl3): � 7.40 (4H, d,
J = 8.2 Hz, H-2�), 6.63 (4H, d, J = 8.2 Hz, H-3�), 2.98
(12H, s, NMe2). 13C NMR (CDCl3): � 150.2 (2C, C-4�),
133.5 (4C, C-2� and C-6�), 111.6 (4C, C-3� and C-5�),
108.4 (2C, C-1�), 82.2 (2C, C-1 and C-4), 72.5 (2C, C-2
and C-3), 39.9 (4C, NMe2). MS (70 eV): m/z (%) 288
(M�, 100), 272 (16), 144 (13); UV–visible (CH2Cl2):
�max 377 nm (� = 55 000 1 mol�1 cm�1). Calcd for
C20H20N2: C, 83.30; H, 6.99; N, 9.71; found C, 83.25;
H, 6.72; N, 9.55%.


"�	������	����� ������ �� ��������0������
��������
	���������������	�����
���� ��	�  ��� !"�# ��;��%
To a hot solution of the 1,3-butadiyne 4a (80 mg,
0.28 mmol) in acetonitrile (27 ml) was slowly added a
solution of TCNE (36 mg, 0.28 mmol) in acetonitrile
(3 ml). The yellow solution became violet. Slow solvent
evaporation at room temperature gave a molecular
charge-transfer complex 4a-TCNE as crystalline black–
violet plates with a bright metallic appearance. IR (KBr):
2220 (C�N), 2140 (C�C), 1590, 1535 and 1485
(C=C, conj.), 1350 (NMe2), 780 and 765 cm�1 (o-
disubst.). 1H NMR (CDCl3): � 7.78 (m, 2H, H-4 and H-6,
complexed), 7.35 (m, 4H, H-3 and H-5, complexed; H-4
and H-6, uncomplexed ring), 6.85 (m, 2H, H-3 and H-5,
uncomplexed ring), 3.08 (s, 6H, NMe2, complexed), 2.76
(s, 6H, N-Me2, uncomplexed ring). 13C NMR (CDCl3): �
155.6 (C-2�, uncomplexed ring), 153.4 (C-2�, com-
plexed), 136.9 (C-6�, complexed), 135.5 (C-6�, uncom-
plexed ring), 133.7 (C-4�, complexed), 133.0 (C-4�,
uncomplexed ring), 124.4 (C-5�, complexed), 121.4
(C-5�, uncomplexed ring), 119.1 (C-3�, complexed),
116.3 (C-3�, uncomplexed ring), 112.7 (C-1�, com-
plexed), 112.1 (C-1�, uncomplexed ring), 92.2 (C-2 and
C-3, complexed), 87.7 (C-1 and C-4, complexed) and
84.6 (C1 and C-4, uncomplexed ring), 84.4 (C-2 and C-3,
complexed), 44.4 (2C, NMe2, complexed), 43.5 (2C,
NMe2, uncomplexed ring). UV–visible (CH2Cl2): �max


559 nm (� = 730 1 mol�1 cm�1). DSC: irreversible broad
exothermic peak at 178°C. Calcd for C26H20N6: C,
74.98; H, 4.84; N, 20.18; found C, 75.36; H, 4.66; N,
19.82%.


"�	������	����� ������ �� ���������������
��������
	���������������	�����
���� ���  ��� !"�# ��;��%
Following the above procedure, 1,3-butadiyne 4c gave a
black solid with a bright metallic appearance as a charge-
transfer complex, which was recrystallized from hexane.
IR (KBr): 2210 (CN), 2120 (C�C), 1600, 1535, 1505
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and 1480 (C=C, conj.), 1380 (NMe2), 825, 815 and
810 cm�1 (p-subst.). 1H NMR (CDCl3): � 7.80 (2H, d,
J = 8.4 Hz, H-2 and H-6, complexed), 7.51 (2H, d,
J = 8.4 Hz, H-2 and H-6, uncomplexed ring), 6.75 (2H,
d, J = 8.4 Hz, H-3 and H-5, complexed), 6.68 (2H, d,
J = 8.4 Hz, H-3 and H-5, uncomplexed ring), 3.19 (6H, s,
N-Me2, complexed), 3.12 (6H, s, N-Me2, uncomplexed
ring). 13C NMR (CDCl3): � 150.0 (C-4�, uncomplexed
ring), 148.2 (C-4�, complexed), 136.1 (C-2� and C-6�,
complexed), 132.5 (C-2� and C-6�, uncomplexed ring),
112.6 (C-1�, complexed), 111.4 (C-1�, uncomplexed
ring), 111.9 (C-3� and C-5�, complexed), 111.7 (C-3�
and C-5�, uncomplexed ring), 92.3 (C-2 and C-3,
complexed), 83.9 (C-2 and C-3, uncomplexed ring),
89.9 (C-1 and C-4, complexed) and 75.8 (C-1 and C-4,
uncomplexed ring), 40.9 (2C, NMe2, complexed), 40.1
(2C, NMe2, uncomplexed ring). UV–visible (CH2Cl2):
�max 524 nm (� = 749.1 mol�1 cm�1). -DSC: irreversible
broad exothermic peak up to 200°C (200–250°C). Calcd.
for C26H20N6: C, 74.98; H, 4.84; N, 20.18; found C,
74.56; H, 4.88; N, 19.91%.


9��	� 	�	����� �� ��������0������
�������	���������
�������	�����
���� ��	�% Caramel needle crystals of the
diyne 4a for x-ray analysis were obtained from slow
evaporation of a dilute ethyl acetate solution. A crystal of
0.16 � 0.10 � 0.73 mm dimensions was used for the
crystallographic study. Accurate cell dimensions were
determined by least-squares analysis of setting angles of
25 reflections (2 � � � 35°), using graphite mono-
chromated Cu K� radiation (� = 1.5418 Å) automatically
located and centred on a Seifert XRD 3000S four-circle
diffractometer. The crystal is orthorhombic, space group
Pca21, with a = 14.447(2), b = 7.909(1), c = 14.672(2) Å,
� = � = � = 90°, V = 1.676.4(4) Å3. The molecular for-
mula is C20H20N2, molecular weight 288.38, Dc =
1.143(2) mg m�3, Z = 4, F(000) = 616. Correction by
absorption was neglected, � = 0.515 (4) mm�1. Data
collection: two standard reflections were measured every
90 min to ascertain the crystal stability, and no significant
variation was observed. All the reflections were corrected
for Lorentz and polarization effects, but no absorption
correction was applied. For the intensity measurement,
reflections were surveyed in the range 5 � � � 67°; from
1471 independent reflections measured, 1059 were con-
sidered as observed, satisfying the criterion I � 2�(I) in
the range h 0–17, k 0–8, l 0–17, and were used in the
subsequent calculations. The crystallographic data for 4a
(excluding structure factors), have been deposited with
the Cambridge Crystallographic Data Centre as supple-
mentary publication No. CCDC-151589. A copy of the
data can be obtained free of charge on application to
the CCDC, 12 Union Road, Cambridge CB2 1EZ, UK
(E-mail: deposit@ccdc.cam.ac.uk).


The crystal structure was partially elucidated by direct
methods.19 After preliminary adjustment of the heavy
atoms, H-atoms were positioned from difference Fourier


maps and then the coordinates were refined. Thereafter,
several cycles of full-matrix least-squares calculations
were carried out with anisotropic thermal parameters for
heavy atoms and the H-atoms were included as fixed
contributors,20 and convergence was reached at R = 0.036
and Rw = 0.084 with a weighting scheme to prevent
trends in w�2F vs �Fo� and vs �sin�/��.21 The final
difference synthesis showed no peaks exceeding 0.11 e
Å�3. The atomic scattering factors and the anomalous
dispersion correction were taken from the literature.22


+<�� ��
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ABSTRACT: Pseudo-first-order rate constants (kobs) for piperidinolysis of PSÿ follow the relationshipkobsÿ k0 = kn
obs


[Pip]T ([Pip]T = total concentration of Pip) at a constant [CTABr]T (total concentration of cetyltrimethylammonium
bromide), [MX] (inert salt concentration) and 35°C. The values ofkn


obsat different [CTABr]T (ranging from 0.005 to
0.02M) and [MX] follow the relationshipkn


obs= ( kn
W� kn


W 	 [MX] � kns
M KN KS


0[CTABr]T)/( 1�	 [MX] � KS
0


[CTABr]T ), wherekn
W = kn


obsat [CTABr]T = [MX] = 0, 	 is an empirical parameter andKS
0 is the CTABr micellar


binding constant of PSÿ in the absence of MX. The magnitude of	 is attributed to the ability of Xÿ to expel PSÿ from
micellar pseudophase to the aqueous pseudophase. The values of	 vary in the order	(sodium cinnamate)
>	(sodium 4-methoxybenzoate)>	(sodium 2-chlorobenzoate)>	(disodium isophthalate)>	(disodium
phthalate)>	(sodium sulfate)>	(disodium fumarate). The values ofkns


M KN (kns
M = kn


M/VM, wherekn
M is the


second-order rate constant for the reaction of Pip with PSÿ in the micellar pseudophase andVM is the micellar molar
volume inMÿ1 and KN represents CTABr micellar binding constant of Pip) are not significantly affected by the
presence of MX into the reaction mixtures. Copyright 2000 John Wiley & Sons, Ltd.


KEYWORDS: phenyl salicylate; piperidine; aminolysis; hydrolysis; intramolecular general base catalysis, sodium
salts of organic and inorganic acids; micelles; cationic surfactants


INTRODUCTION


The occurrence of ion exchange appears to be a
ubiquitous feature observed in ionic micellar-mediated
reactions involving ionic reactant(s) where ionic reac-
tant(s) and counterions carry similar charge. The
pseudophase ion exchange (PIE) model was developed
to explain the reaction kinetics of ionic micellar-
mediated reaction involving only one ion-exchange
process.1 The PIE model has been also used in a few
reactions involving two ion-exchange processes but with
additional restrictive reaction conditions.2,3 The weak-
nesses of PIE model started to appear in the literature.4


The rates of alkaline hydrolysis of esters5 and N-
hydroxyphthalimide,6 in the presence of inert salt (MX)
and cationic micelles, have been discussed in terms of
PIE model coupled with an empirical linear equation
which measures the effect of MX on cationic micellar


binding constant (KS) of anionic organic substrate. The
rates of methanolysis7 n-butylaminolysis8 and piperidi-
nolysis8 of PSÿ, in the presence of MX and CTABr
micelles, showed that the variation ofKS with [MX] did
not follow an empirical linear equation. In continuation
of our work on the effects of inert inorganic and organic
salts on rates of hydrolysis, alkanolysis and aminolysis of
PSÿ in the presence of cationic micelles, we now report
the effects of a few organic anions and sulfate ions on the
rate of reaction of PSÿ with piperidine.


EXPERIMENTAL


Materials. All the reagents used were supplied by Fluka,
BDH and Aldrich and were of the highest commercially
available purity. Stock solutions of phenyl salicylate
were prepared in acetonitrile. Stock solutions of organic
acids (mono- or dicarboxylic) were prepared in aqueous
NaOH solution containing an excess of 0.05M NaOH. An
excess of 0.05M NaOH was maintained to avoid the
possibility of the presence of non-ionized organic acids in
the stock solutions. The stock solutions of piperidine
were freshly prepared in distilled water.
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Kinetic measurements. The rate of piperidinolysis of
PSÿ wasstudiedby monitoringthedisappearanceof PSÿ


asa functionof time at 350nm. Therequiredamountof
thesodiumsaltof anorganicacidwasintroducedinto the
reactionmixture by using a stock solution (y M) of an
organic acid (containing a monocarboxylic group)
preparedin (y� 0.05 ) M NaOH aqueoussolution.The
stock solutions(0.25 or 0.5M) of NaOH were usedto
introduce0.02M NaOHinto thereactionmixturein each
kinetic run.Thus,thetotal concentrationof NaOHadded
to thereactionmixturein eachkinetic runwas>0.02and
�0.04M. The details of the kinetic procedure,data
analysis and product characterizationstudy were as
describedelsewhere.9


RESULTS AND DISCUSSION


In order to find the effects of total concentrationof
piperidine ([Pip]T) on the rate of reactionof PSÿ with
Pip,threekinetic runswerecarriedoutatdifferent[Pip]T
ranging from 0.04 to 0.10M within the [NaOH] range
>0.02to�0.04M ataconstantconcentrationof inertsalt
( MX = sodiumsaltof anorganicacidor sodiumsulfate)
and cetyltrimethylammonium bromide (CTABr). Pseu-
do-first-orderrateconstants(kobs) obeyedtheequation


kobsÿ k0 � kobs
n �Pip�T �1�


wherek0 is pseudo-first-orderrateconstantfor hydrolysis
of PSÿ and kn


obs is the nucleophilic second-orderrate
constantfor thereactionof Pipwith PSÿ. Thevaluesof k0


at different [CTABr]T, in the absenceof MX, were
obtainedfrom the literature.10 Althoughthevaluesof k0


areexpectedto increasewith increasein the concentra-
tion of MX (owingto theincreasein [HOÿ]) ataconstant
[CTABr]T, the effectivenessof suchan increasewould
havecausedthe appearanceof definite interceptsin the
plots of kobsÿ k0 versus[Pip]T and the magnitudesof
such interceptsshouldhave increasedwith increasein
[MX]. However,somerepresentativeplots of kobsÿ k0


versus[Pip]T for the mosteffectivesalt ( sodiumcinna-
mate)amongall the saltsin the presentstudy,asshown
in Fig. 1, did not reveal any definite intercept.It may
be notedthat the maximumcontributionof k0 (obtained
at the lowest[Pip]T = 0.04M, 0.005M CTABr and0.2M


sodiumcinnamate)is<9 % evenif k0 is consideredto be
six timeslargerthank0 at 0.005M CTABr with (sodium
cinnamate]= 0.


Thevaluesof kn
obs, underdifferentreactionconditions,


werecalculatedfrom Eqn.(1) andtheresults,obtainedin
the presenceof sodium cinnamate,sodium 2-chloro-
benzoate,sodium4-methoxybenzoate,disodium phtha-
late, disodium isophthalate, disodium fumarate and
sodiumsulfate,aresummarizedin Tables1 and2. The
reliability of thefitting of theobserveddatato Eqn.(1) is


evidentfrom somerepresentativeplotsin Fig.1 andfrom
thestandarddeviationsassociatedwith thevaluesof kn


obs


(Tables 1 and 2). It is known that the presenceof
additives(such as inert salts of organic and inorganic
acids)in theaqueousmicellarsolutionchangestheshape,
sizeandcharacteristicintrinsic propertiesof micelles.11


However,thesatisfactoryfit of theobserveddatato Eqn.
(1) indicates that any changein the shape,size and
characteristicintrinsic propertiesof micellesdue to the
changein [CTABr]T, [Pip]T and[MX] (MX = sodiumsalt
of an organic or inorganic acid) at 2� 10ÿ4 M PSÿ is
kinetically insignificant.


Theeffectsof sodium2-chlorobenzoateon kn
obs were


also studied at different [CTABr]T where 0.5M stock
solutionsof 2-chlorobenzoicacidwerepreparedin 1.0M


NaOHaqueoussolution.Theseresultsaresummarizedin
Table1. In thesekinetic runs,an increasein [MX] from


Figure 1. Plots showing the dependence of kobsÿ k0 on
[Pip]T for the reaction of Pip with PSÿ at a constant
concentration of sodium cinnamate ([MX]) and (*) 0.005,
(~) 0.01 and (&) 0.02 M CTABr. The solid lines are drawn
through the calculated data points using Eqn. ((1))
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0.01to 0.20M increasedtheadded[NaOH] from 0.03to
0.22M. However, even under such conditions, the
contributionof k0 turnedout to be negligiblecompared
with kn


obs [Pip]T in Eqn. (1), as can be seenfrom the
following discussion.


The rate of hydrolysis of phenyl salicylate is
independentof [HOÿ] within the range~0.005–0.060M
and, under such conditions, the rate of hydrolysis
involves PSÿ and H2O as the reactants.12 The rate of
reactionbetweenPSÿ andHOÿ becomessignificantonly
at [HOÿ] >~ 0.06M. Thevalueof thesecond-orderrate
constant(kOH) for thereactionbetweenPSÿ andHOÿ is
1.24� 10ÿ3 Mÿ1 sÿ1 at 30°C in the absenceof CTABr
micelles.9a These results show that the value of k0


(= pseudo-first-orderrate constant for hydrolysis of
PSÿ) shouldbe nearly50% higherat 0.2M MX thanat
0.01M MX and [CTABr]T = 0. However, the least-
squarescalculatedrespectivevaluesof k0 and kn


obs at
0.2M MX are( ÿ0.6� 6.2)� 10ÿ4 sÿ1 and(96.8� 8.0)
� 10ÿ3 Mÿ1 sÿ1 at0.01M CTABr, (1.4� 0.5)� 10ÿ4 sÿ1


and(66.8� 0.6)� 10ÿ3 Mÿ1 sÿ1 at 0.015M CTABr and
(0.9� 8.2)� 10ÿ4 sÿ1 and(59.6� 10.5)� 10ÿ3 Mÿ1sÿ1


at 0.02 M CTABr. The respectivevalues of k0 and
kn


obs at 0.01M MX are (2.1� 0.4)� 10ÿ4 sÿ1 and
(30.8� 0.6)� 10ÿ3 Mÿ1 sÿ1 at 0.005M CTABr,
(ÿ 0.7� 0.6)� 10ÿ4 sÿ1 and (28.4� 0.8)� 10ÿ3 Mÿ1


sÿ1 at0.01M CTABr, (1.3� 0.4)� 10ÿ4 sÿ1 and(22.4�
0.5)� 10ÿ3 Mÿ1 sÿ1 at 0.015M CTABr and (1.2�
1.0)� 10ÿ4 sÿ1 and (22.7� 1.3)� 10ÿ3 Mÿ1 sÿ1 at
0.02M CTABr. Thesecalculatedvaluesof k0 and their
standard deviations merely indicate the insignificant
contributionof k0 comparedwith kn


obs [Pip]T in Eqn.(1)
and consequentlythe increasein [HOÿ] from 0.021 to
0.22M couldnothaveanyeffectonk0values.Thevaluesof
kn


obs, obtained by using 0.5M stock solutions of 2-
chlorobenzoicacidpreparedin1.0M NaOH,areessentially
similar to thecorrespondingkn


obsobtainedby using0.5M


stocksolutionsof 2-chlorobenzoicacidpreparedin 0.55M


NaOH (Table 1). Theseresultsshow the absenceof a
kinetically detectableamount of protonatedpiperidine
(PipH�) within the[NaOH] range0.021–0.040M.


The values of kn
obs increasedfrom 35.4� 10ÿ3 to


192� 10ÿ3 Mÿ1 sÿ1 with increasein [sodiumcinnamate]
from 0.005to 0.2M at0.005M CTABr (Table1).Suchan


Table 1. Effects of [MX] and [CTABr] on second-order rate constants (kn
obs) for the reaction of piperidine with PSÿ at 35 ° Ca


[MX] [CTABr] 103kn
obs 103kn


cal 103kn
obs 103kn


cal 103kn
obs 103kn


cal 103kn
obs 103kn


cal


(M) (M) (M)ÿ1 sÿ1 (M)ÿ1 sÿ1 (M)ÿ1 sÿ1 (M)ÿ1 sÿ1 (M)ÿ1 sÿ1 (M)ÿ1 sÿ1 (M)ÿ1 sÿ1 (M)ÿ1 sÿ1


MXb MXc MXd MXe


0.005 0.005 35.4� 0.3f 37.6
0.005 0.010 23.7� 0.4 26.5
0.005 0.015 23.2� 0.1 22.6
0.005 0.020 21.2� 0.3 20.6
0.010 0.005 49.8� 0.8 50.9 30.3� 0.6f 32.7 32.1� 0.8f 33.8 34.4� 0.7f 35.0
0.010 0.010 28.2� 0.7 33.8 23.6� 0.2 24.6 25.3� 1.7 25.2 26.1� 0.4 25.8
0.010 0.015 25.0� 0.5 27.6 23.6� 0.2 21.8 22.6� 0.3 22.3 22.4� 0.8 22.6
0.010 0.020 22.0� 0.4 24.4 21.4� 0.5 20.4 22.8� 0.5 20.8 21.9� 0.3 21.0
0.020 0.005 85.5� 2.8 74.1 37.7� 2.0 40.4 42.1� 1.3 42.4 45.1� 1.2 44.8
0.020 0.010 45.7� 1.0 47.4 29.0� 0.2 28.8 29.4� 1.4 29.9 32.3� 0.5 31.1
0.020 0.015 32.9� 0.4 37.2 23.8� 0.3 24.6 25.5� 0.8 25.4 25.3� 0.8 26.2
0.020 0.020 24.7� 0.7 31.9 23.2� 0.1 22.5 23.8� 0.4 23.2 23.7� 1.7 23.7
0.050 0.005 143� 2 125 68.3� 1.2 61.3 65.2� 1.0 65.3 77.0� 3.1 70.6
0.050 0.010 94.6� 4.0 81.5 41.0� 0.6 40.5 44.8� 0.3 42.9 45.6� 3.5 45.9
0.050 0.015 63.8� 1.7 62.6 33.9� 1.1 32.8 35.4� 2.2 34.5 35.3� 1.2 36.6
0.050 0.020 50.8� 0.9 52.1 28.1� 1.1 28.8 29.5� 2.2 30.1 28.8� 1.4 31.7
0.050 0.020 28.5� 0.7 30.1
0.100 0.005 188� 4 175 95.0� 1.6 90.0 101� 1 96.2 109� 3 104
0.100 0.010 127� 2 123 62.3� 1.8 58.1 61.1� 2.0 62.2 69.2� 2.2 67.6
0.100 0.015 106� 1 96.3 46.1� 1.0 45.4 50.0� 0.9 48.4 52.9� 2.0 52.4
0.100 0.020 82.7� 2.6 80.2 36.9� 1.7 38.6 42.2� 1.1 41.0 41.6� 3.8 44.1
0.100 0.020 82.8� 2.4 80.2
0.200 0.005 192� 7 225 134� 4 132 146� 5 151
0.200 0.005 130� 5 132
0.200 0.010 161� 8 174 81.0� 1.6 87.4 93.7� 2.8 93.8 102� 2 102
0.200 0.015 138� 5 143 64.8� 0.4 67.6 67.2� 0.6 72.7 75.4� 0.6 79.3
0.200 0.020 115� 3 122 53.0� 4.9 56.4 59.4� 4.2 60.6 67.4� 3.4 66.0


a [phenyl salicylate]0 = 2 x 10ÿ4 M, [NaOH] = 0.02m, 35°C, � = 350nm andaqueoussolventfor eachkinetic run contained2% (v/v) CH3CN.
b MX = sodiumcinnamate.
c MX = sodium2-chlorobenzoate(0.5M stocksolutionof 2-chlorobenzoicacid waspreparedin 0.55M NaOH).
d MX = sodium2-chlorobenzoate(0.5M stocksolutionof 2-chlorobenzoicacid waspreparedin 1.0M NaOH).
e MX = sodium4-methoxybenzoate.
f Error limits arestandarddeviations.
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increasein kn
obscannotbeattributedto ionic strengthand


medium effects becausean increasein [Na2SO4] from
0.05 to 0.6M revealedonly a modestincreasein kn


obs


from 29.4� 10ÿ3 to 44.2� 10ÿ3 Mÿ1 sÿ1 at 0.005M


CTABr (Table 2). The nucleophilic reactivity of
carboxylateanion towardsthe carbonylcarbonof PSÿ


maybeconsideredto beextremelyweakbecausethepKa


or pKa2valuesof mono-or dicarboxylicacidsusedin the
presentstudyare in the range2.9–5.4.The valueof the
second-orderrateconstantfor the reactionbetweenPSÿ


andHOÿ (pKa = 15.4)is 1.24� 10ÿ3 Mÿ1 sÿ1 at30°C in
theabsenceof CTABr micelles.9a Pseudo-first-orderrate
constants(kobs) for thecleavageof PSÿ in thepresenceof
>0.01M NaOH at 35°C showeda mild decrease(from
7.6� 10ÿ4 to 6.4� 10ÿ4 sÿ1) with increasein [sodium
benzoate]from 0.0to 0.8M. It mayalsobenotedthatthe
kinetically significantcarboxylatereactivity with PSÿ in
the presenceof CTABr micelles must have produced
significant intercepts in the plots of kobsÿ k0 versus


[Pip]T (wherek0 representsrateconstantfor hydrolysisof
PSÿ in theabsenceof sodiumcinnamate).However,such
interceptsarenot visible in theplots is Fig. 1. Thus,the
increasein kobswith increasein [carboxylateanion]in the
presenceof CTABr micellesat [NaOH]>0.02M cannot
be attributed to the nucleophilic reaction between
carboxylateanionandPSÿ.


Thevalueof kn
obs is nearly13 timeslargerin aqueous


pseudophasethan in the micellar pseudophase.10 Hence
the mostobviouscauseof the observedeffectsof [MX]
on kn


obs may be attributed to the occurrenceof ion
exchangebetween XÿW and PSÿM (where the sub-
scriptsW and M representaqueouspseudophaseand
micellar pseudophase,respectively).The possibleion-
exchangeprocessesin the presentreactingsystemare
HOÿ–Brÿ, HOÿ–Xÿ, HOÿ–PSÿ, Brÿ–Xÿ, Brÿ–PSÿ,
and Xÿ–PSÿ. The kinetic effectivenessof HOÿ–PSÿ,
HOÿ–Brÿ, Brÿ–Xÿ, Xÿ–HOÿ and Brÿ–PSÿ ion-ex-
changeprocessesmay be ignored basedon evidence


Table 2. Effects of [MX] and [CTABr] on second-order rate constants (kn
obs) for the reaction of piperidine with PSÿ at 35°Ca


[MX] [CTABr] 103kn
obs 103kn


cal 103kn
obs 103kn


cal 103kn
obs 103kn


cal 103kn
obs 103kn


cal


(M) (M) (Mÿ1 sÿ1) (Mÿ1 sÿ1) (Mÿ1 sÿ1) (Mÿ1 sÿ1) (Mÿ1 sÿ1) (Mÿ1 sÿ1) (Mÿ1 sÿ1) (Mÿ1 sÿ1)


MXb MXc MXd MXe


0.005 0.005 28.7� 0.7f 29.2 33.7� 0.3f 32.4 29.5� 1.0f 31.3g


0.005 0.010 23.2� 0.7 24.7 22.5� 2.6 27.7 25.9� 0.5 26.4
0.005 0.015 22.5� 0.4 23.2 19.0� 0.7 26.1 24.6� 0.2 24.8
0.005 0.020 17.8� 0.6 22.4 23.9� 0.4 25.3 22.0� 0.3 24.0
0.010 0.005 28.3� 1.0 29.8 35.5� 0.2 33.5 27.5� 0.3f 28.2 31.1� 0.3f 32.7h


0.010 0.005 32.6� 1.4 29.8
0.010 0.010 24.1� 2.8 25.1 29.0� 0.4 28.3 23.7� 0.6 24.0 27.6� 0.3 27.2
0.010 0.015 22.8� 1.9 23.4 23.5� 2.6 26.5 23.6� 0.7 22.5 24.8� 0.2 25.3
0.010 0.020 22.2� 2.1 22.6 21.0� 2.0 25.6 20.5� 0.5 21.8 24.2� 0.3 24.4
0.010 0.020 22.2� 0.9 22.6
0.020 0.005 29.8� 1.1 31.0 44.3� 3.9 35.7 29.3� 0.4 28.3 38.8� 0.3 41.1i


0.020 0.010 23.3� 0.5 25.7 32.2� 1.3 29.4 23.5� 0.2 24.0 34.6� 1.1 31.6
0.020 0.015 22.0� 2.1 23.9 24.6� 0.4 27.3 22.9� 0.1 22.6 31.7� 0.6 28.3
0.020 0.020 20.7� 2.4 22.9 24.5� 0.4 26.2 21.1� 0.4 21.8 26.4� 3.3 26.6
0.050 0.005 44.3� 0.9 34.6 55.0� 3.9 42.2 28.5� 0.3 28.8 44.2� 2.1 46.4j


0.050 0.010 30.0� 3.2 27.6 35.4� 0.6 32.9 26.0� 0.3 24.2 39.1� 2.1 34.5
0.050 0.015 26.0� 2.3 25.1 32.8� 0.7 29.6 22.7� 1.0 22.7
0.050 0.020 26.1� 0.2 23.9 28.8� 0.6 28.0 21.4� 1.4 21.9
0.100 0.005 48.0� 3.2 40.5 65.0� 3.0 52.3 30.5� 0.7 29.5
0.100 0.005 47.0� 3.2 40.5
0.100 0.010 33.6� 2.1 30.7 41.4� 2.1 38.4 26.6� 0.7 24.6
0.100 0.015 28.9� 2.3 27.2 34.1� 1.7 33.4 24.4� 0.9 23.0
0.100 0.020 27.2� 2.2 25.5 28.4� 1.9 30.8 22.0� 0.5 22.1
0.200 0.005 45.0� 2.7 51.4 63.4� 3.0 70.6 30.1� 1.2 30.9
0.200 0.010 31.5� 1.9 36.6 44.3� 0.8 48.8 26.6� 0.9 25.3
0.200 0.015 26.5� 1.2 31.3 35.4� 3.1 40.7 22.6� 0.5 23.4
0.200 0.020 26.0� 2.3 28.6 30.9� 1.6 36.4 18.7� 0.4 22.5


a [phenyl salicylate]0 = 2 x 10ÿ4 M, [NaOH] = 0.02M, 35°C, � = 350nm andaqueoussolventfor eachkinetic run contained2% (v/v) CH3CN.
b MX = disodiumphthalate.
c MX = disodiumisophthalate.
d MX = disodiumfumarate.
e MX = sodiumsulfate.
f Error limits arestandarddeviations.
g [MX] = 0.05M.
h [MX] = 0.10M.
i [MX] = 0.40M.
j [MX] = 0.60M.


Copyright  2000JohnWiley & Sons,Ltd. J. Phys.Org. Chem.2001;14: 74–80


REACTIONSOF IONIZED PHENYL SALICYLATE WITH PIPERIDINE 77







described elsewhere.13 The Xÿ–HOÿ ion-exchange
would be kinetically significantonly when it decreased
[HOÿM] to the extent that the concentrationof non-
ionized phenyl salicylate ([PSH]) no longer remained
insignificant. However, the spectralevidencerevealed
theabsenceof PSHundertheexperimentalconditionsof
the entire kinetic runs of present study. Hence the
occurrenceof probablythemosteffectiveion exchange,
Xÿ–PSÿ, causedan increasein kn


obs with increasein
[MX] at a constant[CTABr]T.


Experimentalprocedures,describedelsewhere,14 were
usedto affirm that PSHwasnot presentin the reaction
mixturesat concentrationsat a detectablelevel underthe
experimentalconditions of the presentstudy. Nucleo-
philic reactionsof primary and secondaryamineswith
PSÿ involvetheintramoleculargeneralbasecatalysisand
the detailed mechanismsof thesereactionshave been
discussedelsewhere.9 We presumethe occurrenceof
similar mechanism(s)in the micellar pseudophasealso.
The reaction schemefor the cleavageof PSÿ in the
presenceof piperidinemaybeasshownin Scheme1.


The significant decreasein kn
obs with increasein


[CTABr]T at a constant[MX] (Tables1 and2) may be
explainedusingthepseudophasemodelof micelles.15 As
describedelsewherein detail,l8,13 the observedrate law
for the cleavageof PSÿ in the presenceof piperidine
(Pip), inert salt (MX) and micelles (Dn) (rate = kobs


[PSÿ]T where[PSÿ]T = [ PSÿW] � [PSÿM]), a reaction
schemein termsof thepseudophasemodel15 of micelles
andEqn.(1) canleadto Eqn.(2)


kobs
n � kn


W � kns
M KNKS�Dn�


1� Ks�Dn� �2�


wherekns
M = kn


M/VM ( with VM representingthemicellar
molar volume in Mÿ1),16 KN and KS are the CTABr
micellar binding constants of piperidine and PSÿ,
respectivelyand 1� KN [Dn] under the experimental
conditionsimposed.


As concludedearlier,kinetically themosteffectiveion
exchangewhich may indirectly affect thevaluesof kn


obs


is Xÿ–PSÿ. Suchanion exchangeis expectedto decrease
KS with increasein [Xÿ]. The valuesof KS, obtainedin
methanolysis,7 n-butylaminolysis8 and piperidinolysis8


of PSÿ at different [MX] (MX = KBr and NaBr),
followed theequation


KS � K0
S=�1�  �MX �� �3�


wherethe magnitudeof the empirical parameter	 is a
measureof the ability of Xÿ to expel PSÿ from the
micellarpseudophaseto theaqueouspseudophase.If it is
assumedthatEqn.(3) is applicablein thepresentreaction
systemthenEqns(2) and(3) yield


kobs
n � kn


W � Kn
W �MX � � kns


MKNK0
S�Dn�


1�  �MX � � K0
S�Dn� �4�


Thevaluesof thecritical micellarconcentration(cmc)
areconsideredto benegligiblecomparedwith [CTABr]T


under the presentexperimentalconditions13 and hence
[Dn] � [CTABr]T. Theunknownparameters,	 andkns


M


KN, werecalculatedfrom Eqn.((4)) with knownvaluesof
kn


W andKS
0 usingthenon-linearleast-squarestechnique.


The values of kn
W (= 0.324Mÿ1 sÿ1, obtainedin the


absenceof micelleat [MX] = 0 10) andKS
0 (= 7000Mÿ1,


obtainedspectrophotometrically in the absenceof Pip
andMX17) wereobtainedfrom the literature.The least-
squarescalculatedvaluesof 	 andkns


M KN for various
saltsof organicand inorganicacidsare summarizedin
Table3.Thestudyof theeffectsof [CTABr]T onkn


obsfor
the reactionof Pip with PSÿ at [MX] = 0 yieldedKS


0 =
8400Mÿ1.10 This valueof KS


0 wasalsousedto calculate
	 andkns


M KN from Eqn.((4)). Thesecalculatedvalues
of 	 andkns


M KN for variousMX arealsosummarizedin
Table3.Thefitting of theobserveddatato Eqn.(4) seems
to be satisfactory,as is evidentfrom the valuesof kn


cal


listedin Tables1 and2 andfrom thestandarddeviations
associatedwith thevaluesof 	 andkns


M KN (Table3).
The valuesof kns


M KN obtainedin the presenceof
different MX arenot very different from thoseobtained
in theabsenceof MX.10 A detaileddiscussiononthekns


M


KN valueat [MX] = 0 is givenelsewhere.10


The degree of micellar affinity of a solubilizate
dependslargerly upon the electrostaticinteraction (if
both micelle and solubilizate are ionic), hydrophobic
interactionandpackingconstraints(i.e.sterichindrance).
Usually electrostaticinteraction is much strongerthan
hydrophobicinteraction.For instance,the valuesof the
binding constants(KS) of phenyl benzoate(PB) with
CTABr and sodium dodecylsulfate(SDS) micelles are
300 18 and500Mÿ1,18 respectively,while the respective
valuesof KS of PSÿ (thestructuraldifferencebetweenPB
andPSÿ is only thepresenceof oÿOÿ groupin PSÿ) with
CTABr and SDS micelles (determinedkinetically) are
700017 and 5.9Mÿ1.19 The relative water solubility of
monocarboxylicacidsmaybe attributedto their relative


Scheme 1
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hydrophobicity.20 21 Thevalueof 	 for Xÿmustincrease
with increasein hydrophobicityof Xÿ. Thus,the values
of 	 for 2-chlorobenzoateion (	 = 101–113Mÿ1) and
benzoateion (	 = 124Mÿ1)13 are consistentwith the
water solubilities of the correspondingbenzoic acids
(Table 3). However,althoughthe watersolubility of 4-
methoxybenzoicacid is more than eight times smaller
thanthatof benzoicacid,thevalueof 	 (= 131Mÿ1) for
4-methoxybenzoate ion is notverydifferentfrom thatfor
benzoateion. This shows that the electrostatic and
hydrophobicineractionsare not the only factorswhich
affect the CTABr micellar affinity of Xÿ. The dodecyl-
trimethylammonium bromide(DTABr) micellar binding
constantof diethyl ether(KS = 1.4Mÿ1) is significantly
smaller than the CTABr micellar binding constantsfor
ethane(KS = 8.7Mÿ1) and propane(KS = 33Mÿ1).22


Similarly, the CTABr micellar binding constantsfor
benzene,methylbenzeneandmethoxybenzeneare38–46,
83–146 and 37–54Mÿ1, respectively.22 These results
predict that the 	 valuesfor benzoateand 4-methoxy-
benzoateionsshouldbenearlysame.


Thevalueof 	 for thephthalatedianionis nearlyhalf
of thatfor isophthalatedianion,andthismaybeattributed
to their relative hydrophobicity as reflected from the
water solubility data for phthalic and isophthalicacids
(Table 3). The values of ion-exchange constants,
obtaineddirectly by physical techniques,for m-nitro-
benzoateion23 and m-phthalate (� isophthalate)dia-
nion24 are significantly larger than those for corre-
spondingortho-isomers.Although the value of 	 for
isophthalatedianion is slightly more than four times
smallerthanthatfor benzoateion, thewatersolubility of
benzoicacid is 34 times larger than that of isophthalic
acid. These results cannot be explained in terms of
electrostaticandhydrophobicinteractionsonly.Themost
obviousreasonfor the low 	 valuesfor phthalateand
isophthalatedianionscomparedwith thosefor benzoate,
2-chlorobenzoateand 4-methoxybenzoate ions may be
ascribedto thedifferentdistancesof penetrationinto the
micellar pseudophaseby benzoate monoanions and


phthalatedianions.It appearsthat the micellar surface
is not homogeneousin termsof polarity, waterconcen-
tration1b,25 and distribution of solubilizatesof different
hydrophobicity.19,26 Thus, phthalate ions (with two
anionic groups)remain in the micellar region of high
waterconcentration,while benzoateandPSÿ ions (with
only oneanionicgroup)canreachto themicellar region
of relatively low waterconcentration.A similar conclu-
sionhasbeenproposedfor relatedsystems.23,27,28


Thevalueof 	 for fumaratedianionis morethan200
timessmallerthanthat for cinnamateion (Table3). The
replacementof one of the two carboxylategroups of
fumaratedianion by a C6H5 group producescinnamate
ion. The value of 	 for cinnamateion is nearly three
timeslargerthanthat for benzoateion. Furthermore,the
valueof 	 for fumaratedianionis nearlyhalf of that for
sulfateion (Table3). However,thesulfateion cannotbe
more hydrophobic than the fumarate dianion. The
energeticallyfavorableelectrostaticinteractionbetween
CTABr micellar head-groupsandphthalateor isophtha-
late dianions should apparentlybe stronger than that
betweenCTABr micellar head-groupsandbenzoateion.
However, the lower values of 	 for phthalate and
isophthalatedianionscomparedwith that for benzoate
ion indicate that the higher favorable electrostatic
interactionof theCTABr micellarsurfacewith phthalate
or isophthalatedianion than that with benzoateion is
offset by hydrophobicand someother possibleinterac-
tions. Although a micelle is a dynamic molecular
aggregate,29 the micellar surfaceor Stern layer which
contains the headgroupsis a well-defined structural
entity. Bulky and geometrically constraineddianions
suchasfumarate,phthalateandisophthalatedianionsare
expectedto experiencegeometricconstraint(i.e. packing
constraintor steric hindrance)in the cationic micellar
pseudophase.Probably for this reason, the phthalate
dianion (the two carboxylate groups are in cis-like
positions)canpenetratein to theCTABr micellarsurface
deeper than the fumarate dianion (where the two
carboxylategroupsare in trans positions),despitethe


Table 3. Values of 	 and kns
MKN calculated from Eqn. ((4)) for various MX


Ks
0 = 7000Mÿ1 Ks


0 = 8400Mÿ1


MX 	(Mÿ1) 103 kns
M KN (Mÿ1 sÿ1 	(Mÿ1) 103 kns


M KN (Mÿ1 sÿ1 SLa


Sodiumcinnamate 367� 23b 14.4� 3.6b 441� 28b 15.0� 3.6b


Sodium2-chlorobenzoate 101� 2.9 16.1� 1.0 121� 3.6 16.6� 1.1 0.22
Sodium2-chlorobenzoate 113� 3 16.2� 0.7 136� 3 16.8� 0.8 0.22
Sodium4-methoxybenzoate 131� 3 16.0� 0.9 157� 4 16.5� 1.0 0.04
Disodiumphthalate 15.1� 2.2 20.1� 1.0 18.7� 2.8 20.8� 1.0 0.70
Disodiumisophthalate 27.9� 3.8 22.9� 1.5 34.0� 4.8 23.5� 1.6 0.01
Disodiumfumarate 1.7� 0.8 19.6� 0.4 2.7� 1.0 20.2� 0.4 0.70
Sodiumsulfate 3.6� 0.5 21.4� 0.8 4.5� 0.5 22.0� 0.8
Sodiumbenzoatec 124 14.8 153 15.4 0.34


a SL representssolubility in g per100g H2O andobtainedfrom Ref. 30.
b Error limits arestandarddeviations.
c Obtainedfrom Ref. 13.
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fact that the watersolubilitiesof both phthalicacid and
fumaric acidaresame(Table3).


The empirical definition of 	X/PS [=	 in Eqn. ((3))],
where the magnitudeof 	X/PS is the measureof the
ability of Xÿ to expel PSÿ from the cationic (CTABr)
micellarpseudophaseto theaqueouspseudophase,shows
that 	X/PS must be proportional to the ion-exchange
constantKX


PS. The reportedvalue of 	Br/PS is nearly
20Mÿ1.7 Thus, the ratios 	PTL/PS/	Br/PS (�1.0) and
	IPTL/PS/	Br/PS (�1.6) may be compared with the
respectiveion-exchangeconstantsKPTL


Br (= 2.0) and
KIPTL


Br (= 3.4) determinedby using an ion specific
electrode,24 where PTL and IPTL representsphthalate
andisophthalatedianion,respectively.Similarly, theion-
exchange constants KX


Br for X = o-, m- and p-
nitrobenzoateions, obtainedby 1H NMR spectroscopy
are 3.8, 11 and 3.3, respectively,23 which may be
compared with 	2-chlorobenzoate/PS/	Br/PS (�6–7) and
	4-methoxybenzoate/PS/	Br/PS (�8). The solubilities of o-,
m- andp-nitrobenzoicacidsare0.75,0.34and0.03g per
100g H2O, respectively.
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ABSTRACT: The activity of dioxiranes, R2CO2, and percarboxylic acids, RCO(O2)H, in olefin epoxidation reactions
can be rationalized by a frontier orbital interaction. Barrier heights of these oxygen transfer reactions, as calculated by
a density functional method, depend linearly on the energy of the olefin HOMO orbital � (C—C) and of the peroxide
LUMO orbital �*(O—O). Activation barriers can be predicted from linear relationships with the proton affinity of a
dioxirane (as measured by the hydrogen fluoride association energy) or the pKa value of a percarboxylic acid.
Copyright  2001 John Wiley & Sons, Ltd.
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Dioxirane derivatives1 R2CO2 (1) and percarboxylic
acids2 RCO(O2)H (2) are important oxidants for the
epoxidation of olefins3 which have recently been
extensively investigated by computational chemistry.4


However, despite this wealth of computational results,
some comments on the chemical reactivity of this class of
compounds, their electronic structure and their Brønsted
acidity/basicity still seem to be worthwhile. We will
show how to estimate the heights of epoxidation barriers
from easily accessible properties of the reactants.
Specifically, we will correlate orbital energies and also
deprotonation energies (percarboxylic acids) and proton
affinities (dioxiranes) of the reactants with the calculated
heights of activation barriers, and will compare them with
experimentally derived reaction rates. Finally, we shall
illustrate how the reactivity of percarboxylic acids can be
estimated from their pKa values.


Organic peroxide compounds have been found to
follow an electrophilic pathway when oxidizing organic
substrates.3 The influence of substituents on the reactivity


of perbenzoic acids2a and phenylacetylenes2b has been
studied using a Hammett analysis. In earlier experimental
work, ionization potentials of olefin substrates were
correlated with relative reaction rates of epoxidation
reactions.5 On the basis of an unsatisfactory correlation
between ionization potentials and reaction rates, Shea
and Kim excluded a frontier orbital interaction between
an olefin and a peroxide as dominant factor of the
reactivity.5b However, later, by analyzing a more
consistent set of experimental data, Kim et al.6 demon-
strated that the epoxidation reactivity is indeed strongly
affected by the HOMO–LUMO interaction, as will be
corroborated by the present analysis of computational
results. Kim et al. found separate linear relationships
between the ionization potentials of olefins and log k of
the epoxidation with m-chloroperbenzoic acid, depending
on whether the olefins carried aliphatic and aromatic
substituents.6 They rationalized the lower reactivity of
aromatic olefins with the charge delocalization due to the
aromatic substituent which affects the cation radical (i.e.
the ionization potential) more than the epoxidation
transition state.7


Previously, we investigated the mechanism of olefin
epoxidation by transition metal peroxo complexes8 in a
computational study and we successfully employed a
frontier orbital model to rationalize differences in the
epoxidation activities of such compounds.9 In the
following, we shall use this model to correlate calculated
barrier heights of oxygen transfer (via direct attack of an
olefin on a peroxy group) with the energies of the
pertinent orbitals, the �(C—C) HOMO of the olefin and
the �*(O—O) LUMO of the peroxy group.
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*Correspondence to: N. Rösch, Institut für Physikalische und
Theoretische Chemie, Technische Universität München, 85747
Garching, Germany.
Email: roesch@ch.tum.de







The present discussion will be based on computational
results10 obtained with the hybrid B3LYP density
functional approach.11 Whereas the study of Kim et al.6


dealt exclusively with reactivity variations of different
olefins, we will focus here on the analysis of variations
with different oxygen donors, but we will also briefly
comment on reactivity differences among various
olefins. Geometries were optimized without symmetry
constraints employing a 6–311G(d,p) basis set.12 As
substrates we chose several dioxirane derivatives, R2CO2


(1) and percarboxylic acids RCO(O2)H (2), with func-
tional groups R = H (a), CH3 (b), OH (c), F (d), CF3 (e)
and Cl (f). In Table 1 we give the heights of the activation
barriers for all olefin epoxidation reactions calculated in
this work.


�%&#'!& (�" " &$#&& ��


In Fig. 1 we sketch the transition structures for the
epoxidation of ethylene with the two prototypical
systems 1b and 2b. In both cases the O—O bond of the
oxidant is elongated: from 1.500 Å in 1b to 1.893 Å in the
epoxidation transition state and from 1.439 Å in 2b to
1.873 Å in the corresponding transition state. Addition-
ally, we note that in the transition state the C—O bond of
1b to be broken is strongly elongated (from 1.400 to
1.516 Å), while the remaining C—O distance of 1b is
shortened to 1.316 Å on its way to a C—O double bond.
Since the transition structures of other systems investi-


gated here are similar and have also been discussed
previously,4 we refrain from further analysis.


To confirm the relevance of the frontier orbital
interaction, we first analyze calculated epoxidation
transition states (all of them of spiro structure) of the
model olefins ethylene, propene, cis-2-butene, 2-methyl-
2-butene and 2,3-dimethyl-2-butene with the peroxide
compounds 1a and 2b. The height of the epoxidation
barrier varies linearly with the energy of the olefin
HOMO (Fig. 2), just as previously found for the transition
metal complexes as oxygen donors.9 Each methyl
substituent of the olefin moiety pushes more electron
density into the � bond and thus raises the HOMO
energy, i.e. the olefin becomes more nucleophilic.3


Concomitantly, the energy gap between the olefin
HOMO and the peroxide LUMO decreases (for a
discussion of the chemical interpretation of Kohn–Sham
orbital energies, see Ref. 13), entailing a lower activation
barrier for epoxidation.


To compare the present analysis of computational
results with experiment, we use two sets of reaction rates
for the epoxidation of some of the probe olefins used here
with peracetic acid 2b. One set14 comprises relative


!��� )* ���������� ���������� !�		��	�� �"≠ #��� ����$% ��	
��� �&�'������� �� ���(�� !� ��	���� �'������


Oxidant Olefin �E≠


H2CO2 (1a) Ethylene 13.52
Propene 11.19
cis-2-Butene 8.84
2-Methyl-2-butene 7.83
2,3-Dimethyl-2-butene 6.86


(CH3)2CO2 (1b) Ethylene 18.12
(OH)2CO2 (1c) Ethylene 6.84
F2CO2 (1d) Ethylene �1.03b


(CF3)2CO2 (1e) Ethylene 3.75
Cl2CO2 (1f) Ethylene 0.93
HCO(O2)H (2a) Ethylene 14.89
CH3CO(O2)H (2b) Ethylene 17.06


Propene 14.73
cis-2-Butene 12.33
2-Methyl-2-butene 11.02
2,3-Dimethyl-2-butene 9.69


HOCO(O2)H (2c) Ethylene 14.65
FCO(O2)H (2d) Ethylene 11.12
CF3CO(O2)H (2e) Ethylene 10.62
ClCO(O2)H (2f) Ethylene 9.69


a Differences between the energies of the transition state
and the sum of the energies of the reactants, without
further corrections.
b Negative value due to the basis set superposition error.


+	���� )* �	�������� ����� ��	����	�� �� �������� �&�'�������
)��� ���&����� #�*+%,�-, #)% ��� #�*+%�-#--*% #,%.
/��� ��� ��� �� 01


+	���� ,* ���������� ���������� !�		��	� �"≠ #�� ��� ����$% ��
�&�'������� �� ��	���� ��!�������� ���(�� !� ���'�	��� #)�%
��� ������ &�	��	!�'���� ���� #,% �� �������� �� ��� ���	 �
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reaction rates for ethylene (0.045), propene (1.0-
reference), cis-2-butene (22) and 2-methyl-2-butene
(230); the other5a contains relative values for propene
(1.0), cis-2-butene (22.1), 2-methyl-2-butene (264.3) and
2,3-dimethyl-2-butene (2643). Not surprisingly, the
logarithms of these relative reaction rates correlate very
well with our calculated activation barriers (R2 = 0.99),
corroborating the present analysis of computational
results.


It is interesting that such a linear relationship holds not
only for olefin epoxidation, but also for the oxidation of
other substrates, e.g. the activation of C—H bonds with
cyanodioxirane H(CN)CO2. In fact, by calculating the
energies of the pertinent �(C—H) orbitals of methane,
ethane, propane, and isobutane (�13.70, �13.31, �12.98
and �12.69 eV, respectively) one confirms a striking
linear relationship with published barriers4c of oxygen
transfer from cyanodioxirane (35.0, 27.1, 19.8,
14.2 kcal mol�1, respectively, for the various substrates)
(1 kcal = 4.184 kJ).


We now turn to a discussion of different oxidants. In
order to evaluate the effect of different substituents R of
the organic peroxy compounds on the energy of the
�*(O—O) LUMO The �*(O–O) orbital is in fact always
the LUMO, at variance with the electronic structure of
transition metal complexes where orbitals with signifi-
cant �*(O–O) contribution lie slightly above the LUMO
that exhibits a dominating d-orbital contribution of the
metal center9 and thus on their reactivity, we calculated
the barriers for the direct attack of ethylene on the peroxy
groups of the compounds 1/2a–f. Also here, a convincing
linear relationship between the activation barrier and the
energy of the �*(O—O) LUMO is obtained (Fig. 3), at
variance with previous findings for the rhenium com-
pounds CH3Re(O2)2O�L.9 Obviously, substitution of
different Lewis-base ligands L changes the electronic
structure of the transition metal bisperoxo complexes in a
more complex way than inducing merely a shift of the
pertinent �*(O—O) orbital. In the case of organic peroxy
compounds, the interaction of the substituents R with the
active site of the molecule is simpler, leading to a linear


relationship as expected from a perturbation theory
argument: the more substituent R is able to reduce the
electron density of the peroxide moiety, the stronger is
the stabilization of the �*(O—O) orbital and the more
electrophilic is the oxygen center. In this way, the
HOMO–LUMO energy gap is again reduced and so
is the activation barrier. Note that the calculated reaction
barriers cover a wide energy range of about
20 kcal mol�1 (Fig. 3).


Hence the reactivity variation of the compounds
R2CO2 and RCO(O2)H can be rationalized by the
HOMO–LUMO interaction. The energy of the �*(O—
O) orbital is a key characteristic of the electronic
structure of an O—O moiety for rationalizing the
activation barrier of olefin epoxidation.


Interestingly, the activation energies of percarboxylic
acid derivatives 2a–f form a more compact group in Fig.
3 and they tend to be larger than the barrier heights of the
dioxiranes 1a–f. This finding becomes quite obvious if
one recalls that compounds 1a–f feature two potential
electron-withdrawing groups R, whereas compounds 2a–
f exhibit only one such substituent. Therefore, the
�*(O—O) orbital of percarboxylic acids is stabilized
less than that of the corresponding dioxiranes. Addition-
ally, there might also be a delocalization effect in 2c, d
and f since in this case a � interaction with the sp2 carbon
center of the percarboxylic acid will be possible.
However, dioxiranes and percarboxylic acids with the
less electronegative substituents H and CH3 have similar
values of orbital energies and activation barriers.


It is worth noting that the linear correlation of the data
displayed in Fig. 3 is much better for dioxiranes
(r2 = 0.98) than for percarboxylic acids (r2 = 0.89). The
larger mean deviation for percarboxylic acids is in part
due to the proton-accepting oxygen center. Variation of
the substituent R affects the basicity of the proton
acceptor group hardly in the same way as the energy of
the �*(O—O) orbital and thus creates ‘noise’ in the
correlation.


The LUMO energy as key quantity is not easily
accessible by experiment. However, the foregoing
analysis can be rendered a practical tool for predicting
the epoxidation reactivity from ground-state properties of
the oxygen donor by realizing that the LUMO energy is
expected to correlate with the acidity of a percarboxylic
acid (or with the basicity of a dioxirane). The stronger the
electron-withdrawing power of the substituents R, the
lower is the electron density on the peroxy group and,
subsequently, the lower is the deprotonation energy of a
percarboxylic acid or the proton affinity of a dioxirane.
Therefore, the acidity (basicity) of the oxygen source is
expected to provide a direct measure of its reactivity that
is preferable to the orbital energies. In the following, we
will demonstrate the validity of this concept for olefin
epoxidation by the percarboxylic acids 2a–f and the
dioxiranes 1a–f.


The calculated barrier heights of epoxidation by the


+	���� -* ���������� ���������� !�		��	 �"≠ #��� ����$% ��
�������� �&�'������� !� ���'�	���� )�.� ��� &�	��	!�'����
����� ,�.� �� � �������� �� ��� ���	 � �� ��� 3��- �4#-2
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percarboxylic acids 2a–f exhibit the expected linear
variation with the deprotonation energies �EDP in the gas
phase (AH → A� � H�); see Fig. 4. The correlation of
these two quantities is even better (r2 = 0.97) than that
with the �*(O—O) orbital energies (Fig. 3). As
mentioned above, this is due to the fact that proton
transfer also affects the activation barrier: more acidic
percarboxylic acids are found to feature lower epoxida-
tion barriers, in agreement with experiment.2a


To check the dependence of the epoxidation barrier on
the basicity of the dioxiranes, we calculated the proton
affinity �EPA of the peroxy group. Simple addition of a
proton causes an opening of the dioxirane ring of 1c, d
and f, whereas for the weaker acid H3O� only 1c opens.
To prevent this undesirable reaction pattern, we used
hydrogen fluoride, HF (pKa = 3.2),15a to probe the proton-
accepting ability of the dioxiranes: R2CO2 � HF →
R2CO2�HF. The activation energies for epoxidation by
dioxiranes show the expected linear correlation with the
energy of HF addition (Fig. 5).


Unfortunately, strong solvent effects on the epoxida-
tion barriers prevent a direct comparison of computa-
tional and experimental results.16,17 Depending on the
solvent, measured activation energies for cyclohexene
epoxidation by 1b vary between 4.96 � 0.3 kcal mol�1 in


CDCl3 and 7.65 � 0.4 kcal mol�1 in CH3COOH,16 while
we estimate it to be 13.5 kcal mol�1 using results of this
work. For the epoxidation of isobutene and �-methyl-
styrene by 1b we estimate activation barriers of 13.5 and
11.7 kcal mol�1, respectively; the corresponding experi-
mental values are 9.3 � 0.2 and 10.2 � 0.1 kcal mol�14f


For �-methylstyrene our estimate based on ethylene
epoxidation may predict an activation barrier that is
systematically too low since the effect of electron
delocalization affects the orbital energies and the
epoxidation barrier to different extents.6 For isobutene,
a calculated barrier of 15.3 kcal mol�1 has been repor-
ted;4f our lower estimate takes mainly electronic effects
into account, but neglects steric interactions between
substituents. These deviations between computational
and experimental results are large and appear to be
systematic. In a separate study,17 we showed that solvent
effects lower activation barriers by 4–8 kcal mol�1,
bringing estimated and calculated barriers heights into
better agreement.


Finally, to relate gas-phase deprotonation energies to a
more commonly used experimental quantity, we point
out that the deprotonation energy �EDP can be linked to
the acid-proton dissociation energy in aqueous solution.
In fact, �EDP varies linearly with the (experimental) pKa


value of the percarboxylic acid (Fig. 6). pKa values are
difficult to determine computationally. However, if we
assume that all corrections which have to be applied to
the gas-phase value �EDP, such as solvent effects and
vibrational energy corrections, can be accounted for by
simply fitting to a database, then we find the expected
linear relationship between calculated �EDP and
measured pKa values15 (Fig. 6). In our database we
included experimental pKa values of compounds 2a (7.1)
and 2b (8.2)15b and of some organic and inorganic
compounds (Fig. 6). Via a second x-axis in Fig. 5 we
display how the activation barriers of percarboxylic acids
depend on the estimated pKa values.


+	���� /* 0��������� ���	 ��� �"≠ #��� ����$% �� ��������
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The (calculated) barrier heights of olefin epoxidation by
dioxiranes or percarboxylic acids can be rationalized by
reference to properties of the oxygen donors which may,
at least in principle, be obtained from experiment: the
energies of HF association as measure of the basicity of
dioxiranes and the pKa values or deprotonation energies
as measure of the acidity of percarboxylic acids.
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AG, Schlegel HB. J. Phys. Chem. A 1997; 101: 6092.


5. (a) Nelson DJ, Soundararajan R. Tetrahedron Lett. 1988; 29: 6207;
5(b) Shea KJ, Kim J-S. J. Am. Chem. Soc. 1992; 114: 3044.


6. Kim C, Traylor TG, Perrin CL. J. Am. Chem. Soc. 1998; 120: 9513.
7. Kresge AJ. Can. J. Chem. 1974; 52: 1897.
8. (a) Yudanov IV, Gisdakis P, Di Valentin C, Rösch N. Eur. J. Inorg.
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Rösch N. J. Org. Chem. 2000; 65: 2996; 8(c) Yudanov IV, Di
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ABSTRACT: The kinetics and mechanism of the Cr(VI) oxidation of D-fructose in the presence and absence of
picolinic acid (PA) in aqueous acid media were studied under the conditions [D-fructose]T �[Cr(VI)]T at different
temperatures. Under the kinetic conditions, the monomeric species of Cr(VI) was found to be kinetically active in the
absence of PA whereas in the PA-catalysed path, the Cr(VI)–PA complex was considered to be the active oxidant. In
this path, the Cr(VI)–PA complex undergoes a nucleophilic attack by the substrate to form a ternary complex which
subsequently experiences a redox decomposition through glycol splitting leading to the lactone of C5-aldonic acid
along with formaldehyde and the Cr(IV)–PA complex. The primary product formaldehyde undergoes further
oxidation (in part) to form formic acid. Then the Cr(IV)–PA complex participates further in the oxidation of D-
fructose and ultimately is converted into the inert Cr(III)–PA complex. In the uncatalysed path, the Cr(VI)–substrate
ester experiences an acid-catalysed redox decomposition (2e transfer) in the rate-determining step giving rise to the
products. The uncatalysed path shows a second-order dependence on [H�] whereas the PA catalysed path shows a
fractional order in [H�]. Both paths show a first-order dependence on [D-fructose]T and [Cr(VI)]T. The PA-catalysed
path is first order in [PA]T. All these patterns remain unaltered in the presence of externally added surfactants. The
effects of a cationic surfactant, N-cetylpyridinium chloride (CPC), and an anionic surfactant, sodium dodecyl sulfate
(SDS), on both the uncatalysed and PA-catalysed paths were studied. CPC inhibits both the uncatalysed and PA-
catalysed paths whereas SDS catalyses the reactions. The observed micellar effects are explained by considering a
distribution pattern of the reactants between the micellar and aqueous phases. The applicability of different kinetic
models, e.g. the pseudo-phase ion-exchange model, the Menger–Portnoy model and the Piszkiewicz cooperative
model, was tested to explain the observed micellar effects. The effect of [surfactant]T on the activation parameters
was explored to rationalize the micellar effect. Copyright  2001 John Wiley & Sons, Ltd.


KEYWORDS: kinetics; oxidation; catalysis; D-fructose; chromium(VI); picolinic acid; surfactants
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From the standpoint of the biochemical importance of D-
fructose in metabolic systems,1 its physico-chemical
properties in solution have been extensively studied.2 The
kinetics and mechanism of the oxidation of ketohexoses
by different transition metal ions have been reported.3


Different ketohexoses including D-fructose have been
subjected3c,e to kinetic studies of Cr(VI) oxidation in
aqueous acidic media. Because of the carcinogenic and
mutagenic activity of Cr(VI), the chemistry of chromium
in biological systems4 has become important to both
biochemists and inorganic chemists. It is believed that
reducing sugars including D-fructose play an important
role in monitoring the toxicity4 of chromium. Hence fresh
interest has arisen among kineticists to explore the kinetic


aspects5 of interaction of Cr(VI) with reducing sugars and
their different metabolic intermediates. This paper deals
with the kinetics and mechanism of the Cr(VI) oxidation
of D-fructose in the presence and absence of picolinic
acid (PA), which is unique5e,6,7 in catalysing the Cr(VI)
oxidation of organic substrates containing OH groups. D-
Fructose is basically a polyol but the reactivities of the
OH groups are markedly influenced by the adjacent
carbonyl group. Hence the effect of PA in the present
kinetic study is of interest. Micellar effects on both the
uncatalysed and PA-catalysed reactions were studied to
substantiate the proposed mechanism.


,-.,#��,'(�/


�������� ��� ��� ����! PA (Fluka) was used after
repeated crystallization from methanol (m.p. 136°C). D-
Fructose (SRL), K2Cr2O7 (BDH), sodium dodecyl sulfate
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(SDS) (SRL), N-cetylpyridinium chloride (CPC) (SRL)
and all other chemicals used were of highest purity
available commercially. Solutions were prepared in
doubly distilled water.


"�	#��$�� ��� ����# ����$�������! Solutions of the
oxidant and reaction mixtures containing known quantities
of the substrate (S) (D-fructose), catalyst (PA) {under the
conditions [S]T �[Cr(VI)]T and [PA]T �[Cr(VI)]T}, acid
and other necessary chemicals were separately thermo-
stated (�0.1°C). The reaction was initiated by mixing the
requisite amounts of the oxidant with the reaction mixture.
Progress of the reaction was monitored by following the
rate of disappearance of Cr(VI) by a titrimetric quenching
technique as discussed earlier.7 The pseudo-first-order rate
constants (kobs) were calculated as usual. Under the
experimental conditions, the possibility of decomposition
of the surfactants by Cr(VI) was investigated and the rate
of decomposition in this path was found to be kinetically
negligible. To circumvent the solubility problem, different
acids (HClO4 and H2SO4) were used to follow the effects
of the anionic surfactant and cationic surfactant (CPC).
The catalytic efficiencies of PA in aqueous H2SO4 and
HClO4 were compared. Errors associated with the
different rate constants and activation parameters were
estimated as usual.8


#,%*/(% �'� ��%+*%%�)'
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Under the kinetic conditions (i.e. [S]T �[Cr(VI)]T),
qualitative identification of the reaction products was
carried out by paper chromatography.5a,b,9 To characterize
the oxidation products of D-fructose, a series of aldopen-
toses and aldohexoses were oxidized with nitric acid and
bromine water10 separately and the purified products were
taken as the standards in the chromatographic procedure.
The aldonic acid (C5-acid) corresponding to arabinose was
identified as the main product of D-fructose oxidation.
Paper chromatography was effected by using butan-1-ol–
acetic acid–water (4:1:5) as eluent. Formaldehyde was
detected in the reaction mixture as such by the
chromotropic acid test.11 After reduction of the reaction
mixture with Zn–HCl, the solution was subjected to the
chromotropic acid test under identical conditions in a
control experiment, and the intensity of the colour (at
� = 570 nm) was found to be higher than that obtained
from the direct reaction mixture not subjected to reduction
with Zn–HCl. This indicates that formic acid is also
produced in part in the reaction mixture.


���������� 
� 0+�����1(


Both in the presence and absence of PA, under the


experimental conditions, [S]T �[PA]T �103[Cr(VI)]T,
and [PA]T �103[Cr(VI)]T, the rate of disappearance of
Cr(VI) shows a first-order dependence on [Cr(VI)]. In the
presence of surfactants, the first-order dependence on
[Cr(VI)] remains unaltered. The pseudo-first-order rate
constants (kobs) were evaluated from the linear plot of
log[Cr(VI)]t vs time (t) as usual.


���������� 
� 0.�1(


At [S]T = 0.017 mol dm�3 and [Cr(VI)]T = 1.13 �
10�3 mol dm�3, the effect of [PA]T on kobs was followed
in both aqueous HClO4 and H2SO4 media. The plots of
kobs vs [PA]T are linear (r �0.99) with positive intercepts
measuring the contribution of the relatively slower
uncatalysed paths (Fig. 1). The pseudo-first-order rate
constants [kobs(u)] directly measured in the absence of PA
agree well with those obtained from the intercepts of the
plots of kobs(T) vs [PA]T. The relevant equation is


kobs�T� � kobs�u� � kobs�c� � kobs�u� � kcat	PA
T �1�


The values of kcat with the activation parameters are
given in Table 1. During the progress of the reaction, PA
is lost owing to the formation of an inert Cr(III)–PA
complex. The nature of the dependence on [PA]T remains
unaltered also in the presence of the surfactants. Under
the condition [PA]T �[Cr(VI)]T during the progress of
the reaction, [PA]T remains more or less constant.


���������� 
� 0%1(


From the plot of kobs vs [S]T (Fig. 2), it is established that
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both the uncatalysed and catalysed paths show a first-
order dependence on [S]T, i.e.


kobs�c� � kobs�T� � kobs�u� � ks�c�	S
T �2�
kobs�u� � ks�u�	S
T �3�


In the presence of surfactants, the same dependence
pattern is also found. The values of ks(c) and ks(u) under
different conditions are given in Table 1.


���������� 
� 05�1


The acid concentration dependence patterns for the
uncatalysed and catalysed paths are different (Fig. 3).


From the experimental fit, the observations (in both the
presence and absence of SDS) are


kobs�u� � kH�u�	H�
2 �4�
kobs�c� � kobs�T� � kobs�u� � a	S
T	PA
T	H�
��b � m	H�
�


�5�


where a, b and m are constants, or


1�kobs�c� � b��a	S
T	PA
T	H�
�
� �m�a��1�	S
T	PA
T� �6�


The linear plots (Fig. 3) of kobs(u)/[H
�] vs [H�] and 1/


kobs(c) vs [H�] support the above equations.


(��	 �
� �����
��	���� �
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Under the experimental conditions, polymerization of
acrylonitrile was observed under a nitrogen atmosphere.


�������� 
� 	�� ����	�
�


In aqueous solution, D-fructose exists mainly as cyclic
hemiacetals which are in dynamic equilibrium with the
acyclic form (where C2 is present as a keto group). Of the
pyranoid and furanoid cyclic forms, the former is more
stable.12 Hence the preponderant form of the D-fructose is
�-pyranoid. Kinetically, the monosaccharides can be
considered as polyols in which the reactivities of alcohol
groups are expected to be increased by the presence of the
carbonyl group. In fact, in the case of oxidations by V(V),
the rate constant for hydroxyacetone is about 104


times3b,13 greater than that for glycol, but the rate
constants for D-glucose and D-mannose are only about 15
times3b,14 higher than that for glycol. A similar observa-
tion has been noted by us5e,15 for Cr(VI) oxidation of
glycols and D-glucose.


By considering the open-chain structures of the sugars,
it is reasonable to expect that the sugars should react
much faster than glycol. This decreased rate constant for
the sugars has been explained by some workers14 by
considering the fact that the oxidation goes predomi-
nantly through the open-chain form whose concentration
is very small. Thus the oxidation process needs the
conversion of cyclic forms into open-chain forms through
a dynamic pre-equilibrium step. The carbonyl group
present in the open-chain form will undergo hydra-
tion15,16 and the hydrated compound is kinetically
active.17 In fact, this pre-oxidative hydration step is well
documented17 for carbonyl compounds.


The apparent low reactivities3b,e (compared with the
pure acyclic compound, e.g. hydroxyacetophenone) of
the monosaccharides and the increase in the reactivity of


2�3��� 7 %
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the sugars with increase in the relative amount of the
open-chain form [e.g. for Cr(VI) oxidation, the rate
sequences D-galactose �D-mannose �D-glucose; D-ribose
�L-arabinose �D-xylose and D-fructose �L-sorbose
follow the same sequence of relative amounts of the
open-chain forms of the sugars] strongly indicate that the
kinetic path involving the open-chain form of the sugar
definitely makes a significant contribution to the overall
reaction. However, some workers have also pro-
posed3c,5a,b,9 the participation of the cyclic forms in the
redox reaction mechanism. It has been argued that in the
cyclic hemiacetal forms, the hydroxyl groups are better
exposed to interact with Cr(VI).5a Scheme 1 presents the
reaction mechanism by considering the �-pyranoid form
of D-fructose. In reality, the pseudo-first-order rate
constants are the sum contribution of each pyranoid and
furanoid form in addition to the possible contribution of
the open-chain form remaining in dynamic equilibrium
with the cyclic forms.


A � HCrO4
� � H� �K1


B � H2O �7�


B � H� �K2


BH� �8�


BH� �k1 product (P) � HCHO � Cr(VI) �9�


where A = cyclic form of �-D-fructose and


%���� 4 ��+��, 	-���	� 	
 �.
�$#�	�� � ��� �*���#� 	

"'


In Scheme 1, B denotes the Cr(VI) ester formed
through chelation. It is important to mention that the
intermediate ester could not be characterized and no
kinetic evidence for the intermediate ester formation was
available. However, such an ester formation mechanism
for the oxidation of alcohols is well documented.17,18 B
experiences acid-catalysed redox decomposition through
glycol splitting18 (i.e. splitting of the C—C bond) giving
rise to the lactone of the corresponding C5-aldonic acid
and formaldehyde. The acid-catalysed redox decomposi-
tion of C may be considered to involve protonation on the
oxygen of the Cr—O bond to generate BH� before the
electron movement. In fact, such protonation will favour
the electron movement towards the chromium centre. A
similar observation has been noted by Sala and co-
workers.5a,b It is worth noting that in the case of glucose,
no glycol splitting occurs. This is probably due to the fact


that for the cyclic �-pyranoid form of D-glucose, the
reactive OH groups are not suitably oriented for chelation
with Cr(VI). In the case of the �-form of D-glucose, the
equatorial HO-1 group is readily attacked by Cr(VI) to
generate the corresponding ester.9 The glycol splitting in
the case of D-fructose generates formaldehyde, which
may be further oxidized to formic acid. The Cr(IV)
generated may participate in the subsequent faster
reactions in different ways [Eqns. ((10)–(14))].9 It is
important to mention that Cr(IV) and Cr(V) intermediates
have also been argued18b as efficient oxidants to cause
glycol splitting.


Route I: Cr(IV) �Cr(VI)
2Cr(V) �S 2Cr(III) �10�


Route II: Cr(IV) �S Cr(III) � S� �11�


Cr(VI) �S
�


Cr(V) �S Cr(III) �12�


Route III: Cr(IV) �S Cr(II) �Cr(VI)
Cr(III)


� Cr(V) �13�


Cr(V) �S Cr(III) �14�


In the above routes S is a 2e reductant and S� is the
partially oxidized product. In both the Watanabe–
Westheimer mechanism19a (i.e. Route I) and Perez-
Benito Mechanism20 (i.e. route III), the title organic
substrate behaves as a 2e reductant throughout the
reaction sequence, but in the Rocek mechanism19b (i.e.
route I), the organic substrate acts as a 1e reductant
towards Cr(IV) and as a 2e reductant towards both Cr(VI)
and Cr(V). The Rocek mechanism has been widely
accepted for the Cr(VI) oxidation of many organic
compounds. Previously, the route involving Cr(II) (i.e.
Perez-Benito mechanism) was discarded because of the
instability of Cr(II), but in the recent past it has been
established20 that this mechanism operates for the
different organic compounds known to act as 2e
reductants toward Cr(VI). It has been suggested that in
such cases, Cr(IV) is reduced to Cr(II) through a hydride
transfer mechanism. By considering the oxidation of D-
fructose to formaldehyde and the lactone of C5-aldonic
acid, Scheme 1 leads to the following rate equation:


kobs�u� � �2�3�k1K1K2	S
T	H�
2 �15�


For the PA-catalysed path, Scheme 2 is reasonable to
explain the findings. Here, PA readily forms a reactive
cyclic Cr(VI)–PA complex (D) which is the active
oxidant. Under the experimental conditions, the first-
order dependence on [PA]T is strictly maintained
throughout the range of [PA]T used. Hence it is reason-
able to conclude that the equilibrium constant for the
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reaction leading to the cyclic Cr(VI)–PA complex is low.
In the next step, the Cr(VI)–PA complex reacts with the
substrate to form a ternary complex (E) which experi-
ences a redox decomposition through glycol splitting
with a rate-limiting step giving rise to the organic
products and the Cr(IV)–PA complex. Then the Cr(IV)–
PA complex may participate in the next faster steps as
outlined for the uncatalysed reactions.


%���� 7 ��#�����# ����#�� 	
 ��+��, 	-���	� 	
 �.

�$#�	�� � ��� ������#� 	
 "'


By considering the glycol splitting as the main
reaction, Scheme 2 leads to the following rate equation
under the steady-state conditions of the ternary complex
E:


kobs�c� � �2�3��KaK3k2k3	PA
T	S
T	H�
2����k�2	H�

� k3��	H�
 � Ka�� �20�


Neglecting Ka (= 0.025 mol dm�3 at 25°C)21 compared
with [H�] (= 0.45 –1.20 mol dm�3), Eqn. (20) reduces to


kobs�c� � �2�3��KaK3k2k3	PA
T	S
T	H�
���k�2	H�
 � k3�
� kcat	PA
T �21�


which explains the hydrogen ion dependence. Equation


(21) conforms to the experimentally observed equation
[Eqn. (5)]. Comparison of Eqns (5) and (21) leads to
a = (2/3)(KaK3k2k3), b = k3 and m = k�2. Polymerization
of acrylonitrile under the experimental conditions was
observed in both the presence and absence of PA.
Probably the reaction between formaldehyde and Cr(IV)
produced in the first step initiates acrylonitrile polymer-
ization. In terms of the Rocek mechanism,19b it is
believed that Cr(IV) acts as a 1e oxidant towards the 2e
reductant giving rise to the organic free radical which
initiates the polymerization. On the other hand, according
to the Perez-Benito mechanism,20 Cr(IV) reacts with the
2e reductant through a hydride ion transfer mechanism
yielding Cr(II) and a carbocation centre, which is
responsible22 for acrylonitrile polymerization.


The different rate parameters for both the uncatalysed
and catalysed paths are given in Table 1. To represent
the rate constants in the presence of surfactants, the
subscripts CPC and SDS are used and for the values in
the absence of surfactants the subscript W is used. The
catalytic efficiency of PA is believed to be due to the
enhanced ECr(VI)/Cr(IV) and ECr(VI)/Cr(III) potentials in
the presence of PA. The catalytic efficiency measured
by keff [= kobs(c)/kobs(u)] at 0.04 mol dm�3 and
H� � 0.5 mol dm�3 is about 10 (cf. Table 1), which is
considerably lower than for acyclic alcohol oxidation.6a


The highly negative value of �S �� is inconsistent with the
proposed cyclic transition state for glycol splitting (cf.
Scheme 2).


,����	 
� +.+


CPC, a representative cationic surfactant, is found to
retard both the uncatalysed and catalysed paths. The plot
of kobs vs [CPC]T (Fig. 4) shows a continuous decrease
and finally it tends to level off at higher concentrations of
CPC. This observation is similar to that observed by
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Bunton and Cerichelli23 in the oxidation of ferrocene by
Fe(III) salts in the presence of cationic cetyltrimethy-
lammonium bromide (CTAB). Similar observations have
also been noted by Panigrahi and Sahu24 in the oxidation
of acetophenone by Ce(IV) and by Sarada and Reddy25


in the oxalic acid-catalysed oxidation of aromatic azo
compounds by Cr(VI) in the presence of SDS. In the
uncatalysed path, the neutral Cr(VI)–substrate ester
formed [cf. Eqn. (7)] can be partitioned in the micellar
pseudo-phase of the surfactant but the cationic surfactant
repelling H� needed for the redox decomposition of the
ester [cf. Eqn. (8)] inhibits the reaction. The Cr(VI)–ester
species is likely to be present in the Stern layer. It may be
noted that for the uncatalysed reaction, the other species
H2CrO4 and/or substrate (i.e. D-fructose) may also be
partitioned in the micellar interphase. Simultaneous
partitioning of both H2CrO4 and substrate is equivalent
to the partitioning of the Cr(VI)–ester. In the PA-
catalysed path, CPC restricts the positively charged
Cr(VI)–PA complex [cf. Eqn. (17)] in the aqueous phase
and thus the accumulated neutral substrate in the micellar
phase cannot participate in the reaction. Hence in both the
uncatalysed and PA-catalysed paths the reaction is
mainly restricted to the aqueous phase.


To interpret the observed kinetic data, the applicability
of the pseudo-phase kinetic model proposed by Menger
and Portnoy26 may be considered. This model considers
the partitioning of one reactant between the aqueous and
micellar phases and leads to the following rate equation:


kobs � �kw � kmKB	Dn
���1 � KB	Dn
� �22�


where kw and km are the first-order rate constants in the
aqueous and micellar phase, respectively, and include the
concentration of the other reactant in these pseudo-
phases. KB gives the measure of the binding constant of
the reactant (which is partitioned) with the micelles. [Dn]
is the concentration of the micelles and is related to the
stoichiometric concentration of the surfactant ([D]T),
critical micellar concentration (cmc) and the aggregation
number (N), i.e. [Dn] = ([D]T � cmc)/N. Equation (22)
leads to


1��kw � kobs� � 1��kw � km� � �N�KB�
�1��	D
T � cmc���1��kw � km�� �23�


�kw � kobs���kobs � km� � P


� �KB�N�	D
T � �KB�N��cmc� �24�


To deal with Eqns (23) and (24) one requires the
knowledge of the cmc, which is not available under the
present kinetic conditions. However, by taking the
literature value27 of cmc (= 8 � 10�4 mol dm�3) under
comparable conditions at 35°C, the plot of 1/(kw � kobs)
vs 1/([D] � cmc) is linear (Fig. 5) at fixed concentrations
of the other reactants. This leads to km � 0 for both kobs(u)


and kobs(c). Taking km � 0, Eqn. (22) takes the form


1�kobs � 1�kw � �KB�N���	D
T � cmc��kw� �25�


The linearity of the plot of 1/kobs vs ([D]T � cmc) was
verified (not shown) and indicates that the reaction occurs
predominantly in the aqueous phase. The kw value
obtained from the intercept agrees well with the
experimentally observed value. The magnitude of the
binding constant (KB/N) indicates the depletion of the
concentration of the reactant (which may be either the
neutral Cr(VI)–substrate ester complex or substrate) in
the aqueous phase. This brings about a lowering of the
rate with increasing surfactant concentration. In fact, the
reaction is strongly acid catalysed, but H� ions are not
available in the cationic micellar phase produced by CPC
owing to electrostatic repulsion. Consequently, the
reaction cannot proceed in the micellar phase even when
Cr(VI)–substrate ester [which needs H� for its redox
decomposition, cf. Eqn. (9)] is absorbed in the micellar
pseudo-phase.


The rate data in the presence of surfactants were
subjected to the Piszkiewicz model28 analogous to the
Hill model applied to the enzyme-catalysed reactions.
The Piszkiewicz model relates cooperativity between the
neutral species and surfactant to aggregate to form the
reactive micelles and its contribution to the rate is given
by


log	�kobs � kw���km � kobs�
 � log P
� n log	D
T � log KD �26�
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where KD is the dissociation constant of micellized
surfactant back to its components and n is the index of
cooperativity. The advantage of Eqn. (26) is that it does
not require the knowledge of the cmc of the surfactant
used. This helps a larger number of data to come under
the purview of analysis. Although Eqn. (26) was
originally developed for micelle-catalysed reactions
showing a maximum rate followed by inhibition, the
model has been applied by different workers24,25,29 to
explain the micellar effect in which the reaction is
inhibited or catalysed by the micelle over the whole range
as observed in the present system. By using Eqn. (26), i.e.
the plot of log P vs log[D]T (Fig. 6), the different
parameters n, log[D]50 (where log[D]50 represents the
concentration of surfactant required for half-maximum
catalysis or inhibition) and logKD have been determined
(cf. Table 2). The calculated log[D]50 values conform
well with the experimentally observed values. The values
of n = 1–2, far less than the aggregation number (20–100)
of the surfactant molecules28 leading to micelles, indicate
the existence of catalytically productive submicellar
aggregates. The non-integral values of n indicate the
existence of multiple equilibria in the formation of
catalytically active submicellar aggregates. When the
interaction (measured by �logKD) is fairly high, it is
appropriate to consider n as representing the average
stoichiometry of the detergent–reactant aggregate. The
simultaneous applicability of the different kinetic models
(i.e. Menger–Portnoy model26 and Piszkiewicz model28)
based on different mathematical assumptions is not
surprising. In fact, both of these models lead to similar
final equations [Eqns (24) and (26)]. From the effect of


[CPC]T on the activation parameters (Fig. 7), it is evident
that the rate retardation in the presence of CPC mainly
arises due to the higher �H �� values.


,����	 
� %�%


SDS, a representative anionic surfactant, catalyses both
the uncatalysed and PA-catalysed paths. In the PA-
catalysed path, the rate acceleration arises owing to the
preferential partitioning of the positively charged
Cr(VI)–PA complex (by electrostatic attraction) and
neutral substrate in the micellar interphase. Thus SDS
allows the reaction to proceed in both aqueous and
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Effect of CPC


Parameters
PA


absenta
PA


presentb
Effect of


SDSg


Log(KB/N) 2.32c


2.30d


2.30e


�LogKD 2.68f 2.85 2.61
n 1.2 1.35 1.8
�Log[D]50 (calculated) 2.23 2.13 1.45
�Log[D]50 (found) 2.20 2.10 1.4


a In the absence of PA [i.e. kobs(u)]: [Cr(VI)]T = 2 � 10�3 mol dm�3,
[S]T = 0.07 mol dm�3, [H2SO4] = 1.0 mol dm�3.
b For PA-catalysed path [i.e. kobs(c)]: [Cr(VI)]T = 1.13 �
10�3 mol dm�3, [S]T = 0.04 mol dm�3, [H2SO4] = 1.0 mol dm�3, [PA]T
= 0.02 mol dm�3.
c cf. Eqn. (23).
d cf. Eqn. (24).
e cf. Eqn. (25).
f cf. Eqn. (26).
g In the absence of PA [i.e. kobs(u)]: [Cr(VI)]T = 2 � 10�3 mol dm�3,
[S]T = 0.03 mol dm�3, [H2SO4] = 1.0 mol dm�3.
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micellar interphases. In the absence of PA, binding of
H2CrO4 (kinetically active species30a,b) and substrate to
the SDS micelles has been argued by different work-
ers.30c,d However, the possibility of partitioning of the
neutral Cr(VI)–substrate ester [cf. Eqn. (7)] into the
micellar phase cannot be ruled out. However, simulta-
neous partitioning of H2CrO4 and substrate is equivalent
to the partitioning of Cr(VI)–substrate ester. Hence it
leads to higher local concentrations of both the reactants
at the micelle-water interphase compared with their
stoichiometric concentrations. The H� ions needed for
the reactions are also preferably attracted to the micellar
phase. Thus SDS allows the reaction in both the phases
with a preferential rate enhancement in the micellar
phase. The observed catalysis can be explained by
considering the pseudo-phase ion-exchange (PIE) mod-
el,31 which considers the micellar and aqueous phase as
two distinct phases and in the present system the title
redox reaction occurs in both the phases. The reaction is
acid catalysed and the corresponding exchange equi-
librium between H� ion and Na� ion at the micellar
surface is


HW
� � NaM


� � HM
� � NaW


� �27�


The ion-exchange equilibrium constant (Kex
H) is defined


as


Kex
H � 	HM


�
	NaW
�
�	HW


�
	NaM
�
 �28�


where the subscripts M and W denote the micellar and
aqueous phase, respectively. The concentrations are
expressed in terms of the total solution volume and it is
further assumed that the activity coefficient ratios,
�M(Na�)/�M(H�) and �W(Na�)/�W(H�), are each equal
to unity. Considering the competition between Na� and
H� only, the overall micellar binding parameter is given
by


� � mH � mNa � 	HM
�
�	Dn
 � 	NaM


�
�	Dn

� �	HM


�
 � 	NaM
�
��	Dn
 �29�


Thus, � gives the fraction of micellar head-groups
neutralized. [Dn] gives the micellized surfactant concen-
tration, i.e. [Dn] = [SDS]T � cmc. The various concentra-
tion terms are expressed as [HM


�] = mH[Dn], [HW
�] =


[H�]T � [HM
�] = [H�]T � mH[Dn], [NaW


�] = [Na�]T �
[NaM


�] = [Na�]T � (�� mH)[Dn] and [NaM
�] = [Na�]T �


[NaW
�] = (�� mH)[Dn].


The ion-exchange equilibrium constant can be ex-
pressed as:


Kex
H � mH�	Na�
T � �� � mH�	Dn
����


� mH��	H�
T � mH	Dn
� �30�


On rearrangement Eqn. (30) yields


�mH�2�Kex
H � 1�	Dn
 � mH�Kex


H	H�
T � 	Na�
T
� �	Dn
�Kex


H � 1�� � Kex
H�	H�
T


� 0 �31�


Thus [HM
�] (= mH[Dn]) can be calculated by using Eqn.


(31). The positively charged Cr(VI)–PA complex is the
active oxidant (Ox�) in the PA-catalysed path and it may
also participate in a similar exchange equilibrium:


OxW
� � NaM


� � OxM
� � NaW


�� Kex
Ox �32�


The magnitude of [OxM
�] can also be calculated by using


the analogous equation [cf. Eqn. (31)] involving Kex
Ox.


For H� ions, Kex
H is close to unity.30d,32 This indicates


that there is no specific interaction of H� ions or Na� ions
with the micellar surface and consequently these ions are
statistically distributed between the aqueous and micellar
phases. If Kex


H → 1, then Eqn. (31) leads to


	HM
�
 � �	H�
T�	Dn
���	H�
T � 	Na�
T� �33�


The value of � has been found to be in the range 0.6–0.85
from conductivity measurements.30d,31 It is evident that
[HM


�] increases with increase in [Dn]. It is important to
mention that the change in polarity of the medium
(specifically in the intermicellar zone in which the
reactants are positioned) with the addition of surfactant
may also influence the observed micellar effect.30d From
the plot of kobs vs [SDS]T (not shown), it is evident that
the rate initially increases, but it tends to level off at
higher [SDS]T. In fact, an increase in [SDS]T increases
the micellar counterions (i.e. Na�) which may displace
H� and Ox� ions, from the micellar surface to drive the
equilibria (27) and (32) to the left. This reduces [HM


�] and
[OxM


�] to inhibit the rate process in the micellar phase.
Owing to these opposing factors (i.e. dilution of all
reactants over micelles at higher [SDS]T), kobs initially
increases with increase in [SDS]T, but it attains a limiting
value at higher [SDS]T.
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ABSTRACT: The aim of this work was to explore the synthesis of a tosylated derivative of diprenorphine (DPN) able
to be radiolabeled with either fluorine-18 or iodine-123, making it suitable for PET or SPECT imaging studies of
central opioid receptors, respectively. The strategy was based on the reactivity of the C-19 alcohol tertiary function.
As an unexpected deacetylation of the phenolic function of the diprenorphine occurred, the prosthetic group reacted
with the deprotected C-3 phenolic function instead of the C-19 alcohol group. UV spectroscopy and 1H and 13C NMR
studies provided good evidence for the 3-phenolic substituted diprenorphine structure. Thorough 2D NMR
experiments such as 1H–1H COSY, 1H–1H TOCSY, 1H–13C HMQC, 1H–13C HMBC and 1H–1H NOESY allowed us
to assign fully 3-O-[(Z)-4-fluorobut-2-enyl] diprenorphine (10a) and gave us an unambiguous proof of the C-3
prosthetic group position. In vitro binding studies showed low affinity for both fluoro and iodo derivatives of
diprenorphine, Ki = 0.31 � 0.05 and 0.09 � 0.03 �M, respectively, for mouse brain membranes, these inhibition
constants also being in agreement with a 3-phenolic substituted structure. Copyright  2001 John Wiley & Sons, Ltd.


KEYWORDS: radiopharmaceutical compounds; diprenorphine; opioid receptors; nucleophilic halogenation; NMR;
structural determination


)
 �*+,- )*



In order to understand more thoroughly the role and the
functions of the opioid receptors and their interactions
with effectors in vivo, the development of metabolically
stable non-peptidic ligands with high affinity and good
penetration in the central nervous system is a research
area in constant development. Opioid receptors are
widely distributed in mammalian systems, both in the
central nervous system,1 and at the periphery.2 It is
generally thought that stimulation of � receptors leads to
analgesic effects, respiratory depression, euphoria and
physical dependence,3 whereas � receptors, when
stimulated, produce analgesia;4 � receptors play a role
in spinal analgesia but are involved in other biological
processes such as immune response.5


In recent years, positron emission tomography (PET)
has emerged as an important technique for studying


opioid receptors in animals and humans6 to explore their
clinical involvement in several diseases such as epi-
lepsy,7 pain,8 drug addiction9 and dyskinesia.10 Dipre-
norphine (DPN) or 6,14-endo-etheno-oripavines (Fig. 1),
a universal opioid antagonist displaying a high affinity
for �, � and � opioid receptors, has been used for imaging
opioid receptors in living humans by PET using
[11C]diprenorphine11 and N-([18F]fluoropropyl) nordi-
prenorphine.12 Other selective ligands, such as [11C]car-
fentanil13 and [11C]methylnaltrindole14 have also been
used for PET imaging of � and � opioid receptors
respectively. Studies of iodinated oripavine analogues for
performing in vivo exploration of the opioid receptors by
single photon emission computed tomography (SPECT)
have been reported. Musachio and Co-workers have
reported the synthesis of two 6-O-iodoallyl- and N-
iodoallyldiprenorphine analogues from thebaine in eight
steps for the SPECT study of opioid receptors.15 This
approach implies modification of the environment of the
6-methoxy and 17-cyclopropylmethyl groups, which play
a very important role in pharmacological effects of
6,14-endo-ethenomorphinan derivatives or oripavines.16


On the other hand, the introduction of an iodine atom at
the ortho position of the phenolic group in diprenorphine
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by using the classical direct electrophilic radioiodination
technique resulted also in a lowered affinity and a
diminished pharmacological efficiency.17 It is well
known that the free phenolic group is essential in
morphine, 4,5-epoxy-6,14-ethenomorphinan and naltrin-
dole18 derived agents for enhancing both anti-nociceptive
effects and opioid receptor binding affinity in the study of
the human cerebral central nervous system with PET and
SPECT imaging. Therefore, radiolabelling of sites
removed from the aromatic ring seems to be the most
appropriate approach for derivatization.


We report here our approach to introduce a prosthetic
group at the C-19 position through the reactivity of the
tertiary alcohol group. This prosthetic group functiona-
lized by a tosyl function could be suitable for developing
nucleophilic substitution for iodination (SPECT studies)
and fluorination (PET studies).
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The choice of a radioligand which is metabolically stable
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in neuronal tissues and exhibits a high degree of specific
binding to receptors in vivo and low non-specific binding
is an essential prerequisite for obtaining quantitative and
meaningful measurements of receptor–ligand interac-
tions from PET data.


���������


The synthetic strategy is based on the functionalization of
the 3-acetylated diprenorphine 2 using the (Z)-4-(tert-
butyldiphenylsilyloxy)but-2-en-1-ol-p-toluenesulfonate
5 as prosthetic group (Fig. 2). This reactant, obtained
from the commercially available (Z)-but-2-en-diol 3 in a
two-step procedure, involved the protection of one of the
two alcoholic functions to afford the (Z)-4-(tert-butyl-
diphenylsilyloxy)but-2-en-1-ol 4 followed by the
tosylation of the second alcoholic function with p-
toluenesulfonyl chloride (Scheme 1). This compound 5
can be stored for up to 6 months at �20°C without any
decomposition.


Prior to carrying out the functionalization of diprenor-
phine, this strategy requires a regiospecific protection of
the phenolic group (Scheme 2). This was realized
quantitatively by acetylation of diprenorphine 1 with a
large excess of acetic anhydride in the presence of


triethylamine in THF solution, leading only to the 3-
acetyldiprenorphine derivative 2 as a white crystalline
solid. During the key introduction step of silyloxy alkenyl
moiety to the C-19 tertiary alcohol group by reaction of 2
with the tosylate 5 using NaH as a base, an unexpected
deacetylation occurred, evidenced by the disappearance
of the signals of the acetyl group in the 13C NMR
spectrum of the final product obtained after 4 h of
reaction. Before performing the specific deprotection of
the tert-butyldiphenylsilyl group with HF–pyridine
mixture, a second acetylation of the phenolic group was
needed to protect this phenolic function, which might
react concurrently with the primary alcoholic group
during the final tosylation step. The well-known acetyla-
tion procedure of the phenolic group was run unsuccess-
fully. The observed lack of reactivity seemed to indicate
that the phenolic function was linked to the prosthetic
group yielding 6. The C-3-substituted diprenorphine will
be demonstrated unequivocally further by NMR struc-
tural analysis.


The 3-O-[(Z)-4-(p-toluenesulfonate)but-2-enyl] dipre-
norphine 8 was obtained from tosylation of the 3-O-[(Z)-
4-hydroxy-but-2-enyl] diprenorphine 7 obtained in two
different ways: either after silyl deprotection of 6 or
directly using a longer reaction time (�10 h) for the
coupling reaction 5 � 2 where desilylation occurred
yielding compound 7 directly. The next steps were
focused on the reactivity of the tosylate precursor with
KF or NaI. The originality of this unique precursor
permits labelling with either fluorine or iodine in good
yields making it very suitable for radiolabelling with
fluorine-18 or iodine-123.


,1 ��������


Diprenorphine contains two ionizable sites in aqueous
solution. Their pKa values may be estimated from
previous studies18 on buprenorphine to be 8.24 and 10
for the ammonium and phenol groups, respectively.
Buffer solutions were prepared to give two solutions with


������ �0 #	�������	��� ���	�	 �3 ���� �4565789:5,5;�������5*5	��<
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pH 6.9 and 11.0. Diprenorphine and 10a were diluted
with ethanol to obtain 10�2 M solutions. Aliquots (50 �l)
of the 10�2 M ethanolic solution of diprenorphine or 10a
were added to each buffer (3 ml). Spectra for each
compound (1.7 � 10�4 M) in the two buffer solutions
were recorded between 250 and 350 nm. The UV
absorption spectrum of diprenorphine showed a batho-
chromic shift of 13.5 nm related to the two pH-dependent
forms [non-ionized (�max = 286.5 nm) or ionized (�max =
300 nm)] of the phenolic group, whereas the spectrum of
10a was independent of the pH of the buffers. These data
showed that the phenolic OH function of the diprenor-
phine derivative 10a is substituted, and strongly suggest
that the (Z)-4-(tert-butyldiphenylsilyloxy)but-2-en-1-ol-
p-toluenesulfonate prosthetic group 5 reacted with the
phenolic group instead of the C-19 tertiary alcoholic
function of the diprenorphine.



�� ��������


NMR spectral assignments of fluorinated diprenor-
phine 10a in deuterochloroform were mainly obtained
from 2D homonuclear experiments such as 1H–1H
correlation spectroscopy (COSY), 1H–1H total correla-
tion spectroscopy (TOCSY), 2D heteronuclear 1H–13C
multiple quantum correlations experiments (HMQC)
(1J1H–13C inverse correlations), heteronuclear multiple
bond correlations (HMBC) (J1H–13C inverse correla-
tions) and 2D 1H–1H nuclear Overhauser effect
spectroscopy (NOESY), which allowed us to observe
numerous dipolar (through-space) couplings between
protons.


The numbering scheme and stereochemical designa-
tions for 10a are given in Fig. 3. Our analysis of proton–
proton couplings and proton–carbon connectivities by
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different homo and hetero 2D scalar correlation experi-
ments for the core of the molecule 10a (Table 1) were in
agreement and similar to those established by Mazza et


al.19 for the diprenorphine and are therefore not described
in detail here. Stereochemical and conformational
features of 10a, in particular the piperidyl and cyclopro-


������ !0 0��� ���	��� �
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� �5� 8F G ): �
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Position �13C (ppm) �1H (ppm) J(H–H), J(H–F) and J(C–F) (Hz)


1 119.3 6.71 d J(H1–H2) = 8.1
2 116.9 6.54 d J(H2–H1) = 8.1
3 140.0
4 147.7
5 97.3 4.42
6 80.6
7 48.0 1.93 t J(H7–H8) = 10.8
8 32.5 1.08(�) dd J(H8�–H8�) = 13.4, J(H8�–H17) = 3.9


2.87(�) ddd
9 58.2 3.03 d J(H9–H10�) = 6.6


10 22.8 2.23(�) dd J(H10�–H10�) = 17.7
3.00(�) d


11 130.0
12 133.2
13 47.0
14 36.0
15 35.7 2.04(ax) td J(H15eq–H15ax) = 12.8, J(H15ax–H16eq) = 5.6,


1.67(eq) dd J(H15ax–H16ax) = 12.8
16 43.8 2.27(ax) dd J(H16eq–H16ax) = 11.9, J(H15eq–H16eq) = 1.5,


2.64(eq) td J(H15eq–H16ax) = 3.1
17 30.1 1.06(anti) m


0.76(syn) m
18 17.7 1.85-1.74 m
19 77.6 5.08 (OH) s
20 30.0 1.21 s
21 25.0 1.39 s
22 60.0 2.39 dd J(H22–H22�) = 12.5, J(H22–H23) = 5.9,


2.26 dd J(H22�–H23) = 6.9
23 9.6 0.81 m
24 3.5 0.51(anti) m


0.11(syn) m
0.51(anti) m


25 4.4 0.11(syn) m
26 52.8 3.55 s
27 66.1 4.77–4.73 m J(H27–F) � 3
28 130.1 5.93 m J(C28–F) = 9.8, J(H28–F) � 3
29 127.6 5.84 m J(C29–F) = 19.5, J(H29–F) = 15
30 79.1 5.09–5.00 m J(C30–F) = 160, J(H30–F) = 47
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pyl rings, also confirmed the results reported by the same
authors.


We then had to identify and localize the site where the
prosthetic group is linked. Its identification was obtained
by 2D COSY and TOCSY experiments. First, a new spin
system appeared at a downfield position showing
correlations from H-27 to H-30. The fluorine atom was
clearly identified to be linked to the C-30 carbon which
exhibit a 1JC–F coupling of 160 Hz. We also observed
2JH30–F couplings of 47 Hz. Characteristic patterns of two
ethylenic protons were observed at 5.93 and 5.84 ppm,
taking into account the H–F couplings. These results are
summarized in Table 1. The second point was to
determine unambiguously the position of this prosthetic
group by using two different methods. The first was based
on heteronuclear long-range correlations. The HMBC
experiment exhibits a 3J correlation between C-3 and
H-27 (Fig. 4), justifying the incorporation of the
prosthetic group at the phenolic position. We can also
note a 2JC19–OH19 correlation in the HMBC experiment,
confirming that the C-19/OH-19 position is unmodified
(Fig. 4). The second method used was based on dipolar
connectivities. The NOESY experiment clearly showed
H-2/H-27 dipolar correlation (Fig. 5), giving additional
proof that substitution took place on the aromatic ring
through the oxygen atom of the phenolic group.


������� 3������ ������


The inhibition constant for the binding affinity of dipre-
norphine to opioid receptors in mouse brain membrane
preparations have been reported to be 0.2 � 0.16 nM20 (in
this report it is claimed that successful attachment at C-19
of an iodo-containing prosthetic group leads to a
derivative with a high affinity to opioid receptors;
thorough rexamination of these results led to conclusions
in perfect agreement with those reported in this paper
both on the regioselectivity of the attachment and on the
affinity), while the derivatives 10a and 10b displayed a
very reduced affinity Ki = 0.31 � 0.05 and 0.09 �
0.03 �M, respectively. These results are in agreement
with the studies on naltrindole reported by Rice and co-
workers,21,22 where the masking of the 3-phenol caused a
decrease (1/1000) in the binding affinity of opioid
receptors.
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The choice of a tosylated derivative of DPN seems to
offer a very good opportunity to develop radioligands
able to be labelled with either iodine-123 or fluorine-18
for SPECT or PET imaging.


Unfortunately, the attachment of the prosthetic group
at the 3-position of diprenorphine led to dramatic
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reduction in the binding ability of the opioid receptors,
indicating the essential role of the phenolic group for the
ligand binding to the opioid receptors.19 The phenolic
group seems to be a message component that is
responsible for signal transduction in the message-
address concept reported by Portoghese.23 The very low
specific binding demonstrated by this compound indi-
cates that it may be not useful for in vivo imaging of
opioid receptors with PET.


New synthetic strategies are currently under way in
order to establish the synthesis of compounds functiona-
lized at the C-19 carbon atom of the diprenorphine.


%7$%�)�%
 /.


L		���= IR spectra were recorded on a Perkin-Elmer
1725X apparatus as KBr pellets or in CHCl3 solution. 1H
NMR spectra were recorded at 200.13 MHz, 13C spectra
at 50.32 MHz and 19F spectra at 372.42 MHz using
Bruker spectrometers. Chemicals shifts are given in parts
per million (�) downfield from tetramethylsilane as
internal standard and coupling constants are given in
hertz. The following abbreviations are used: s, singlet; d,
doublet; t, triplet; q, quartet; m, multiplet; and br, broad.
Mass spectra were recorded using a VG 2AB-SE double-
focusing mass spectrometer and chemical ionization
mass spectra (CIMS) were obtained using a Nermag R-10
mass spectrometer. Microanalyses were obtained using a
Perkin-Elmer 2400 CHN elemental analyser. Analytical
TLC was carried out on Merck Kieselgel 60254 plates and
the spots visualized using a Vilbert–Lourmat UV lamp.
Flash chromatography was effected using Merck Kiel-
selgel 60 (15–40 �m).


"�#= A 4.7 mg amount of 10a was dissolved in 0.5 ml of
100% deuterated chloroform (Eurisotop, CEA, Saclay,
France). Spectra were recorded on a Bruker ARX-400
NMR spectrometer operating at 400.13 MHz for 1H and
100.61 MHz for 13C, equipped with a Bruker Aspect
Station 1 computer and an inverse 1H/broad band
z-gradient probe. Data were processed on an SGT 02
workstation using Bruker WINNMR 2.1 software. All
NMR experiments were performed at 298 K using
standard pulse sequences (using z-gradient when possi-
ble) of the Bruker library. 1H spectra were referenced to
the CHCl3 residual solvent resonance taken at 7.27 ppm,
downfield from SiMe4 (TMS). TOCSY experiments
using the MLEV17 sequence for spin locking and mixing
times of 50 and 100 ms (9 kHz) were performed to
identify short- and long-range coupling. NOESY experi-
ments was carried out with a mixing time of 1 s. 2D
spectra (except COSY) were obtained with quadrature
phase detection in both dimensions using the TPPI
method in the indirect dimension. 4096 points were
acquired in the F2 dimension for each 256 (512 for COSY
experiments) complex points in the F1 dimension, and 16


free induction decays (four for COSY) were accumulated
with a relaxation delay of 2 s. Spectra were apodized with
differents functions (COSY with a non-shifted sine-bell
function in both dimensions, TOCSY and the NOESY
with a �/2-shifted sine squared function in both
dimensions). 13C spectra were referenced to the central
CDCl3 resonance taken at 77.2 ppm, downfield from
TMS. For the HMQC experiment the following par-
ameters were used: 128 experiments with 4096 data
points and 16 scans each were recorded. The linear
prediction method was used to increase the F1 dimension
resolution giving rise after zero filling to a 4096 � 1024
point matrix. �/4-shifted sine squared functions were
applied to both dimensions before Fourier transforma-
tion.


#	�	/��� ��
�� ������= Mouse brains minus the
cerebellum obtained by decapitation were dissected and
homogenized (Potter) in 12 ml of ice-cold Tris–HCl
buffer (50 nM, pH 7.4). The cerebral homogenates were
centrifuged at 100000 g at 4°C for 35 min and the
resultant pellets were rehomogenized in the same buffer
and volume and recentrifuged. The final pellets were
resuspended in Tris–HCl buffer and kept at �80°C. The
binding assay was performed by incubating 100 �l of the
crude mouse brain membrane preparation containing a
fixed amount of protein (0.5 mg) with different concen-
trations of the labelled 3-O-[(Z)-4-fluorobut-2-enyl]
diprenorphine 10a and 3-O-[(Z)-4-iodobut-2-enyl] dipre-
norphine 10b by competition–inhibition with 1.17 nM


[3H]diprenorphine (specific activity 66 Ci mmol�1) in a
total volume of 1 ml of Tris–HCl buffer. The assay
mixture was incubated for 60 min at 25°C, and the
samples were rapidly filtered through Whatman GF/B
glass-fibre filters prewetted with assay buffer and washed
twice with 5 ml of ice-cold assay buffer. The filters were
then added to 5 ml of scintillation cocktail and the
samples were allowed to equilibrate for 6 h before
counting. The non-specific binding was defined in the
presence of 10 �M of levorphanol. The amount of bound
radioactivity was determined by liquid scintillation
spectrometry using a TR1-CARB 1600 TR liquid
scintillation counter (Packard) with an efficiency for
tritium of approximately 80%. Saturation bindings,
Scatchard and competition experiments were analysed
with the integrative non-linear least-squares curve-fitting
program Prism. All binding assay values were deter-
mined by using the same mouse brain preparation
performed with each tube in triplicate. Scatchard’s
transformation of the binding data was treated to obtain
values for the inhibition constant (Ki). 3-O-[(Z)-4-
Fluorobut-2-enyl] diprenorphine 10a and 3-O-[(Z)-4-
iodobut-2-enyl] diprenorphine 10b at different concen-
trations, ranging from 10�6 to 10�12 M, were studied to
assess their suitability for binding opioid receptors by
competition–inhibition with 1.17 nM [3H]DPN in mouse
brain membrane homogenates.
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89:5,58�	��5�����
�/�	��������D�:���5*5	5�5�� 86:=
Under a nitrogen atmosphere, n-butyllithium 1.6 M in
hexane (23 ml, 36.8 mmol) was added with stirring to a
cooled (�78°C) solution of (Z)-butene-1,4-diol (3.2 g,
36.3 mmol) in THF (56 ml). When the initial vigourous
reaction had subsided, tert-butyldiphenylsilyl chloride
(10 g, 36.4 mmol) was added dropwise over 5 min. The
resulting mixture was then allowed to warm to room
temperature and stirred for 30 min. The white mixture
was boiled under reflux for 4 h. The THF was removed
under reduced pressure and the product was extracted
with diethyl ether (2 � 20 ml), dried over magnesium
sulfate and concentrated under reduced pressure. Puri-
fication by flash chromatography gave (Z)-4-(tert-butyl-
diphenylsilyloxy)but-2-en-1-ol (10.2 g, 86%) as a thick,
colourless oil, Rf = 0.25 (70% light petroleum–30%
diethyl ether). C20H26O2Si requires C, 73.6; H, 7.97%.
Found C, 72.57; H, 7.64%. 1H NMR (200.13 MHz,
CDCl3): �H 1.16 [9H, s, (CH3)3C], 2.36 (1H, s, CH2OH),
4.04 (2H, d, J = 5.6, =CHCH2OH), 4.32 (2H, J = 5.4,
CH2OTBDPS), 5.66–5.79 (2H, m, CH2CH=CHCH2),
7.41–7.49 (6H, m, 2 � ArH), 7.74–7.79 (4H, m,
2 � ArH). 13C NMR (50.32 MHz, CDCl3): �C 19.27,
26.97, 58.61, 60.40, 127.91, 129.94, 130.18, 130.81,
133.57, 135.73. MS (DCI/NH3) m/z (%): C20H26O2Si
requires 326, 344 (MNH4


�, 37.7), 327 (MH�, 100), 309
(6.04), 249 (5.43), 216 (19.29).


89:5,58�	��5�����
�/�	��������D�:5�5/5����		���3���5
�D�5���5*5		 84:= Tosyl chloride (2.10 g, 11 mmol) was
added under a nitrogen atmosphere to a solution of
(Z)-4-(tert-butyldiphenylsilyloxy)but-2-en-1-ol (3.26 g,
10 mmol) in diethyl ether (20 ml) at 0°C. Potassium
trimethylsilanoate (6.55 g, 51.3 mmol) was added drop-
wise over 30 min. The resulting mixture was mechani-
cally stirred at 0°C for a further 30 min. The reaction
mixture was then allowed to warm to room temperature.
The reaction was quenched with cold water (20 ml) and
extracted with diethyl ether (2 � 20 ml). The combined
organic layers were dried over magnesium sulfate and
concentrated under reduced pressure. Purification by
flash chromatography (70% light petroleum–30% di-
chloromethane) gave (Z)-4-(tert-butyldiphenylsilyloxy)-
1-p-toluenesulfonyloxybut-2-ene (3.8 g, 79%) as a lightly
yellow oil, Rf = 0.35. C27H32O4SSi requires C, 67.48; H,
6.66%. Found C, 67.18; H, 6.09%. 1H NMR
(200.13 MHz, CDCl3) �H: 1.08 [9H, s, (CH3)3C], 2.41
(3H, s, CH3-Ar), 4.21 (2H, d, J = 5.6, =CHCH2OTs),
4.57 (2H, d, J = 6.6, TBDPSOCH2CH=), 5.54 (1H, m,
TBDPSO–CH2–CH=CH), 5.84 (1H, m, CH=CH–OTs),
7.27 (2H, d, J = 8.6, ArCH3), 7.39–7.49 (6H, m, Ph),
7.67–7.77 (6H, m, Ph � ArCH3). 13C NMR (50.32 MHz,
CDCl3) �C: 19.18, 21.72, 26.86, 60.49, 66.34, 122.69,
127.95, 129.96, 129.98, 133.22, 134.82, 135.59, 144.84.
MS (DCI/NH3) m/z (%): C27H32O4Si requires 480.18,
498 (MNH4


�, 100), 481 (MH�, 4.18), 344 (8.02), 327
(8.37), 309 (16.08), 274 (5.42), 174 (7.59).


-50�	���
�/�	��/��	 8�:= A mixture of diprenorphine 1
(85.1 mg, 0.2 mmol) and triethylamine (24.3 mg,
0.24 mmol) in THF (3 ml) was heated on an oil-bath
and stirred for 5 min at 30°C under a nitrogen atmos-
phere. Then freshly distilled acetic anhydride (194 mg,
1.9 mmol) was added dropwise over a 10 min period and
the mixture was stirred for 90 min. The reaction was
monitored by TLC on silica gel using CHCl3–MeOH–
NH3 (96:3.7:0.3, v/v/v) as eluent. The reaction was run
until TLC indicated complete reaction (single uniform
spot, Rf = 0.51). The solvent was evaporated under
reduced pressure to obtain 3-acetyldiprenorphine 2 as a
white crystalline solid (93.7 mg, 100%). 1H NMR
(200.13 MHz, CDCl3) �H: 2.25 (3H, s, CH3CO2). The
other proton assignments are in agreement with a
previous report by Mazza et al.19 13C NMR
(50.32 MHz, CDCl3) �C: 3.39, 4.26, 9.35, 17.07, 20.56,
23.12, 24.86, 29.76, 30.01, 32.3, 35.25, 35.96, 44.93,
46.99, 47.1, 52.70, 58.12, 59.91, 74.50, 80.10, 98.27,
119.23, 122.10, 131.45, 133.52, 134.41, 149.68, 166.71.
IR (KBr) �max (cm�1): 3467 (aliphatic OH), 1768
(C=O). MS (DCI/NH3) m/z (%): C28H37NO5 requires
467.56, 468 (MH�, 100), 450 (46).


-565789:5,58�	��5�����
�/�	��������D�:5���5*5	��<
�/�	5
��/��	 88:= To a 50 ml biconical vial containing 2
(147.2 mg, 0.314 mmol) in DMF (6 ml) was added, under
a nitrogen atmosphere, NaH (75.3 mg, 3.14 mmol)
prewashed with light petroleum. The mixture was stirred
for 30 min prior to dropwise addition of (Z)-4-(tert-
butyldiphenylsilyloxy)-1-p-toluenesulfonyloxybut-2-ene
(448 mg, 0.92 mmol) in DMF (2 ml). After stirring for 4 h
at 30°C, the reaction was quenched by addition of NH4Cl
(5 ml). The mixture was extracted with diethyl ether
(3 � 5 ml), the extracts were combined and dried over
magnesium sulfate and the solvent was removed under
vacuum. Purification by flash chromatography (95% light
petroleum–4% ethyl acetate–0.9% methanol–0.1% NH3)
gave 3-O-[(Z)-4-(tert-butyldiphenylsilyloxy)but-2-enyl]-
diprenorphine (230 mg, 99%) as a yellow oil, Rf = 0.50.
1H NMR (200.13 MHz, CDCl3) [only reported are the
proton assignments of the (Z)-4-(tert-butyldiphenylsilyl-
oxy)but-2-en-1-oxy moiety], �H: 1.04 [9H, s, (CH3)3C],
4.28 (2H, d, J = 5.4, =CHCH2ODPN), 4.56 (2H, d, J = 4,
=CHCH2OTBDPS), 5.62–5.87 (2H, m, CH=CH),
7.33–7.41 (6H, m, Ph), 7.65–7.69 (4H, m, Ph); the other
proton assignments of DPN are in agreement with
previous studies.19 13C NMR (50.32 MHz, CDCl3) �C:
3.38, 4.29, 9.47, 17.53, 19.17, 22.65, 24.94, 26.80, 29.72,
29.95, 32.36, 35.65, 35.89, 43.76, 46.88, 47.89, 52.66,
58.14, 59.92, 60.53, 66.14, 74.42, 80.44, 97.00, 116.74,
119.10, 126.49, 127.79, 129.47, 129.77, 132.38, 132.87,
133.50, 135.58, 140.15, 147.59. MS (DCI/NH3) m/z (%);
C46H59NO5Si requires 733.42, 751 (MNH4


�, 98.05), 734
(MH�, 61.53), 716 (MH��H2O, 30.19).


-565789:5,5��
��D�5���5*5	��<
�/�	��/��	 89:= Under
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a nitrogen atmosphere, HF–pyridine complex 65%
(667 mg, 8 equiv.) was added dropwise to 3-O-[(Z)-4-
(tert-butyldiphenylsilyloxy)but-2-enyl]diprenorphine
(307 mg, 0.42 mmol) in THF–pyridine (3.7:2). After
stirring at room temperature for 1.5 h, the reaction
mixture was diluted with diethyl ether (2 ml). Hydrolysis
was performed by adding carefully a saturated aqueous
solution of NaHCO3. The mixture was extracted with
diethyl ether (3 � 10 ml), dried with MgSO4 and
evaporated. Purification of the crude reaction mixture
by flash chromatography (50% light petroleum–49%
ethyl acetate–1% NH3) gave 3-O-[(Z)-[4-hydroxy-but-2-
enyl]diprenorphine (79 mg, 40%) as a lightly yellow oil,
Rf = 0.15. 1H NMR (200.13 MHz, CDCl3) [only reported
are the proton assignments of the (Z)-4-hydroxy-but-2-
en-1-oxy moiety], �H: 4.21 (2H, d, J = 4.1, =CHCH2OH),
4.31 (1H, s, =CHCH2OH), 4.70 (2H, d, J = 4.8,
=CHCH2ODPN), 5.71–5.86 (2H, m, CH=CH); the
other proton assignments of DPN are in agreement with
previous studies.19 13C NMR (50.32 MHz, CDCl3) �C:
3.39, 4.23, 9.43, 17.67, 22.73, 24.94, 29.82, 29.97, 32.33,
35.64, 35.92, 43.72, 46.89, 47.80, 52.69, 58.17, 58.71,
59.91, 66.00, 74.49, 80.50, 97.01, 116.98, 119.22,
127.59, 129.87, 132.74, 133.03, 139.98, 147.73. MS
(DCI/NH3) m/z (%); C30H41NO5 requires 495.30, 513
(MNH4


�, 26.19), 496 (MH�, 69.37), 478 (MH��H2O,
100).


-565789:5,58/5(���		���3���:5���5*5	��<
�/�	��5
/��	 8::= To a 25 ml biconical vial containing 3-O-
[(Z)-4-hydroxy-but-2-enyl]diprenorphine (37.5 mg,
0.075 mmol) in anhydrous diethyl ether (2 ml) which
was maintained at 0°C, p-toluenesulfonyl chloride
(15.8 mg, 0.083 mmol) was added. Potassium trimethyl-
silanoate (56.2 mg, 0.513 mmol) was slowly added to the
mixture over 15 min. After the addition was complete,
the mixture was rigorously stirred for exactly 15 min at
0°C. The solution was allowed to warm to room tem-
perature and the reaction was quenched by the addition of
cooled NH4Cl (2 ml). The mixture was extracted with
diethyl ether (3 � 2 ml), the ether layers were combined,
dried over MgSO4, concentrated under vacuum and
purified by flash chromatography (40% light petroleum–
59% ethyl acetate–1% NH3) to afford 3-O-[(Z)-4-
(p-toluenesulfonyl)but-2-enyl] diprenorphine (23.6 mg,
61%), Rf = 0.51. 1H NMR (200.13 MHz, CDCl3) [only
reported are the proton assignments of the (Z)-4-
(p-toluenesulfonyl)but-2-en-1-oxy moiety], �H 2.42
(3H, s, CH3Ar), 4.61 (2H, d, J = 6, =CHCH2OTs),
4.66 (2H, d, J = 6.6, =CHCH2ODPN), 5.60–5.68 (1H, m,
CH=CH), 5.82–5.91 (1H, m, CH=CH), 7.33 (2H, d,
J = 8, CH3–ArH), 7.75 (2H, d, J = 8, CH3–ArH); the other
proton assignments of DPN are in agreement with
previous studies.19 13C NMR (50.32 MHz, CDCl3) �C:
3.38, 4.30, 9.46, 17.56, 21.75, 22.67, 24.94, 29.87, 29.97,
32.34, 35.63, 35.90, 43.74, 46.91, 47.88, 52.74, 58.06,
59.91, 65.74, 65.83, 74.43, 80.46, 97.20, 116.72, 119.27,


125.11, 127.97, 129.95, 130.04, 131.58, 133.11, 133.20,
139.73, 144.97, 147.55. MS (DCI/NH3) m/z (%):
C37H47NO7S requires 649.06, 667 (MNH4


�, 35.25), 650
(MH�, 100).


-565789:5,5)��������5*5	��<
�/�	��/��	 8�5�:=
Potassium fluoride (6.2 mg, 0.108 mmol, PM = 59) and
K222 Kryptofix (33.5 mg, 0.108 mmol) were added with
stirring to distilled water (1 ml). The mixture was heated
on an oil-bath at 120°C for 10 min under a nitrogen flow.
The white residue was dissolved with 2 ml of anhydrous
acetonitrile and 3-O-[(Z)-4-(p-toluenesulfonyl)but-2-
enyl]diprenorphine (35 mg, 0.054 mmol) in acetonitrile
(2 ml) was added to the previous mixture under a nitrogen
atmosphere. The resulting mixture was heated at reflux
temperature for 30 min. After evaporation of the aceto-
nitrile under reduced pressure, the residue was dissolved
with chloroform and washed with water, purified by
reversed-phase HPLC with Hypersil in a Hyperprep HS
C18 column (3 cm � 1.2 mm i.d., 8 film thickness) eluted
with 20% water–80% acetonitrile, and monitored by UV
detection at 215 nm. With a flow-rate of 0.6 ml min�1, 3-
(Z)-(4-fluorobut-2-enyl)oxy]diprenorphine (13.1 mg,
48%) was collected after 3.7 min. 1H and 13C NMR
assigments are given in Table 1. 19F NMR (376.42 MHz,
CDCl3) �F: �134.61 (dt, 2JF–CH2


= 45.18, 3JF–CH2
–


CH= = 15.06). MS (DCI/NH3) m/z (%): C30FH40NO4


requires 497.29, 515 (MNH4
�, 20.82), 498 (MH�, 76.83),


480 (MH��H2O, 100).


-565789:5,5��
����5*5	��<
�/�	��/��	 8�53:= To 3-
O-[(Z)-4-(p-toluenesulfonyl)but-2-enyl] diprenorphine
(42 mg, 0.0647 mmol) dissolved in 2 ml of anhydrous
acetone, sodium iodide (16 mg, 1.66 equiv.) was added
under a nitrogen atmosphere. The mixture was main-
tained under stirring for 1 h and the reaction was followed
with TLC with light petroleum–ethyl acetate (60:40) as
mobile phase. The acetone was evaporated under reduced
pressure and the yellow mixture was dissolved with
diethyl ether and washed with distilled water. The
organic phase was dried with MgSO4 and purified by
flash chromatography (60% light petroleum–40% ethyl
acetate) to afford 3-O-[(Z)-4-iodobut-2-enyl]diprenor-
phine (16 mg, 40%), Rf = 0.53. 1H NMR (200.13 MHz,
CDCl3) [only reported are the proton assignments of the
(Z)-4-iodobut-2-en-1-oxy moiety], �H: 3.93 (2H, d,
J = 8.8, =CHCH2I), 4.73 (2H, d, J = 6,=CHCH2ODPN),
5.63–5.75 (1H, m, CH=CH), 5.82–6.1 (1H, m,
CH=CH); the other proton assignments of DPN are in
agreement with those of 10a. 13C NMR (50.32 MHz,
CDCl3) �C: (�1.11), 3.38, 4.30, 9.46, 17.60, 22.68, 24.59,
29.88, 29.99, 32.37, 35.65, 35.92, 43.75, 46.94, 47.91,
52.88, 57.41, 58.10, 65.10, 74.42, 80.49, 97.17, 116.89,
119.26, 129.16, 129.35, 130.00, 133.11, 139.99, 147.67.
MS (DCI/NH3) m/z (%): C30H40INO4 requires 605.20,
623 (MNH4


�, 95.98), 606 (MH�, 62.70), 588
(MH��H2O, 19.53).
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ABSTRACT: A series of 5-(alkyl)thianthrenium triflates (3a–d, g–i) with alkyl (R) groups Me (a), Et (b), isoPr (c), 2-
Bu (d), cyclopentyl (g), cyclohexyl (h) and cycloheptyl (i) were prepared by alkylation of thianthrene (Th) with alkyl
formate and trifluoromethanesulfonic (triflic) acid. Benzylation (3f) was achieved with benzyl bromide and silver
triflate. 5-(Neopentyl)thianthrenium perchlorate (3e) was prepared by reaction of thianthrene cation radical
perchlorate with dineopentyl mercury. Methyl- (4a) and cyclohexyldiphenylsulfonium triflate (4b) were made by
alkylation of diphenyl sulfide. Benzyldimethyl- (5a), dibenzylmethyl- (5b) and benzylmethylphenylsulfonium
perchlorate (5c) were prepared in standard ways. Reactions of these sulfonium salts with iodide ion and thiophenoxide
ion were studied for comparison with our earlier reported reactions of comparable 5-(alkoxy)thianthrenium and
methoxydiphenylsulfonium salts. It is deduced that reactions of3–5 with nucleophiles (Nuÿ) Iÿ and PhSÿ follow
traditionalSN2 andE2C paths. Thus, the salts3a–c, eandf gave virtually quantitative yields of RNu and Th, while
small amounts of butene(s) were obtained from3d. The cycloalkyl salts3g–i gave amounts of cycloalkylNu and
cycloalkene typical of competition ofSN2 andE2C routes in the classical reactions of cycloalkyl halides and tosylates
with Iÿ and PhSÿ ions. Whereas4a gave onlySN2 products,4b gaveSN2 andE2C products typical ofSN2/E2C
competition. Among the salts5a–c displacement of the benzyl group was dominant (5a) or exclusive (5b, c), thus
exhibiting the preferential displacement of a benzyl group that has been fully documented in earlier studies ofSN2
reactions. Qualitative comparison showed that3a(methyl) reacted much faster than3e(neopentyl) with PhSÿ. Unlike
alkoxysulfonium salts, the salts3–5 do not appear to undergo reactions at the sulfonium sulfur atom. Copyright
2000 John Wiley & Sons, Ltd.


KEYWORDS: thianthrenium; sulfonium; nucleophilic reactions


INTRODUCTION


Recently, we reported the reactions of 5-(alkoxy)thian-
threnium perchlorates (1) with iodide, bromide and
thiophenoxide ions.1,2 Compounds1 were then relatively
new members of the class of alkoxysulfonium salts,
inviting study of their chemistry. We found that they
engaged in three types of reaction with halide ions,
namely,SN2 substitution,E2C elimination and reaction at
the sulfonium sulfur atom. The last type led to the
formation of thianthrene (Th), the alcohol (ROH)
corresponding with the 5-alkoxy group, and halogen
(iodine or bromine). Similar reactions occurred with the
more commonly known methoxydiphenylsulfonium tet-
rafluoroborate (2). Reactions of1 and 2 with thiophen-
oxide (PhSÿ) were different, however. Little or noSN2
reaction occurred, in spite of thiophenoxide’s being a
better nucleophile than halide ions toward carbon, and no
elimination was obtained, even with the cyclohexyloxy
group, in spite of the propensity for cyclohexyl


derivatives to undergoE2C elimination with PhSÿ.2


Instead, reaction at sulfonium sulfur was dominant, with
the formation of Th, ROH and diphenyl disulfide
(DPDS). We attributed this behavior to the remarkable
thiophilicity of PhSÿ and to the ease of displacement of
an alkoxy group attached to sulfur in1 and2.2


Trialkyl-, triaryl- and alkylarylsufonium salts are well
known tricordinate organosulfur compounds, and num-
bers of their reactions with nucleophiles have been
reported. Among this class of compounds, 5-(alkyl)thian-
threnium salts (3) are not so well known, and to our
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knowledgeno studieshaveever beenreportedof their
reactions with nucleophiles such as the halide and
thiolate ions. We are interested in these reactions
particularly as to how they comparewith the reactions
of 1. We report here,therefore,the reactionsof Iÿ and
PhSÿ with the trifluoromethanesulfonate (triflate) and
perchloratesalts 3a–i, in which the alkyl group R is
successivelyMe (a), Et (b), isoPr (c), 2-butyl (d),
neopentyl(e), benzyl(f), cyclopentyl(g), cyclohexyl(h)
and cycloheptyl (i). Furthermore,althoughnumbersof
reactionsof sulfoniumsaltswith nucleophilesarein the
literature,not many are to be found with Iÿ and PhSÿ.
Consequently,for comparisonwith reactionsof 3 we
havestudiedandreportthereactionsof Iÿ andPhSÿ with
methyl- (4a) and cyclohexyldiphenylsulfonium triflate
(4b), andof Brÿ andPhSÿ with a numberof sulfonium
perchlorates(5) containing the benzyl group, namely,
benzyldimethyl-(5a), dibenzylmethyl-(5b) andbenzyl-
methylphenylsulfonium perchlorate(5c). Our interestin
thesereactions,in comparisonwith reactionsof 1 and2,
wasto find if halideandthiophenoxideionswould show
theirusualcarbonnucleophilicitiesor if, particularlywith
PhSÿ, reactionat sulfur would intervene.


RESULTS


5-(Alkyl)thianthrenium salts (3)


Little is to be foundon thepreparationandchemistryof
thesecompoundsin theliterature.We reportedfrom this
laboratorysomeyearsagothepreparationof anumberof
5-(alkyl)thianthrenium perchlorates, Th�RClO4


ÿ, by
reaction of thianthrene cation radical perchlorate,
Th��ClO4


ÿ, with dialkymercurials(R2Hg) and tetraalk-


yltins (R4Sn), with R being, for example,Me, Et, Bu,
allyl andvinyl (Ref. 3 for Me2Hg andEt2Hg, Ref. 4 for
R4Sn,R = Me, Et, Bu, vinyl).


In thesereactions,the radicalR� is formedinitially in
oxidationof theorganometalby Th��, andif trappedby
anotherTh�� givesthe5-(alkyl)thianthreniumion.5 If R�
is easilyoxidizedto R� by Th��, thecationis trappedby
solvent acetonitrile and 3 is not formed.6 Hence this
method has limitations. Thianthrene,like other diaryl
sulfides,is notsufficientlynucleophilicto bealkylatedby
methods7,8 that work well with dialkyl and alkyl aryl
sulfides, although Saeva was able to alkylate it by
reactionwith p- cyanobenzylbromideandsilver triflate9


(Ref. 7 has numerousreferencesto earlier methods).
Recently,Miyatakeet al.7 made3a in excellentyield by
reactionof Th with methyl formateandtriflic acid, and
we usedthat methodto prepare3a–d, g–i in the present
work.Thisallowedusfor themostpartto avoidtheuseof
organomercurailsand organotinsfor alkylating Th. We
wereunableto preparethe 5-(neopentyl)triflate by this
method becauseof difficulty in preparing neopentyl
formate. Furthermore,we were unable to preparethat
triflate by alkylatingTh with neopentyliodideandsilver
triflate. Therefore,we prepared5-(neopentyl)thianthre-
niumperchlorate(3e) by ourearliermethod,6 thereaction
of Th��ClO4


ÿ with dineopentylmercury. Alkylation of
Th with benzylformateandtriflic acidwasunsuccessful.
We found that benzyl formate itself reactedviolently
with triflic acid. Therefore,alkylation was carried out
with benzyl bromide and silver triflate.9 Attempts to
prepare5-propylthianthreniumtriflate (3j) werethwarted
by partialrearrangementthatgaveamixtureof 3j and3c
(shownby NMR); this experiencediffers from that of
Miyatake et al., who preparedbutyldiphenylsulfonium
triflate without rearrangementof the butyl group.7 The
samemethodwas usedfor preparing4a and b, while
customaryalkylationtechniqueswereusedfor preparing
5a–c.


Reactions of 3±5 with nucleophiles


The data in Table 1 show that quantitativeor close to
quantitativeyieldsof alkyl halideor alkyl phenylsulfide
and Th were formed when 3a–i reactedwith halide or
thiophenoxideion in acetonitrile solution. Exceptions
werethe reactionsof 3h, in which the major productof
thecyclohexylring wascyclohexene,and3g and i from
which smalleramountsof cycloalkenewereobtained.A
similar patternin resultswas obtainedwith 4a and 4b
(Table2). Whereastheformergavequantitativeyieldsof
methyl iodide and thioanisole, the latter gave mostly
cyclohexene.Theseresultswith 3h and4b aretypical of
the SN2/E2C behaviorreportedyearsago by Winstein,
Eliel and co-workers,10 That is, that in reactionsof
cyclohexyl halides and tosylates with halide and
thiophenoxide ions, both SN2 substitution and E2C
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eliminationoccurred,oftenin almostequalamounts.10,11


Theconcordanceof theSN2 andeliminationreactions,in
fact, led Winsteinandco-workersto refer to the latteras
the ‘merged’ mechanism,that is, an eliminationmerged
with thepathwayto substitution.This,then,appearsto be
the situationwith reactionsof 3h and4b andto a lesser
extentwith 3gandi. WeusetheterminologyE2C herein


a historicalsenseto emphasizetheanalogyof our weak-
baseinitiated eliminationsfrom cycloalkyl groupswith
thosethat wereuncoveredin earlier years.10,11 Valence
bond theory12d and temperature-dependentkinetic iso-
topeeffects12g–i havebeenusedin later yearsto support
an E2C transition state,but the conceptitself remains
controversial.12c,e,f Small amountsof iodine were in-
dicatedin someexperimentsby thecolor of thereaction
solutionandweremeasuredin two cases,with 3e (entry
9, Table1, 7.3%)and3i (entry18,8.6%).In all reactions
with NaSPhvaryingamountsof DPDSwerealsofound.


In reactionsof the benzyl derivatives5a–c (Table 3)
with bromideandthiophenoxideions, the benzylgroup
wasdisplacedeitherexclusively(5b andc) or dominantly
(5a). That is, in reactionof 5a with PhSÿ, some(6.4%)
thioanisole was formed in addition to benzyl methyl
sulfide,(94%).In reactionwith Brÿ, 5agavenotonly 94–
95%of benzylbromideanddimethylsulfide,butalso7%
of benzyl methyl sulfide.The last product requiresthe
displacementof methyl from 5a asmethyl bromide,but
we were unableto assaythat compoundwith our GC
columns.


Table 3. Reactions of benzyl(R1)(R2)sulfonium perchlorates (5) with bromidea and thiophenoxide ions (Xÿ) in MeCN


Products(%)b


Compound R1 R2 X PhCH2X PhCH2SR1 PhCH2SR2 R1SR2 R1X R2X


5a Me Me Br 95 3.6 3.6 94 c c


5a Me Me PhS 94 4.0 4.0 95 3.2 3.2
5b Me PhCH2 Br 102 101
5b Me PhCH2 PhS 99 99
5b Me PhCH2 PhSd 103 100
5c Me Ph Br 97 94
5c Me Ph PhS 98 100


a Thesourceof Brÿ wasKBr/18C6exceptin thefirst entry,whenBu4NBr wasused.
b Measuredwith GC.
c MeBr wasnot measurablewith our columns.
d 0.50mmol eachof NaSPhandPhSH.


Table 1. Reactions of 5-(alkyl)thianthrenium salts (3)a with
halide and thiophenoxide ions (Xÿ) in MeCN


Products(%)b


Compound Alkyl group X RX Th Alkene


3a Me I 92 99
3a Me PhS 101 101
3a Me PhSc 102 99
3b Et I 98 101
3b Et PhS 97 98
3c iPr I 100 99
3c iPr PhS 103 102
3d 2-Bu PhS 94 100 4.5d


3e neoPent I 94 97
3e neoPent PhS 98 99
3f PhCH2 Bre 100 96
3f PhCH2 PhS 98 99
3f PhCH2 PhSc 100 99
3g Cf


5 Ig 96 101 2.0
3g Cf


5 PhSh 96 101 3.4
3h Ci


6 I 20 103 79
3h Ci


6 PhS 26 99 73
3i Cj


7 I 88 100 7.0
3i Cj


7 PhS 88 99 11


a All saltsweretrifluoromethanesulfonates,except3e, which wasthe
percholorate.
b Measuredwith GC, exceptI2.
c An equalamountof PhSHwasincluded.
d Unidentified,basedon responsefactor for 2-butene.
e Bu4NBr wasused.
f Cyclopentyl.
g An averageof threeexperiments.
h An averageof two experiments.
i Cyclohexyl.
j Cycloheptyl.


Table 2. Reactions of alkyldiphenylsulfonium TFS (4)a salts
with iodide and thiophenoxide ions (Xÿ) in MeCN


Products(%)b


Compound Alkyl group X RX Ph2S Alkene


4a Me I 96 98
4a Me PhS 98 101
4b Cc


6 I 15 95 77d


4b Cc
6 PhS 26e 98e 71d


a Trifluoromethanesulfonate.
b Measuredwith GC.
c Cyclohexyl.
d Cyclohexene.
e Cyclohexylphenylsulfideanddiphenylsulfideappearedtogetherasa
singleGC peakwhich wasassayedasPh2S. The composition of the
mixturewascalculatedon thebasisthatequal(mmol) amountsof ene
andPh2S andof RX andPh2S hasbeenformed.
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DISCUSSION


In thereactionsof alkoxysulfoniumsalts1 and2, akin to
3 and4, reactionat sulfoniumsulfur playeda significant
role (halideion) or dominantrole (thiophenoxideion).1,2


For example,reactionsof iodide ion with 1 led to the
formationof RI andthianthrene5-oxide[6, Eqn.(1)], to
alkeneand6 [Eqn. (2)] andto thianthrene(Th, 7), ROH
andiodine[Nu2, Eqn.(3)] in relativeamountsdepending
on the natureof R in the alkoxy group.Thesereactions
areshownin abbreviationin Scheme1, with Nuÿ = Iÿ,
WhenthenucleophilewasPhSÿ, however,only 7, ROH
and diphenyl disulfide (Nu2 = PhSSPh,DPDS) were
formed,regardlessof the natureof R. Similar behavior
wasnotedwith 2. Thereactionsshownin Eqns(1) and(2)
(Nuÿ = Iÿ) were diagnosedas being SN2 and E2C
reactions,occurring in competition that becamemore
pronouncedas R in RO was changedfrom primary to
secondaryto cycloalkyl. As that change progressed,
furthermore,formation of 7, ROH and I2 becamemore
significant,and that was attributedto reactionof Iÿ at
sulfoniumsulfur, increasingin scaleas the natureof R
made SN2/E2C reactions more difficult. In contrast,
reactionsof PhSÿ with 1 and2 werealmostexclusively
accordingto Eqn.(3).Thedifferencein behaviorof PhSÿ


and Iÿ, in spite of the well-known greater carbon
nucleophilicity of PhSÿ, wasattributedto the thiophili-
city of PhSÿ, whichnotonly directedits initial reactionto
sulfoniumsulfur, but alsoits evenmorefacile follow-up
reactionat thesulfenylsulfurof theresultingphenylthio-
sulfonium ion (8), Scheme2. The formation of 8 was
further attributednot only to the thiophilicity of PhSÿ,
butalsoto theeasydisplacementof alkoxide.Whether,in
the formationof 8, an intermediatesulfurane,shouldbe
included, or whether direct displacementof alkoxide
occurred,couldnot bedecided.


Thedatain Tables1 and2 showthatreactionsof 3 and
4 with Iÿ and PhSÿ do not have the variability of
reactionsof 1 and2. Regardlessof thestructureof R in 3
and 4 reactionsfollowed either SN2 or E2C pathways.
The latter pathway was particularly marked with
cyclohexylsulfoniumsalts3h and4b, well in accordance
with earlier classicalstudiesof cyclohexyl halidesand
tosylate.10,11 Furthermore,our comparativeresultswith
cyclopentyl-(3g) andcyclohexylthianthrenium(3h) salts
almostparallel thoseobtainedin Winstein’s laboratory
with cyclopentyl and cyclohexyl tosylates.10b That is,
reactionsof thesetosylates(with Clÿ in acetoneat75°C)
gave 3.3 and 72.3% elimination, respectively,close to
our resultswith Iÿ andPhSÿ (Table1). Thedifferencein
reactivitiesof the tosylateswas attributedto the faster
SN2 reactionof cyclopentyl tosylate.10b Becausereac-
tions of simple cyclopentyland cycloheptylderivatives
with thiolateionscouldnot befoundin theliterature,we
carried out those reactions ourselvesby stirring the
cycloalkyl derivative overnight in MeCN solution
containing an excessof NaSPh.Cyclopentyl bromide
andtosylateeachgave97%of cyclopentylphenylsulfide
andsmallamountsof cyclopentene.Cycloheptylbromide
gave 91% of cycloheptyl phenyl sulfide and 4.7% of
cycloheptene.Cycloheptyl tosylategave91 and 6% of
these products. Previously, McLennan11 reported the
reactionof cyclohexyl bromidewith NaSPh,obtaining
55% of cyclohexene.Under our conditions,cyclohexyl
bromide gave 56% of cyclohexene and 44% of
cyclohexylphenylsulfide.


Our diagnosisof SN2/E2C reactionswith 3 and 4 is
supportedby the resultsof reactionsof 5a–c, Table 3.
Thereit is seenthatthebenzylratherthanmethylgroupis
displacedeither exclusively(5b, c) or dominantly(5a).
The preferreddisplacementof benzyl over methyl is
diagnosticof SN2 reactionsand is in accordancewith
observationsin avarietyof earlierstudies.13 With respect
to sulfoniumsalts,reactionof azideion with dimethyl(1-
phenylethyl)sulfoniumchloride occurredexclusively at
the l-phenylethyl group14,15 and with inversion of
configuration.14 Thiourea reacted similarly with this
sulfonium ion, but methoxidereactedpreferentiallyat
themethylgroups.15 DormanandLove usedpreferential
attack at benzylic carbon in an adaptation of the
Merrifield peptide process.That is, a dialkyl sulfide
(e.g. Me2S, Et2S) leaving group was attachedto the
benzylicCH2 groupof thepolymer,forming a polymer-
linked dialkylbenzylsulfonium ion. Reactionwith car-
boxylateoccurredmainly (90%) at the benzylic carbon
atom.16 King et al. found that dibenzylethylsulfonium
salts reactedwith thiocyanateion and thiourea exclu-
sively at a benzyl group, with no sign of ethyl-group
displacement.17


Ourconclusionabouttheresultsin Tables1–3,then,is
that they are from SN2 and E2C reactionsand do not
involve reaction at sulfonium sulfur. The reaction at
sulfonium sulfur that we have reported for 5-alkox-Scheme 2


Scheme 1
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ythianthreniumions(1), particularlywith PhSÿ, doesnot
occur with the sulfonium salts 3–5. The difference
betweenreactionof 1,2 and3–5 is in thedisplacementof
thegroupattachedto sulfoniumsulfur.Thealkoxygroup
is easily displacedfrom 1 and 2 when a nucleophile
attackssulfonium sulfur. Analogousreactionwith 3–5
would requiredisplacementof a carbanionandthatdoes
notoccur.Theiodinemeasuredin two reactions(3e,i), is
suggestiveof reaction at sulfonium sulfur, but the
correspondingalkanewas not found; the formation of
iodinemayhavebeencausedby inadvertentoxidationof
iodide ion. The DPDS that was found in reactionsof
NaSPhis also attributed to concomitantoxidation of
PhSÿ.


It is, of course,not possibleto saythat PhSÿ, that we
have deemedto be so thiophilic, does not react at
sulfonium sulfur. Its thiophilicity suggeststhat this
reactionshouldoccur with formation of a sulfurane[9,
Eqn.(4)], but if thatdoesoccurit mustbein anunfruitful,
reversibleway.


Is it possiblethat a sulfuraneis formed,and through
ligandcoupling18 leadsto whatwe havediagnosedasan
SN2 product? We have no direct evidence for the
formation of 9 and indirect evidencethat leads us to
argueon two countsagainstits leadingto RSPh.First,
thereis no reasonto expectthat ligand coupling in the
reactionsof 5 would occurexclusivelyor preferentially
with the benzyl group. If ligand coupling was made
feasibleby the formation of 9, both methyl and benzyl
groupswouldbeableto participatein it. In thecaseof 5c,
even the phenyl group could be displaceable,forming
diphenyl sulfide. Second, with ligand coupling, the
cyclohexyl group in 3h and 4b would appearonly as
cyclohexylphenylsulfide.Thereis no reasonto believe
that the E2C reactionwe observecould occurwithin 9.
Theparallelof ourreactionswith 3gandh andcycloalkyl
tosylates10b and the similarities in our resultswith 3g–i
and the cycloalkyl bromides and tosylates are also
indicativeof SN2/E2C ratherthananotherroute.


Nevertheless,we madeseveralattemptsto verify an
SN2 routeto RSPhin thereactionsof PhSÿ with 3. In the
first, we set out to measureand comparethe ratesof
reactionof 3a (methyl)and3e(neopentyl)with PhSÿ by
NMR spectroscopy.We used DMSO-d6 rather than
MeCN-d3 as solvent becauseof the poor solubility of
NaSPhin the latter.We wereableto measuretherateof
reactionof 3abutreactionof 3ewastooslowto measure.
Consequently,we resortedto a qualitative,competitive
reactionbetween3a ande for a deficiencyof PhSÿ. In
thatcase,all of 3a reactedrapidly forming7 andMeSPh,
while theamountof 3eremainedunchanged.Thereafter,


themethylgroupof remaining3a wasslowly transferred
to solventwith theformation(deducedfrom theNMR) of
d6-Me2SO�Me.Wesawnochangein theNMR spectrum
of 3e to suggestthe presenceof a sulfurane 9. We
concludethattheresultof thecompetitivereactionis also
diagnosticof anSN2 pathway.


More direct evidencefor an SN2 pathwaywassought
with the preparationof a 5-(alkyl)thianthrenium salt in
which the alkyl group would undergo inversion of
configuration in an SN2 reaction and retention of
configuration in ligand coupling. We chose first to
alkylate 7 with cis- and trans-4-methylcyclohexyl
formates.However, whereaswe had no difficulty in
alkylating7 with cyclohexylformate,wewererepeatedly
unsuccessfulwith the 4-methyl derivatives. Last, we
turned to alkylation with (S)-2-butyl formate,
[a]D =�7.9°, made from (S)-(�)-2-butanol,
[a]D =�13°. Alkylation of 7 to give the expected5-
[(R)-2-butyl] thianthreniumtriflate gavea productwith a
very low rotation,namely[a]D =�0.9°, suggestingthat
the 2-butyl group was mostly racemic.Reactionof the
productwith PhSÿ gave2-BuSPhalsowith a very low
rotation, namely, [a]D =�0.8°. The positive rotation is
consistent with the formation of (S)-2-BuSPh
([a]D =�16°) andthusconsistentwith an SN2 pathway,
but theresultsarenot consideredto bestrongenoughfor
a reliablediagnosis.


In conclusion,although we have not been able to
provide direct evidenceagainstligand coupling,all the
evidence we have is supportive of SN2 (and E2C)
reactionsof 3–5.


EXPERIMENTAL


Thefollowing compoundsusedasGCcontrolsand/orfor
other preparations were obtained from commercial
sources:methyl, ethyl, isopropyl, neopentyland cyclo-
hexyl iodide; cyclopentyl, cycloheptyl and benzyl
bromide; methyl and ethyl phenyl sulfide; and methyl
andethyl formate.Thepreparationsof cyclohexylphenyl
sulfide and cyclopentyl and cycloheptyl iodide were
describedearlier.2 Acetonitrile wasdried by distillation
from P2O5 and again from CaCl2; methylenechloride
was dried by distillation from P2O5, and DMSO by
boiling overCaH2 followedby distillation underreduced
pressure.ColumnA usedfor all compoundsexceptMeI,
Me2S and cyclopentenewas 10% OV-101 on 80-100-
meshChromosorb-WHP,4 ft � 1/8 in i.d. stainlesssteel
(SS). Thecolumnwasheldat50°C for 2 min andramped
to 250°C at12° minÿ1. Thethreecompoundslistedwere
assayedon a column(B) of 20%BEEA on 60–80-mesh
ChromosorbP AW, 8 ft � 1/8 in i.d. SSheldat 50°C for
2 min andrampedto 100°C at 6°C minÿ1. In eachcase
the GC injector was set at 250°C and the detectorat
300°C.
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Preparation of 5-(alkyl)thianthrenium tri¯ates. An
example is given with 3a. To a stirred mixture of
1.08g of Th (5.0mmol) and 600mg (10.0mmol) of
methyl formate,cooledin an ice-bath,wasadded2.5ml
of trifluoromethanesulfonic acid (triflic acid). The
mixture was removedfrom the ice-bathand stirred for
10h at roomtemperature,afterwhich it waspouredinto
100ml of water.The resultingsuspensionwasextracted
with 3� 100ml of dichloromethane.The combined
dichloromethanesolution was concentratedto 10ml
and poured into 200ml of diethyletherto give 1.16g
(3.05mmol, 61 %) of 3a, m.p. 176–178°C. 1H NMR,
300MHz (CD3CN) (J in Hz throughout)�: 8.116,dd(d),
2H, J = 7.90,1.30(ave),0.267(upfieldpeakssplit only);
7.947,dd(d),2H,J = 7.98,1.07(ave),0.228(upfieldpeak
split only); 7.806, td, 2H, J = 7.69 (ave), 1.41 (ave);
7.697,td, 2H,J = 7.69(ave),1.35(ave);3.160,s,3H. 13C
NMR, �: 136.875,135.501,134.547,131.328,130.658,
119.587,25.610.


Attemptsto prepare5-(methyl)thianthreniumperchlo-
rate by reactionof Th with methyl chloroformateand
perchloricacid failed.


5-(Ethyl)thianthrenium triflate (3b) was prepared
similarly, using 2.16g (10.0mmol) of Th and 1.48g
(20.0mmol) of ethyl formate.The first precipitatefrom
pouring the dichloromethenesolution into diethylether
wasayellow oil. Thiswasdissolvedin dichloromethane,
cooled in an ice–salt bath and a small amount of
diethyletherwasadded,with scratching,giving 740mg
(1.88mmol, 19%) of paleyellow 3b, m.p. 65–67°C. 1H
NMR, 300MHz (CD3CN), �: 8.098, dd, 2H, J = 7.95,
1.05(ave);7.945,dd,2H, J = 7.95,1.05(ave);7.829,td,
2H, J = 7.73 (ave), 1.40 (ave); 7.706, td, 2H, J = 7.65
(ave),1.40 (ave); 3.674,q, 2H, J = 7.35 (ave); 1.179,t,
3H, J = 7.35 (ave). 13C NMR, �: 136.889, 135.714
135.353,131.274,130.593,117.721,37.115,9.828.


5-(Isopropyl)thianthreniumtriflate (3c), m.p. 75–
76°C, was obtainedin 94% yield from reactionof Th
with isopropylformate.1H NMR, 200MHz (CD3CN), �:
8.098, dd, 2H, J = 7.76, 1.50 (ave); 7.946, dd, 2H,
J = 7.93, 1.45 (ave); 7.845,td, 2H, J = 7.58 (ave), 1.43
(ave); 7.716, td, 2H, J = 7.58 (ave), 1.56 (ave); 4.469,
sept,1H, J = 6.73(ave);1.273,d, 6H, J = 6.69(ave).


5-(2-Butyl)thianthrenium triflate (3d), m.p. 61–62°C,
wasobtainedin 40%yield from alkylationof Th with 2-
butyl formate.1H NMR, 300MHz (CD3CN),�:8.090and
8.055,overlappingdd,2H, J = 7.88,1.42(ave)and7.82,
1.32(ave);7.951,dd,2H, J = 7.97,1.29(ave);7.841,td,
2H, J = 7.58 (ave), 1.37 (ave); 7.712 and 7.164, over-
lappingtd, 2H, J = 7.66(ave),1.26(ave)and7.73(ave),
1.24(ave).200MHz, �:4.402,sextet,1H, J = 6.54(ave);
1.600,quintet,2H, J = 7.10(ave);1.214,d 3H, J = 6.89;
0.953,t, 3H, J = 7.36(ave).


5-(Cyclopentyl)thianthreniumtriflate (3g), 85%yield,
m.p. 90–92°C after reprecipitation from dichloro-
methane.1H NMR, 200MHz (CD3CN), �:8.114, dd,
2H, J = 7.77,1.40(ave);7.945,d, 2H, J = 7.81;7.835,td,


2H, J = 7.62 (ave), 1.18 (ave); 7.707, td, 2H, J = 7.55
(ave),1.36(ave);4.707,m (mainly q), 1H, J = 6.0 (ave);
1.936–1.66,m, overlappingsolventpeaks.


5-(Cycloheptyl)thianthreniumtriflate (3i), 17%, m.p.
70–71°C after reprecipitationfrom dichloromethane.1H
NMR, 200MHz (CD3CN), �: 8.807, dd, 2H, J = 7.73,
1.38 (ave);7.951,dd, 2H, J = 7.83,1.46; 7.832,td, 2H,
J = 7.62 (ave),1.52 (ave);7.707,td, 2H, J = 7.54 (ave),
1.50(ave):4.501,m. 1H: 1.759–1.441,m. 12H.


5-(Benzyl)thianthrenium triflate (3f). Thianthrene
(864mg, 4.0mmol) and benzyl bromide (684mg,
4.0mmol) weredissolvedin 20ml of dichloromethane.
The solution was stirred while 514mg (2.0mmol) of
silver triflate wasadded.After 3 h of stirring themixture
was filtered into 80ml of dry diethylether. The
precipitatedproductwasreprecipitatedfrom MeCNwith
diethylether,giving 560mg(1.23mmol,61%)of 3f, m.p.
87–88°C. 1H NMR 200MHz (CD3CN), �: 4.935,s, 2H;
the NMR spectrumof 3f in the aromaticregion was a
seriesof overlappingmultiplets,� 7.987–7.058,from the
thianthrenium and phenyl rings. Also, 3f tended to
decomposeslowly in MeCN so that the aromaticregion
wasfurthercomplicatedby asmallamountof thianthrene
andthe departedbenzylgroup.Attemptsto alkylateTh
with benzylformatefailed.


5-(Neopentyl)thianthrenium perchlorate (3e). To a
stirred suspensionof 630mg (2.0mmol) of Th��ClO4


ÿ


in 2 ml of MeCN was addeddropwise a solution of
342mg (1.0mmol) of dineopentylmercuryin 5 ml of
MeCN. The mixture wasstirred until the color of Th.�


had disappeared.The solventwas removedin a rotary
evaporatorand the residue was dissolved in dichlor-
omethane.That solution was shakenwith 1% aqueous
LiCl, separated,concentratedto about5 ml and poured
into dry diethyletherto precipitate235mg (0.61mmol,
61%) of 3e, m.p. 125–127°C (decomp.). 1H NMR,
200MHz (CD3CN), �:8.141dd,2H, J = 7.82,1.42(ave);
7.982, dd, 2H, J = 7.89, 1.229 (ave); 7.813, td, 2H,
J = 7.62 (ave),1.52 (ave);7.695,td, 2H, J = 7.60 (ave),
1.42(ave);3.710,s, 2H; 1.040,s, 9H.


5-(Cyclohexyl)thianthreniumtriflate (3h) was pre-
paredfrom 5.0mmol of Th, 10.0mmol of cyclohexyl
formate and 2.5ml of triflic acid. The product was
reprecipitatedfrom dichloromethanewith ether three
times,giving 1.86g (4.15mmol, 83%) of 3h, m.p. 80–
81°C. 1H NMR, 200MHz (CD3CN), �:8.057,dd, 2H,
J = 7.76,1.33;7.947,dd,2H, J = 7.89,1.29(ave);7.834,
td, 2H, J = 7.63(ave),1.37(ave);7.701,td, 2H, J = 7.56
(ave), 1.44 (ave); 4.310, quintet, 1H, J = 7.38 (ave);
1.817–1.753,m, 2H; 1.664–1.544,m, 5H; 1.413–1.268,
m 3H.


Diphenylmethylsulfoniumtriflate (4a). Reaction of
930mg (5.0mmol) of diphenyl sulfide, 600mg
(10.0mmol) of methyl formateand2.5ml of triflic acid
gave1.56g (4.46mmol, 89%) of 4a, m.p. 95–97°C. 1H
NMR, 200MHz (CD3CN), �: 7.968–7.903,m, 4H;
7.695–7.580,m, 6H; 3.688,s, 3H. Lit. m.p. 94–97.5°C,
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from alkylation of diphenyl sulfide with methyl iodide
andsilver triflate.19


Cyclohexyldiphenylsulfonium triflate (4b), prepared
similarly to 4a, paleyellow solid after two precipitations
from dichloromethane, m.p. 96–98°C. 1H NMR,
200MHz (CD3CN), �:7.982–7.939,m, 4H; 7.845–
7.684, m, 6H; 4.535, br m, 1H; 1.995–1.840,br m,
overlappingsolvent;1.759–1.407,br m, 7H. Compound
4b wasobtainedasa semi-solidby Kang andKu in the
reactionof cyclohexyl phenyl sulfide with diphenylio-
doniumtriflate.20


Preparation of benzylsulfonium perchlorates (5). The
methodof Aggarwal et al. was used.8 To a solution of
2.0mmolof sodiumperchloratein aminimumamountof
acetonewere added2.0mmol of a dialkyl sulfide and
2.0mmol of alkyl halide.The solutionwasstirredfor 2
days at room temperature.The solid that formed was
filtered off, the filtrate was evaporatedunder reduced
pressureandtheresiduewasdissolvedin asmallamount
of dichloromethane.Thesolid that remainedwasfiltered
off anddiethyletherwasaddedto thefiltrateto precipitate
theproduct.


Benzyldimethylsulfonium perchlorate(5a), from di-
methyl sulfide and benzyl bromide, 75%, m.p. 104–
105°C. 1H NMR, 200MHz (CD3CN), �: 7.461,s, 5H;
4.722,s, 2H; 2.907,s, 6H.


Dibenzylmethylsulfonium perchlorate(5b), from ben-
zyl methyl sulfideandbenzylbromide,68%,m.p. 120–
121°C. 1H NMR, 200MHz (CD3CN), �:7.530–7.482,m,
4H; 7.394–7.314,m, 6H; 4.849,d, 2H, J = 12.6;4.693,d,
2H, J = 12.6; 2.692, s, 3H. Lit. m.p. 122°C, and
diastereotopic benzylic CH2


1H NMR, 60MHz
(DMSO-d6), �: 5.32, d, 2H, J = 13.0; 5.16, d, 2H,
J = 13.0.21


Benzylmethylphenylsulfonium perchlorate(5c), from
thioanisoleandbenzylbromide,4 daysof stirring,6.4%,
m.p. 132–133°C. 1H NMR, 200MHz (CD3CN), �:
7.791–7.605,m, 5H; 7.434–7.321,m, 3H; 7.193,d, 2H,
J = 7.49; diastereoptopicCH2, 4.878, d, 1H, J = 12.8;
4.691,d,1H,J = 12.6;3.169,s,3H.Lit. m.p.115–117°C,
1H NMR, 60MHz (acetone-d6), �: 8.00–7.57,m, 5H;
7.25, br s, 5H; 5.10, d, 2H, J = 4.4; 3.41, s, 3H.22 The
triflate salthada 1H NMR spectrum(CD3CN) similar to
thatof 5c.23


Sul®des. Sulfides were preparedas follows. Benzyl
phenyl sulfide was preparedby stirring a mixture of
benzylbromide(2.8g, 16mmol) and thiophenol(1.5g,
14mmol) with Cs2CO3 (4.6g, 14mmol) underargonfor
48h. The mixture waspouredinto 50ml of 2 M NaOH.
Extraction with diethylether gave 2.5g (12.5mmol,
89%)of product,m.p.37–38°C. Lit. m.p.40–41°C.24,25


Phenyl isopropyl sulfide, 82%, from reaction of
isopropyl iodide with PhSNa in MeCN solution was
purified on a column of silica gel. The productwas an
oil26 that gave a single GC peak. 1H NMR, 200MHz


(CD3CN), �:7.423–7.362,m, 2H; 7.331–7.173,2m, 3H;
3.374,heptet,1H, J = 6.66;1.291,d, 6H, J = 6.66.


Neopentylphenylsulfide,62%,obtainedasanoil from
reactionof neopentyiiodide with sodiumthiophenoxide
was purified on a column of silica gel, and had a
satisfactory1H NMR spectrum.27


2-Butyl phenylsulfide,36%,obtainedfrom reactionof
2-butyl iodide with NaSPhin MeCN had oneGC peak
after purification on a column of silica gel. 1H NMR,
200MHz (CDCl3), �: 7.419–7.358,m, 2H; 7.325–7.159,
m, 3H; 3.163,sextet,1H, J = 6.63 (ave); 1.598,m, 2H;
1.272,d, 3H, J = 6.69;1.007,t, 3H, J = 7.36(ave).


(S)-2-Butyl phenyl sulfide. (R)-2-Butyl iodide (as-
sumedconfiguration28) waspreparedby reactionof (S)-
2-butanolwith NaI andMe3SiCl in MeCN following the
procedureof Olah et al.29 The reaction solution was
diluted with diethylether and the ether solution was
washed successivelywith water, sodium thiosulfate
solution and brine, and dried over Na2SO4. The ether
solutionwasconcentratedto asmallvolumeandusedfor
reactionwith NaSPhin MeCN. Work-up and chroma-
tography on silica gel gave 2.3% of (S)-(�)-2-butyl
phenyl sulfide, with a single GC peak and [a]D (room
temperature)in MeCN �15.3°. A secondpreparation,
16%yield, had[a]D =�17.3°.


Cyclopentyl phenyl sulfide, 71%, was obtained
similarly from cyclopentylbromideasan oil25,30 with a
single GC peak. 1H NMR, 200MHz (DMSO-d6), �:
7.38–7.13,m, 5H; 3.597,m, 1H; 2.09–2.00,m, 2H; 1.82–
1.56,m, 6H.


Cycloheptylphenyl sulfide,80%, was obtainedfrom
cycloheptylbromideasanoil with a singleGC peak.1H
NMR, 200MHz (CDCl3), �: 7.392–7.186,m, 5H; 3.340,
heptet,1H, J = 4.40(ave);2.079,m, 2H; 1.459–1.777,m,
10H.


Formates. Formateswerepreparedasfollows. Isopropyl
formate was prepared in 60% yield by reaction of
isopropyl alcohol with formic acid catalyzedby con-
centratedH2SO4, b.p. 62–65°C. 1H NMR, 200MHz
(CDCl3), �:8.017,s, 1H; 5.139,septof d, 1H, J = 6.26,
1.00; [these splittings are similar to these for ethyl
formatein the AIST (Agencyof IndustrialScienceand
Technology), Japan, database. (http://www.go.jp)],
1.296,d, 6H, J = 6.29.Lit. b.p.68.8-68.9°C.31


(S)-(�)-2-Butyl formate. A solution of 7.4g
(0.10mol) of (S)-(�)-2-butanol, 10.5g (0.20mol) of
88% formic acid and 10.8g (0.10mol) of Me3SiCl in
20ml of MeCN wasstirredat roomtemperatuefor 24h
andpouredinto water.To this wasaddedsolid NaHCO3


until gas evolution stopped. Three extractions with
diethylether,work-up and distillation gave4.7g (46%)
of product,b.p. 90–92°C, [a]D in MeCN �7.9 °. This
productwasusedfor theattemptedpreparationof (R)-3d
asdescribedfor 3d itself.


Cyclohexyl formate was prepared by reaction of
cyclohexanol(0.15mmol) with formic acid (0.20mmol)
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and chlorotrimethylsilane (0.15mmol) in 20ml of
MeCN.32 The mixture wasstirredovernightandpoured
into water. The aqueoussolution was neutralizedwith
solid NaHCO3 and extractedthree times with diethyl-
ether. After work-up and fractional distillation, the
portion of b.p. 30–32°C (3.5mmHg) wasfreedfrom an
impurity on a column of silica gel and had 1H NMR,
200MHz (CDCl3), �:8.046, d, 1H, J = 0.80, [these
splittings are similar to thosefor ethyl formate in the
AIST (Agency of Industrial Scienceand Technology),
Japan, database (http://www.go.jp)]; 4.891, tt, 1H,
J = 8.51 (ave), 4.31 (ave); 1.906–1.700,m, 4H; 1.600–
1.232,m, 6H. Lit. b.p.94.5–95.0°C (97–98mmHg).33


Cyclopentylformatewaspreparedsimilarly, b.p. 30–
32°C (6.5mmHg), 1H NMR, 200MHz (CDCl3),
�:7.871,s, 1H; 5.139,irreg. m, 1H; 1.754–1.469,irreg.
m, 8H.


Cycloheptylformatewaspreparedsimilarly, b.p. 55–
58°C (5 mmHg),1H NMR, 200MHz (CDCl3), �: 8.023,
s, 1H; 5.065,hept of d, 1H, J = 4.29 (ave), 0.92 (ave).
1.974–1.870,m, 2H; 1.781–1.429,m, 10H.


Reaction of sulfonium salts (3 and 4) with iodide ion.
An exampleis givenwith 3a. In a 10ml volumetricflask
were placed 60.4mg (0.159mmol) of 3a, 67.5mg
(0.407mmol) of KI, 21.9mg (0.171mmol) of naphtha-
lene asGC standardand 10ml of MeCN. The septum-
cappedmixture was stirred overnightand was assayed
three times for Th (column A) and MeI (column B),
giving 0.158� 0.002mmol (99.4%) of Th and
0.146� 0.020mmol (91.8%)of MeI. Reactionsof 3b–i
and4a andb werecarriedout similarly. In somecases,
the reactionsolutionwasnoticeablyyellow or brown at
theendof stirringandin someof thesecasesthesolution
was titrated for iodine with aqueoussodiumthiosulfate
after GC analysis,e.g.with 3e (entry 9, Table1) and3i
(entry18). In thereactionof 3g, in which a largeamount
of ene(cyclohexene,79%)wasformed,threeassayswere
carriedout afterovernightstirring andthreemoreaftera
secondnight’s stirring (results in parentheses),giving
78.6(78.6)%of cyclohexene.20.1(20.7)%of cyclohexyl
iodideand103(103)%of Th.


Reaction of sulfonium salts (3 and 4) with thiophen-
oxide ion. An exampleis given with 3a, the procedure
being similar to that with KI. Compound3a (58.2mg,
0.153mmol), NaSPh (54.3mg, 0.411mmol) and
naphthalene(22.2mg, 0.173mmol) were used.Assays
on columnA gave0.154mmol (100.7%)of thioanisole
and 0.154mmol (100.7%) of Th. Diphenyl disulfide
(0.0193mmol)wasalsoformedandis attributed,because
of the quantitativeyields of products,to oxidation of
someof theunusedthiophenoxideion, eitherin solution
or in theGC inlet. Reactionsof 3b–i and4a andb were
carriedoutsimilarly. In all of thesereactionsnotall of the
NaSPhwas dissolved.In the reactionof 4b, column A
couldnotseparatediphenylsulfide(Ph2S)andcyclohexyl


phenyl sulfide. The yields of these compoundswere
calculatedasstatedin Table2.


Reactions of benzylsulfonium salts (5) with bromide
and thiophenoxide ions. Thesourceof bromideion was
mainly KBr in the presenceof 18-crown-6(KBr/18C6).
Tetrabutylammonium bromidewasusedwith 5a but was
avoidedthereafterbecauseit gave rise to spuriousGC
peaks.Naphthaleneand2-butanonewereusedtogetheras
GCstandards.When5awasusedtheproductsdesignated
as PhCH2SR1 and PhCH2SR2 were the same
(PhCH2SMe) so that half of the total yield is enteredin
eachcolumn(entries1 and2). Thesameappliesto R1X
and R2X (MeSPh,entry 2). We were unable to assay
MeBr with our columns (entry 1). The experimental
procedureswerethesameaswith 3 and4.


Competition between 3a and 3e in reaction with
thiophenoxide ion. A solution of 19.6mg
(5,17� 10ÿ5 mol) of 3a and19.9mg (5.16� 10ÿ5 mol)
of 3e was preparedin 1 g of DMSO-d6. A solution of
3.11mg(2.36� 10ÿ5 mol) of NaSPhwaspreparedin 1 g
of the solvent and the two solutionswere mixed. The
NMR spectrumrecordedafter11min showedthesinglet
of MeSPhat 2.47ppm.Integrationof that singletandof
the singlet for the CH2 groupof 3e at 3.99ppm showed
that 88% of 3a had beenconvertedinto MeSPh.After
18h no changein thespectrumof 3ecouldbefound,but
the remaining3a hadtransferredits methyl groupto the
solvent,visibleat3.99ppm.Thesingletof theCH2 group
of neopentylphenylsulfidewasnot seen.


Reactions of cycloalkyl bromides and tosylates with
NaSPh. As an example, a solution of 38.6mg
(0.161mmol) of cyclopentyl tosylate and 50.3mg
(0.381mmol) of NaSPhin 10ml of MeCN containing
naphthaleneand2-butanoneasGC standardswasstirred
overnight. GC assaygave 97% of cyclopentyl phenyl
sulfideand2% of cyclopentene.Similar reactionswere
carriedout with othercycloalkyl derivatives.
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ABSTRACT: Two group increment schemes that convert HF/6–31G(d) and B3LYP/6–31G(d) calculated energies of
aliphatic amines to estimates of heats of formation have been developed. For the set of 25 compounds used to develop
the methods, root mean square errors for both methods were found to be 0.47 kcal molÿ1 (1 kcal = 4.184 kJ).
Calculations on an additional eight compounds are reported. Copyright 2001 John Wiley & Sons, Ltd.


KEYWORDS: heat of formation; density functional theory; aliphatic amines; bond equivalents; group equivalents;
group increment scheme


INTRODUCTION


Heats of formation are fundamental thermochemical
quantities, and as such can be helpful in understanding a
wide variety of phenomena. Not surprisingly, there is a
substantial amount of literature reporting experimental
determinations of heats of formation, and many of these
data are also available from an excellent NIST resource.1


Despite this, one still encounters situations where the
appropriate data are not available. Obtaining new, high-
quality experimental determinations of heats is a time-
consuming and demanding undertaking. For many
chemists without experience in obtaining thermochemi-
cal data, this means either employing the services of a
specialist with the appropriate equipment and expertise to
do the determination, or attempting a less accurate
determination themselves, or doing without the needed
datum.


Alternatively, there are a variety of computational
techniques for calculating heats of formation. These
range from simple, empirical group additivity schemes
such as Benson’s tables,2 to semiempirical MO methods,3


to molecular mechanics methods,4 to highly sophisticated
compoundab initio methods.5 The utility of any of these
methods to chemists who are seeking missing data will
depend on the nature of the compound in which they are


interested, the accuracy of the method, the chemists
expertise in computational chemistry and the computing
equipment available to them. The simplest methods, such
as Benson’s tables, require a little thought and only a
pencil and paper to apply. However, this method is not
very flexible since even minor structural changes (e.g.
gauche interactions in a carbon chain) require special
parameters. Therefore, one must restrict oneself to
compounds without any unusual structural features.
Using schemes in which part or all of the energy of the
molecule is explicitly calculated can enhance the
flexibility of computational methods. Semiempirical
MO methods use this approach but have proved to be
considerably less accurate than experimental measure-
ments. Molecular mechanics methods use their strength
at calculating steric energies to increase flexibility, and a
sophisticated bond and group additivity scheme to yield
calculated heats of formation that are fairly accurate.
Since the molecular mechanics method is fairly fast, the
technique can be applied to large molecules. Mostab
initio methods for the calculation of heats of formation
are not trulyab initio, since they often use experimental
heats of atomization or heats of formation for simple
model compounds as part of the calculation. Some of the
most popularab initio methods, the G1, G2 and G3
methods,5 have been fully automated within the Gaussian
98 program and are easy to use even for the non-expert.
However, the computer resources necessary are sub-
stantial even for small molecules. For example, a G2
calculation requires all of the following calculations:
geometry optimization and frequency calculations at the
HF/6–31G(d) level, geometry optimization at the
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MP2(full)/6–31G(d) level and single-pointcalculations
on the MP2 geometryat the following levels: MP4/6–
311+G(d,p),MP4/6–311G(2df,p), MP2/6–311+G(3df,2p)
andQCISD(T)/6–311G(d,p).With present-daycomputer
technologysuchcalculationsareonly possibleon small
molecules. For non-computationalchemists who are
unlikely to havestate-of-the-artcomputers,this scheme
is evenmorerestrictive.


Our interestin obtainingheatsof formation from ab
initio calculationsspringsfrom the fact that we are the
developers of molecular mechanics programs that
attempt to calculate accurately molecular properties,
andthoseincludeheatsof formation.Sincethemolecular
mechanicsprogramsareparameterizedto fit experimen-
tal data, we need a large amount of good data, and
sometimeswefind thattheyarenotavailable.In addition,
we sometimes find data that we cannot reproduce
satisfactorily.In suchasituationwemustdecidewhether
theparameterization,themolecularmechanicsmethodor
theexperimentaldatais at fault. Hence,like manyothers,
weneededaquickbutaccuratemethodof calculatingthe
requireddata.


When Wiberg,6 and Ibrahim and Schleyer7 indepen-
dently demonstratedthat reasonablyaccurateheatsof
formationcouldbeobtainedfrom HF/6–31G(d)calcula-
tionsandgroupor atomequivalents,we seizedon this as
the basisfor a methodthat would be able to obtain the
datawe neededin a computationallyefficient way. Our
experiencewith molecularmechanicstold usthata more
elaborategroup equivalentschemethan thoseusedby
WibergandSchleyerwasneededto obtainmoreaccurate
results.We thensetout to developsucha scheme,and
eventually determined the equivalents necessaryfor
convertingHF/6–31G(d)energiesto heatsof formation
for alkanes,8 amines,8 alcohols,9 ethers,9 aldehydes,10


ketones,10 carboxylic acids,11 esters,11 thiaalkanes,12


radicals13 and alkenes.14 After a decadeof experience
we have now decidedthat the basic methodswe used
earliercanbe improvedin two importantways.First, in
our original work the parametersfor alkanes were
determinedfrom a limited setof experimentaldata.We
havefound that the limited dataresultedin somesmall
but significantsystematicerrorsthat could be corrected
by simply using more data. The revised alkane par-
ametershave beendeterminedand published.15 How-
ever, since most organic moleculescontain saturated
carbons,the parametersfor the other functional groups
also need to be updatedsince they dependupon the
alkane parameters.In this paper, the appropriatepar-
ameters for amines are updated. Second, since our
original work in the area, computer hardware and
software have improved tremendously,allowing the
averagechemist to perform higher level calculations.
B3LYP/6–31G(d)calculations(asimplementedin G9416


andG9817) havebecomeroutine.In this paper,we also
report the equivalentsnecessaryto convert B3LYP/6–
31G(d)energiesof aminesto heatsof formation.


COMPUTATIONAL METHODS


Ourtechniquefor calculatingheatsof formationhasbeen
describedpreviously.8–15 Briefly, it consistsof calculat-
ing an energyusingHartree–Fockor densityfunctional
theory, and convertingit to a heat of formation using
bond and group equivalentsand statisticalmechanical
terms.It canbe summarizedin theequation:


�Hf � E�
X


j


ajnj � POP� TOR� T=R


whereE is theHF/6–31G(d)or B3LYP/6–31G(d)(using
themethodin Gaussian9416 and9817) energycalculated
for the lowestenergyconformerof the molecule,the aj


arethebondor groupequivalents,thenj arethecountsof
thebondsor groupsandPOP, TORandT/R arestatistical
mechanicalterms.POPis theexcessenergyin theheatof
formationdueto populatinghigherenergyconformers.It
is calculated as a Boltzmann population-weighted
averageof the relative energiesof all conformationsof
themolecule.TORis theexcessenergydueto populating
low-energy rotational statesinvolving rotation around
singlebonds.It is calculatedby countingthe numberof
singlebondsin themoleculefor whichthereis ratherfree
rotation (excluding methyl groups)and multiplying by
0.001594 hartreewhenusingHF calculations,or 0.000
727 hartree when using B3LYP calculations.15 T/R
consistsof the translationalandrotationalenergyof the
molecule(0.5RT per degreeof freedom;3RT for non-
linear molecules) plus the energy (1RT) needed to
convertan energyto an enthalpy.Actually, it might be
pointedout that thereare two methodsbeingdescribed
here.Thesameequationis usedfor both,but for oneHF
energiesare usedand for the other B3LYP. The same
procedureis usedfor both, and separateparametersets
are generated.The scheme can be applied to any
consistentlevel of quantum mechanicalcalculations.
For hydrocarbons,thecalculatedresultsaredownto the
level of accuracyof theexperimentaldataalready,sono
higherlevel is necessary.With functionalizedmolecules,
thesituationis lessclear.


To develop the schemefor calculating the heatsof
formation of amines, the structural elements that
representthe group equivalentswere selected,a list of
moleculescontainingtheappropriatestructuralelements
and having accurately known experimental heats of
formationwasassembled,andtheE, POP, TOR, andT/R
termswere evaluated.In addition, the bond and group
equivalentscorrespondingto thesaturatedalkyl portions
of the amineswereobtainedfrom our previouswork on
alkanes.15 Substitutingthesedatainto theequationyields
a set of simultaneousequations(the numberof which
equalsthe numberof moleculeschosen)in which the
only unknownsarethebondandgroupequivalents,aj, for
amines.Thesesimultaneousequationswerethensolved
by usingthe least-squaresmethod.
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Experimentalheatsof formationfor compoundsin the
gasphaseat 298K weretakenfor thecollectionsof Cox
andPilcher,18 Pedleyet al.,19 anda NISTChemistryWeb
Book chapter by Afeefy et al.1 Molecular orbital
calculationswerecarriedout usingGaussian94, the 6–
31G(d) basis set and, where appropriate,the B3LYP
method. POP terms were evaluated using relative
energiesof conformersobtained from molecular me-
chanics.


RESULTS AND DISCUSSION


Sevenbondandgroupequivalentswereselectedto fit the
amines.Theseconsistof, first, the bondequivalentsfor
the CN and NH bonds.The NSEC and NTER group
equivalentsare then used for secondaryand tertiary
amines, respectively. Thus, the CN and NH bond
equivalentsare optimized for primary aminesand no
equivalentfor theprimaryaminesis required.In addition,
equivalentsfor the type of carbonthat bearsthe amino
group are used. The NME, NISO and NTBU group
equivalentsareusedwhenthecarbonbearingtheamino
groupis a methylgroup,a secondarycarbonor a tertiary
carbon,respectively.(A groupequivalentis not needed
when the amino group is attachedto a primary carbon,
sincethe CN andNH equivalentswill be optimizedfor
this case.)In this work, 24 aminesand ammoniawere


usedto evaluatetheequivalents.Completelistingsof the
compoundsand the countsof the equivalentsin each
moleculeareshownin Table1. Thesecompounds,their
experimentally determined heats of formation, POP
valuesand countsof the numberof bondsrequiring a
TORcorrectionareshownin Table2. Theenergiesof the
lowest energyconformationof thesemoleculesat both
the HF/6–31G(d)andB3LYP/6-31G(d)levelsof theory
areshownin Table3.


Two POP termseachare listed for cyclopentylamine
andpyrrolizidine. In eachof thesecompounds,different
conformerswere found to be the most stablefrom the
Hartree–Fockand the B3LYP methods.Normally, we
calculate the POP terms using relative energies of
conformerscalculatedusing molecular mechanics.In
thesecases,separatePOP termswere calculatedusing
HF andB3LYP relativeenergies.In principle, the POP
termsshouldalwaysbecalculatedin this way.However,
in practice there is usually only a minor (negligible)
differencebetweenthe POP term calculatedwith mol-
ecularmechanicsor theMO methods.In thesecases,the
two MO methodsdiffer by 0.2and0.1kcalmolÿ1 (1 kcal
= 4.184kJ) for cyclopentylamine and pyrrolizidine,
respectively.


The data in Tables1–3, along with the countsand
valuesof our previously publishedalkaneequivalents,
allow oneto obtaina least-squaresfit for thevaluesof the
sevennew equivalentsneededto definealiphaticamine


Table 1. Aliphatic amines and the number of equivalents in each compound


Compound CN NH NME NISO NSEC NTER NTBu


Ammonia 0 3 0 0 0 0 0
Methylamine 1 2 1 0 0 0 0
Dimethylamine 2 1 2 0 1 0 0
Trimethylamine 3 0 3 0 0 1 0
Ethylamine 1 2 0 0 0 0 0
Propylamine 1 2 0 0 0 0 0
n-Butylamine 1 2 0 0 0 0 0
tert-Butylamine 1 2 0 0 0 0 1
Piperidine 2 1 0 0 1 0 0
2-Methylpiperidine 2 1 0 1 1 0 0
Cyclopentylamine 1 2 0 1 0 0 0
Cyclohexylamine 1 2 0 1 0 0 0
Diethylamine 2 1 0 0 1 0 0
sec-Butylamine 1 2 0 1 0 0 0
Isobutylamine 1 2 0 0 0 0 0
Isopropylamine 1 2 0 1 0 0 0
Pyrrolidine 2 1 0 0 1 0 0
Triethylamine 3 0 0 0 0 1 0
Pyrrolizidinea 3 0 0 1 0 1 0
Dimethylpyrrolizidineb 3 0 0 3 0 1 0
Tetramethylpiperidinec 2 1 0 0 1 0 2
trans-Decahydroquinolidine 2 1 0 1 1 0 0
Dipropylamine 2 1 0 0 1 0 0
Tripropylamine 3 0 0 0 0 1 0
Disobutylamine 2 1 0 0 1 0 0


a 1-Azabicyclo[3.3.0]octane.
b cis-3,7a-H-cis-5,8-H-3,5-Dimethylpyrrolizidine.
c 2,2,6,6-Tetramethylpiperidine.


Copyright  2001JohnWiley & Sons,Ltd. J. Phys.Org. Chem.2001;14: 90–96


92 L. R. SCHMITZ ET AL.







Table 2. Heats of formation, POP and number of units of TOR for compounds used in determining the values of the equivalents


Compound �Hf POP TOR
(kcalmolÿ1) (hartree) (No. of units)


Ammonia ÿ10.98 0.00000 0
Methylamine ÿ5.50 0.00000 0
Dimethylamine ÿ4.43 0.00000 0
Trimethylamine ÿ5.67 0.00000 0
Ethylamine ÿ11.35 0.00005 1
Propylamine ÿ16.77 0.00038 2
n-Butylamine ÿ21.99 0.00094 3
tert-Butylamine ÿ28.80 0.00000 1
Piperidine ÿ11.76 0.00016 0
2-Methylpiperidine ÿ20.19 0.00025 0
Cyclopentylamine ÿ13.11 0.00047(HF) 2


0.00021(B3LYP)a


Cyclohexylamine ÿ25.07 0.00038 1
Diethylamine ÿ17.33 0.00075 2
sec-Butylamine ÿ25.07 0.00051 2
Isobutylamine ÿ23.59 0.00043 2
Isopropylamine ÿ20.02 0.00018 1
Pyrrolidine ÿ0.80 0.00022 1
Triethylamine ÿ22.06 0.00010 3
Pyrrolizidine ÿ0.93 0.00048(HF) 2


0.00032(B3LYP)a


Dimethylpyrrolizidine ÿ15.90 0.00035 2
Tetramethylpiperidine ÿ38.22 0.00026 0
trans-Decahydroquinolidine ÿ26.99 0.00026 0
Dipropylamine ÿ27.84 0.00082 4
Tripropylamine ÿ38.48 0.00036 6
Disobutylamine ÿ42.83 0.00092 4


a Seetext


Table 3. Electronic energies (hartee) of the lowest energy conformers of amines used in determining the values of the
equivalents


Compound HF/6–31G(d) B3LYP/6–31G(d)


Ammonia ÿ56.18436 ÿ56.54795
Methylamine ÿ95.20983 ÿ95.85320
Dimethylamine ÿ134.23885 ÿ135.16285
Trimethylamine ÿ173.26930 ÿ174.47441
Ethylamine ÿ134.24773 ÿ135.17073
Propylamine ÿ173.28248 ÿ174.48459
n-Butylamine ÿ212.31708 ÿ213.79821
tert-Butylamine ÿ212.32181 ÿ213.80311
Piperidine ÿ250.18870 ÿ251.90437
2-Methylpiperidine ÿ289.22681 ÿ291.22205
Cyclopentylamine ÿ250.18635 ÿ251.90043
Cyclohexylamine ÿ289.23035 ÿ291.22429
Diethylamine ÿ212.31404 ÿ213.79430
sec-Butylamine ÿ212.31937 ÿ213.80075
Isobutylamine ÿ212.31733 ÿ213.79818
Isopropylamine ÿ173.28567 ÿ174.48727
Pyrrolidine ÿ211.14442 ÿ212.58202
Triethylamine ÿ290.37244 ÿ292.41613
Pyrrolizidine ÿ327.08472 ÿ329.31564
Dimethylpyrrolizidine ÿ405.15925 ÿ407.94977
Tetramethylpiperidine ÿ406.32432 ÿ409.15967
trans-Decahydroquinolidine ÿ405.17222 ÿ407.96005
Dipropylamine ÿ290.38334 ÿ292.42333
Tripropylamine ÿ407.47638 ÿ410.35706
Disobutylamine ÿ368.45284 ÿ371.05204
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structures.Thevaluesof theequivalentsfor boththeHF
andB3LYP methodsaregivenin Table4. Thecalculated
heatsof formation that one obtainsby using the new
incrementsare given in Table 5. The r.m.s. error for
fitting the heatsof formation of theseaminesusing the
HF and B3LYP methodswas found to be the same,
0.47kcalmolÿ1. This is in contrastto our previouswork
on alkanes,wherewe found the B3LYP resultsto be of
superior accuracy.(The r.m.s. errors from these two
methodsfor the correspondingcalculationson hydro-
carbonswere 0.71 and 0.36kcalmolÿ1, respectively.)
The presentresult is probablydue to the quality of the
experimentaldataratherthanto therelativemeritsof the
two methods.We alsocarriedout calculationsusingHF
andB3LYP methodswith the6–31G(d)basison carbon
and hydrogen,but with the 6–311+G(d)basis set on
nitrogen,andno improvementwasfound.


If our quantumcalculationswere exact, therewould
presumablybeno needfor the lastfive termsin Table4.
Theseterms lead to a stabilizationof branchedchains.
This is a familiar effect, generalfor organicmolecules.
The cause of this effect is not entirely known, but
apparentlyis due in part to electron correlation. In a
branchedchainsuchasneopentane,the electronsin the
moleculearemoreinfluencedby oneanotherthanin an
elongatedchain suchas n-pentane.In our calculations,
the Hartree–Fockmethoddoesnot reproduceelectron
correlation,and relatively large incrementsare needed
here to accountfor that. (They may be accountingfor
additional things as well.) When we go to the density
functional calculation, some electron correlation is
included, and consequently the magnitude of this
stabilization(the increment)is reduced.An examination
of Table4 showsthis clearly. While thesenumbersare
small in hartrees,andso small in a quantumsense,they
havea large impacton the heatsof formation,being in
generalon theorderof severalkcalmolÿ1.


In addition to the 25 compoundsusedin fitting the
equivalents,we performedcalculationson an additional
eight compoundsfor which we havetrouble fitting the
experimentaldata.Thesecompoundsandthenumberof
equivalentsin eachare listed in Table 6, and Table 7
containsthe dataneededto calculateheatsof formation
for thesecompounds.Table 8 comparesour calculated
heats with experimentalresults and MM3 calculated
heats.


Table 4. Values (hartree) of the equivalents for amines


Equivalent HF/6–31G(d) B3LYP/6–31G(d)


CN 27.630403 27.790293
NH 18.721013 18.842210
NSEC ÿ0.005396 ÿ0.004978
NTER ÿ0.014561 ÿ0.011133
NME 0.004105 0.002570
NISO ÿ0.003427 ÿ0.002558
NTBu ÿ0.010249 ÿ0.007853


Table 5. Calculated heats of formation (kcal molÿ1) and comparison with experimental values


Compound Experimental HF Error B3LYP Error


Ammonia ÿ10.98 ÿ10.98 0.00 ÿ10.98 0.00
Methylamine ÿ5.50 ÿ4.61 0.89 ÿ4.74 0.76
Dimethylamine ÿ4.43 ÿ3.85 0.58 ÿ4.38 0.05
Trimethylamine ÿ5.67 ÿ6.36 ÿ0.68 ÿ5.96 ÿ0.29
Ethylamine ÿ11.35 ÿ11.95 ÿ0.60 ÿ12.34 ÿ0.98
Propylamine ÿ16.77 ÿ17.13 ÿ0.36 ÿ17.51 ÿ0.74
n-Butylamine ÿ21.99 ÿ22.08 ÿ0.09 ÿ22.37 ÿ0.38
tert-Butylamine ÿ28.80 ÿ28.91 ÿ0.11 ÿ28.56 0.24
Piperidine ÿ11.76 ÿ12.24 ÿ0.48 ÿ11.95 ÿ0.19
2-Methylpiperidine ÿ20.19 ÿ20.26 ÿ0.07 ÿ20.07 0.12
Cyclopentylamine ÿ13.11 ÿ13.00 0.11 ÿ12.74 0.38
Cyclohexylamine ÿ25.07 ÿ24.96 0.11 ÿ24.51 0.56
Diethylamine ÿ17.33 ÿ17.73 ÿ0.40 ÿ16.91 0.42
sec-Butylamine ÿ25.07 ÿ24.35 0.72 ÿ24.64 0.43
Isobutylamine ÿ23.59 ÿ24.44 ÿ0.85 ÿ24.16 ÿ0.57
Isopropylamine ÿ20.02 ÿ19.83 0.19 ÿ19.72 0.30
Pyrrolidine ÿ0.80 ÿ0.11 0.69 ÿ0.97 ÿ0.18
Triethylamine ÿ22.06 ÿ21.76 0.29 ÿ21.98 0.08
Pyrrolizidine ÿ0.93 ÿ1.09 ÿ0.16 ÿ1.02 ÿ0.10
Dimethylpyrrolizidine ÿ15.90 ÿ16.25 ÿ0.35 ÿ16.59 ÿ0.68
Tetramethylpiperidine ÿ38.22 ÿ38.17 0.05 ÿ38.34 ÿ0.12
trans-Decahydroquinolidine ÿ26.99 ÿ26.85 0.14 ÿ26.63 0.36
Dipropylamine ÿ27.84 ÿ28.34 ÿ0.50 ÿ28.42 ÿ0.58
Tripropylamine ÿ38.48 ÿ37.58 0.90 ÿ37.50 0.98
Disobutylamine ÿ42.83 ÿ42.85 ÿ0.02 ÿ42.70 0.12
R.m.s.Error 0.47 0.47
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Disopropylamineis aninterestingcase.In our original
paperusingHartree–Fockcalculationsto determineheats
of formation of amines,8 a heat of formation of
ÿ30.02kcalmolÿ1 wasfound,which is in fair agreement
with thosereportedhere(ÿ29.99andÿ30.89kcalmolÿ1


using the HF and B3LYP methods,respectively).As
noted in the earlier paper,this value was in very poor
agreementwith the thenacceptedexperimentalvalueof
ÿ34.41kcalmolÿ1.19,20Sincethattime,theexperimental
heatof formationhasbeenredeterminedandfoundto be
ÿ32.58kcalmolÿ1,1,21 in better agreementwith our
calculatedresultsbut still morenegativethanour results.
The MM3-calculatedheatof formation of disopropyla-
mine is ÿ31.55kcalmolÿ1, which alsosuggeststhat the
experimentalresultmaystill be too negative(Table8).


For di-n-butylamine and n-butylisobutylamine, the
experimentalheatsareconsistentlyeithermorenegative


(n-butylisobutylamine ) or more positive (di-n-butyla-
mine) by roughly 1 kcalmolÿ1 than those calculated
using the three methods (HF, B3LYP and MM3).
Although the errors are relatively small, it might be
appropriateto repeattheexperimentalwork.


The consistencyof the calculatedheatsof formation
andthelargedisagreementwith theexperimentalheatsof
methylbutylamineandbutylisopropylaminesuggestthat
theexperimentalnumbersarevery likely inaccurate.The
experimentalheat of formation for methylbutylamine
(ÿ25.88kcalmolÿ1) is more than 4 kcalmolÿ1 more
negativethanthecalculatedvalues(ÿ21.32,ÿ21.52and
ÿ21.11kcalmolÿ1 for the HF, B3LYP and MM3
methods,respectively).Similarly, the experimentalheat
of formationfor butylisopropylamine(ÿ39.44kcalmolÿ1)
is morethan4 kcalmolÿ1 morenegativethanthecalcu-
latedvalues(ÿ34.43,ÿ34.81andÿ34.85kcalmolÿ1 for


Table 6. Additional amines and the number of equivalents in each


Compound CN NH NME NISO NSEC NTER NTBu


Disopropylamine 2 1 0 2 1 0 0
Quinuclidine 3 0 0 0 0 1 0
Butylmethylamine 2 1 1 0 1 0 0
3-Azabicyclo[3.2.2]nonane 2 1 0 0 1 0 0
Azacycloheptane 2 1 0 0 1 0 0
Butylisopropylamine 2 1 0 1 1 0 0
Dibutylamine 2 1 0 0 1 0 0
Butylisobutylamine 2 1 0 0 1 0 0


Table 7. POP, number of units of TOR, HF/6±31G(d) and B3LYP/6±31G(d) energies


POP TOR HF B3LYP
Compound (hartree) (No. of units) (hartree) (hartree)


Disopropylamine 0.00035 2 ÿ290.38368 ÿ292.42547
Quinuclidine 0.00000 0 ÿ327.07880 ÿ329.31072
Butylmethylamine 0.00061 3 ÿ251.34576 ÿ253.10675
3-Azabicyclo[3.2.2]nonane 0.00026 0 ÿ366.11498 ÿ368.62483
Azacycloheptane 0.00031 1 ÿ289.21264 ÿ291.20873
Butylisopropylamine 0.00094 4 ÿ329.41840 ÿ331.73828
Dibutylamine 0.00128 6 ÿ368.45258 ÿ371.05059
Butylisobutylamine 0.00131 5 ÿ368.45274 ÿ371.05135


Table 8. Experimental and calculated heats of formation (kcal molÿ1) for additional amines


Compound Exp. HF B3LYP MM3


Disopropylamine ÿ32.58 ÿ29.99 ÿ30.89 ÿ31.55
Quinuclidine ÿ1.03 1.56 1.20 ÿ1.26
Butylmethylamine ÿ25.88 ÿ21.32 ÿ21.52 ÿ21.11
3-Azabicyclo[3.2.2]nonane ÿ10.44 ÿ13.39 ÿ9.86 ÿ6.83
Azacycloheptane ÿ10.80 ÿ16.49 ÿ12.63 ÿ10.21
Butylisopropylamine ÿ39.44 ÿ34.43 ÿ34.81 ÿ34.85
Dibutylamine ÿ37.43 ÿ38.69 ÿ38.58 ÿ38.14
Butylisobutylamine ÿ41.80 ÿ40.65 ÿ40.52 ÿ39.52
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the HF, B3LYP and MM3 methods,respectively).The
experimentalheatsof formation of methylbutylamine
andbutylisopropylamine clearlyshouldberedetermined.


We alsonotethat it is now becomingfeasibleto study
outliersin our methodof deriving heatsof formationby
employing the G2 method,which should yield results
accurateto about2 kcalmolÿ1 for smallmolecules.


Thedatain Table8 suggestthat therearelargeerrors
in eitheror boththeexperimentaland/orcalculatedheats
for quinuclidine,3-azabicyclo[3.2.2]nonaneand azacy-
cloheptane.Weareunwilling to speculateasto thesource
of theerrorsbecauseof the inconsistencyof thedata.
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ABSTRACT: The SN2 substitution of 2-octyl mesylate with solid KBr under the conditions of phase-transfer catalysis
was studied kinetically using the model approach of ‘initial burst.’ It is suggested that such kinetics reflect the
contribution of mass transfer and surface poisoning. The proposed model is used to explain the influences of catalyst,
solvent, stirring speed, activation and agitation effects. The mechanistic scheme suggests that the reaction is described
by two separate kinetic stages, one of which reflects the intrinsic rate-limited step and the other the mass transfer-
controlled step. Copyright  2001 John Wiley & Sons, Ltd.
Additional material for this paper is available from the epoc website at http://www.wiley.com/epoc


KEYWORDS: solid–liquid phase transfer; kinetics; catalysis; nucleophilic substitution; 2-octyl mesylate; potassium
bromide
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The method of phase-transfer catalysis (PTC) in the
presence of a solid phase as an inorganic reagent, the so-
called solid–liquid (s/l) PTC, is a convenient technique in
organic synthesis that has been widely studied over the
last 20 years.1 Occasionally, it has advantages over the
common liquid–liquid (l/l) PTC and is sometimes
successfully employed on an industrial scale.2 There
are a number of papers3 which have reported on the
kinetics and varied mechanistic questions, although there
is still no unanimity regarding either the mechanism or
the topology of s/l PTC.


The complexity of s/l systems arises from the
contributions of various side effects, such as adsorption
and diffusion on the surface,4 modification of the surface
by the regent/substrate adsorption that sometimes causes
surface poisoning,4,5 etc. These effects make s/l PTC
resemble heterogeneous catalysis. In fact, the contribu-
tion of surface factors is sometimes very pronounced, so
the reaction may not be limited by a chemical step but
rather by the mass transfer through the solid–liquid
interface barrier.


Also, one of the most challenging issues in s/l PTC is
the topology of the chemical reaction step: whether it


occurs in the organic phase, at the solid–liquid interface
or in the immediate vicinity to the surface. It has been
shown6 that small additions (or residual traces) of water
may have a substantial effect on the kinetics by either
accelerating or slowing the reaction. Generally, water
results in softening of the salt lattice and, as a result, in
homogenization of the reaction step. We focus on the
‘dry’ systems where the lattice ‘strength’ does not allow
separation of the anion, so the reaction proceeds
preferably on the surface.


�������� �	 ������� ���� �� �*� +$)


We have previously reported on the kinetics of
nucleophilic substitution of hexyl bromide with solid
MCl under PTC conditions.7 The reaction was shown to
proceed on the solid surface via the consecutive
formation of binary and ternary adsorption complexes
formed by the substrate, onium salt and MCl.


We recently reported on the kinetics of the analogous
substitution of 2-octyl mesylate with solid potassium
halides under s/l PTC conditions.8 The kinetics of this
reaction in an l/l system were previously studied by
Landini and co-workers.9 However, in the s/l system it
appears more complicated and informative and allows
one to draw more detailed conclusions about the reaction
mechanism. To describe the reaction kinetics we
proposed the approach of ‘initial burst’ (IB),8,10 which
gives a very accurate approximation of the data obtained.
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The IB kinetics have not been studied with respect to
PTC before, although there are papers reporting on
similar kinetic features in analogous systems.11,12 This
investigation was directed towards a more detailed study
of such kinetics in the reaction of 2-octyl mesylate with
solid KBr [Eqn. (1)]. This simple model reaction was
chosen to gain an insight into the basic mechanistic
picture, although the results obtained cannot be general-
ized for other systems.


n-C6H13CH�CH3�OMs


� KBr ��toluene/ 95�C
Aliquat 336


n-C6H13CH�CH3�Br


� KOMs �1�


A typical reaction profile representing the IB kinetics
is shown in Fig. 1. The reaction initially proceeds at a
high rate of first order. After reaching a certain degree of
conversion, it turns into a regime which is described by a
lower rate and zero-order kinetics, and proceeds to
complete conversion in such a fashion.


As we suggested earlier,8 the solid product KOMs
forms a so-called ‘crust’ over the KBr particle and
gradually poisons the reacting surface. The amount of
‘crust’ grows to a certain extent until the rate of ‘crust’
accumulation becomes equal to the rate of its removal.
Once this equilibrium amount of ‘crust’ has been
reached, the reaction is no longer limited by the chemical
step, but proceeds in the mass transfer regime. A pictorial
representation of the exchange processes in our system is
shown in Scheme 1.


Similar kinetics are observed in some heterogeneous
topochemical reactions which are described by the


Avrami–Erofeev equation.13 This approach is based on
the continuous deceleration of the reaction due to the
growing contribution of diffusion through the solid
product ‘crust,’ which constantly accumulates over the
reacting particles. Recently, this approach has also been
applied to describe s/l PTC kinetics,11 although the
reported case is not identical with ours. In the
topochemical model, the amount of ‘crust’ grows
constantly, so the reaction does not become zero-order.


Another attempt to describe similar kinetics in
gaseous–solid phase substitution was made by Mitchenko
and Dadali,12 who suggested that the reaction is
described by two kinetic regimes because of two different
types of catalytic sites on the surface. However, neither
this model nor the Avrami–Erofeev model11,13 can be
used in the present case, because they do not describe the
stationary kinetic regime, which corresponds to the linear
part of the kinetic curve.


We propose a model which is based on the principles
of the three-stage Michaelis–Menten kinetics10a and is
applicable in some enzyme-catalyzed reactions. As a
starting point, we assume that the active site (AS) on the
KBr surface plays a role similar to that of an enzyme.8 As
in enzyme kinetics, these AS are consumed in the initial
stage and regenerated thereafter. The proposed mechan-
ism is given in Scheme 2.


The first kinetic regime is conditioned by the
adsorption of PT agent (QX) and substrate (ROMs) on
the KBr surface resulting in the adsorption (subscript
‘ads’ in Scheme 2) complex (KBr)n � 1[KBr QX
ROMs]ads, which then decomposes and gives RBr. These
steps overall are reflected in the pseudo-first-order rate
constant k�2, which defines the reaction rate in the pre-
steady state. The second regime includes regeneration of
the PT agent and renewal of the KBr surface. Decom-
position of the imaginary complex (KBr)n � 1[KOMs]ads


and regeneration of a new KBr AS lead to the removal of
solid ‘crust’ and are defined by the k�3 constant. If k�2


� k�3 the reaction would turn into the steady-state as
soon as all AS are consumed, i.e. when the surface
becomes poisoned by the ‘crust’. In this regime, the
reaction rate is mostly defined by k�3. We assign [E]0 to
the number of KBr sites, which react in the pre-steady-
state regime and most of which then become bound in
(KBr)n � 1 [KOMs]ads in the steady state. A zero-order
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dependence is observed because the rates of the AS
consumption and regeneration become equal in the
steady state, i.e. the concentration of (KBr)n � 1[KOM-
s]ads is stationary (and is close to the [E]0 value). The
following integral rate expression can be derived for this
model:8,10


�P	 
 k�2k�3�E	0t
k�2 � k�3


� k2
�2�E	0�1 � exp���k�2 � k�3�t	�


�k�2 � k�3�2 �2�


where [P] is the monitored RBr concentration in organic
phase, t is time and k�2, k�3 and [E]0 are kinetic
parameters. The use of this expression allows one to
calculate three independent kinetic parameters (k�2, k�3


and [E]0) from a single run.
This work was aimed at further investigation of the IB


kinetics in application to s/l PTC. A number of
experiments were performed to study the effects of
different reaction conditions on the calculated k�2, k�3


and [E]0 values.


/0+/%#1/�$23


8�	����  �������� �	� 
�� ��	�� Solid KBr was ground
and sieved to obtain fractions of salt with particle sizes
�0.1, 0.1–0.125, 0.125–0.2 and �0.2 mm. Each fraction
was then thoroughly dried under vacuum prior to the
reaction. AportionofdriedKBr(acertain fraction ofsieved
or non-sieved salt) was loaded into a water-jacketed three-
necked reactor thermostated at 95°C supplied with a reflux
condenser and a mechanical stirrer. After the salt had been
pre-activated bystirring in the reactor for30 min, a solution
of racemic 2-octyl mesylate prepared by a standard
procedure14 (2.04 g, 0.01 mol) and undecane (0.3 ml) in
toluene (7 ml) was placed in the reactor. The reaction
mixture was stirred for a few seconds, whereupon the
stirring was stopped and the first reference sample (zero-
time point) was taken. Immediately after the first sample
had been taken, tricaprylmethylammonium chloride (Ali-
quat 336) (0.15 ml, 0.25 mmol) was placed in the reactor
and the stirring was continued. If not indicated otherwise,


the stirring rate was kept near 2000 rpm. After the reaction
had been started, the stirring was stopped periodically and,
after the requiredseparationoforganicandsolidphaseshad
been achieved, samples of the organic phase (0.1 ml)
were taken with a pipette through the reactor neck. The
reaction was terminated after acceptable kinetic profiles
had been obtained (40–70% conversion for most experi-
ments) or was allowed to proceed to completion. All the
reagents and solvents were of ‘chemical by pure’ grade and
were used without further purification.


8�
 ����������� ��� +8�- �	���
�
 �	� ��	����
���
�����	�
�GC analyses were conducted at a column
temperature of 80–150°C depending on the type of a
compound under study. A glass column (2.4 � 0.005 m
i.d.) packed with Chromaton N-AW DMCS (0.16–
0.2 mm) saturated with a 5% solution of SE-30 was
used. The concentrations of 2-octyl mesylate and 2-
bromooctane were calculated from the ratios of the GC
peak areas for the analyzed compound and the internal
standard (undecane) using the known concentration of
undecane in the organic phase and the calibration
coefficients 1.67 and 1.8 for 2-octyl mesylate and 2-
bromooctane, respectively. If the reaction proceeded to
completion the GC yields were near 90%.


The kinetic data, i.e. the product concentrations (mol
l�1) plotted against time (min), were then processed using
MicroCal Origin v. 3.5 software. The non-linear least-
squares fitting (NLSF) method was performed to compute
the kinetic parameters. Equation (2) was used for the
fitting of most of the experimental data, except the
experiments which were described by the first-order
kinetics or where an initial rate analysis was performed.
The values of k�2, k�3 and [E]0 were calculated with an
accuracy corresponding to 20% and lower standard errors
of NLSF.
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It has been shown by different authors7,15 that mechanical
agitation during or prior to the reaction may have a
pronounced influence on the kinetics of PTC. The typical
S-like dependences of the rate constants on stirring speed


�KBr�n � QX � �KBr�n�1�KBr QX	ads �ROMs �KBr�n�1�KBr QX ROMs	ads


�KBr�n�1�KBr QX ROMs	ads ��
k�2 �KBr�n�1�KOMs QX	ads � RBr


�KBr�n�1�KOMs QX	ads �� �KBr�n�1�KOMs	ads � QX


�KBr�n�1�KOMs	ads ��
k�3 �KBr�n�1 � KOMs
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are observed in most cases. Basically, the rate vs stirring
curves reach saturation at comparatively low agitation
speeds (100–300 rpm) if the reaction is not much affected
by mass transfer. In contrast, if the observed constant
reflects the mass transfer-limited step, as is typical for s/l
PTC, saturation is reached at about 1000 rpm or higher.
Once the saturation of the rate constant has been reached,
the reaction is considered to be in a kinetic regime,1c


which means the absence of any diffusion contribution
for the true chemically controlled reaction. As for the
mass transfer-controlled reaction, the rate constant at
which the saturation is reached can be conditioned by the
in posse degree of dispersion/emulsification, as has been
demonstrated by Starks,15a or by the form of the stirrer
and/or reactor.


The calculated constants for the reaction under study
vs agitation speed are presented in Fig. 2. The k�2 value
reaches a plateau starting with a very slow stirring speed,
whereas it takes nearly 2000 rpm for k�3 to reach
saturation. The observed dependences indicate the
different natures of the observed constants. According
to the proposed mechanism, k�2 represents the consump-
tion of AS, which is a purely intrinsic chemical process
and therefore would not depend much on stirring. In
contrast, k�3 describes the step of AS regeneration, which
is virtually the mass transfer-controlled process of
surface renewal. It is more affected by stirring because
its nature is more physical. The [E]0 value does not
depend on stirring, which means that the amount of
working AS does not increase in the studied range of
stirring.


We have previously reported that in the bromine–
chlorine substitution of hexyl bromide with solid metal
chlorides under s/l PTC conditions, the preliminary


mechanistic activation of salt had an accelerating effect
and led to the elimination of the induction period on
kinetic profiles.7a However, in the present case the
preliminary activation has little or no effect on kinetics
(for results, see Supplementary Material). Consequently,
the KBr surface is developed enough without any
preliminary agitation. On the other hand, if the reaction
is started with a coarse salt (�0.2 mm sieved particles)
and proceeds for a long time some acceleration is
observed during the steady state (see Supplementary
Material). Seemingly, the larger salt particles are easily
ground, so the rate increases because of the increase in
the surface area and in the amount of AS. A larger
amount of AS means a higher [E]0 value, which defines
the steady-state rate.
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The influence of the initial substrate concentration ([S]0)
on the reaction kinetics was also studied (see Supple-
mentary Material). The observed rate constants k�2 and
k�3 depend linearly on [S]0. The [E]0 value is not affected
by the changes in substrate concentration, which is
consistent with the proposed model (Scheme 2). Indeed,
the degree of surface poisoning by the ‘crust’ would be
defined by the surface properties only and not by the
component concentrations, except that of QX, which can
modify the reacting surface.8 Obviously, an increase in
[S]0 would lead to acceleration of the steps responsible
for the consumption of AS and accumulation of the
‘crust,’ which explains the observed increase in k�2.
Therefore, k�2, as an intrinsic constant, is first order in
substrate.


On the other hand, an increase in substrate concentra-
tion causes the same substantial increase in k�3, which is
at variance with the model, because k�3 represents for the
surface renewal and is not connected with any chemical
step involving substrate. The observed increase in k�3 vs
[S]0 is the result of deviation from the IB model in the
experiments with low concentrations of substrate
([S]0 = 0.25, 0.4, and 0.6 M; see Supplementary Ma-
terial). In these cases, approximation of the steady state
becomes misleading, because [S]0 must not be compar-
able to the ‘burst’ magnitude ([E]0), which is approxi-
mately 0.2 M, so the model cannot be used for the
accurate estimation of k�3.
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The PT agent usually plays an essential role in the
kinetics of PTC. We studied a number of onium salts (see
Supplementary Material) having different quaternary
cation structures and coupled with Cl�, Br�, I� and
HSO4


� anions. The use of crown ethers was also studied.
The kinetic profiles of reaction (1) catalyzed by these
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catalysts are presented in Fig. 3 (for calculated kinetic
parameters, see Supplementary Material).


Visually, all the studied catalysts can be subdivided
into two major groups: catalysts that cause the IB kinetics
and catalysts that result in a slow first-order reaction. The
first group is constituted by the onium salts, which are
lipophilic enough and have no aromatic substituents. The
second group is the onium salts, which either are not
lipophilic enough and poorly soluble in the reaction
medium (toluene) or have aromatic substituents. First-
order kinetics are observed in this case, because the
intrinsic reaction (consumption of AS, k�2) is slower than
surface renewal (regeneration of AS, k�3) from the
beginning and, therefore, the steady state is not reached.


The use of dibenzo-18-crown-6 results in an even
slower reaction. Apparently, crown ethers represent a
single class of catalysts, in the presence of which the
reaction preferably proceeds via the extraction mechan-
ism,16 as has also been suggested elsewhere.3a,9b Indeed,
crown ethers belong to a different structural and
functional group of catalysts since they bind the cation
of an inorganic salt.


Surprisingly, onium salts containing one or more
aromatic substituents, such as TPMPB and TEBAC, also
seemingly form a single group of PT agents (see caption
of Fig. 3 for compound abbreviations). These salts, unlike
their aliphatic analogues, also result in a comparatively
slow first-order reaction. Low reaction rates in the
presence of these catalysts might be connected with a
stronger adsorption of the aromatic quats on the KBr


surface. This would lead to a higher activation barrier of
the transition state and to stronger surface poisoning by
the onium salt.


The role of anion is not so pronounced. Judging from
the first-order constants for TEAC, TEAB, TEAI and
from k�2 for TBAB, TBAI and TBAH (see Supplemen-
tary Material), only a slight increase in the reaction rate is
observed in the order Br� � Cl� � I� � HSO4


�.
Considering the results obtained for the onium salts,


which result in the IB kinetics, we have arrived at some
interesting correlations. In Fig. 4, the calculated rate
constant k�2 and [E]0 value are plotted against the quat
structures placed in the order TOctA, TBA, TEAA,
TCMA, CTMA. On moving from TOctA to CTMA, there
is an increase in [E]0, which takes place simultaneously
with a decrease in the reaction rate. We assume that these
correlations arise from a so-called ‘surface affinity’ of
these quats, which increases in this order (Fig. 4). We use
this abstract term to describe the comparative strength of
the quat adsorption on the surface. On the one hand, this
property would be affected by the hydrophilicity of the
cations; on the other hand, it would also depend on
structural geometric factors or how close nitrogen can
approach the surface,15b as visually demonstrated in Fig. 4.


A possible explanation for the observed correlations is
that the bulky lipophilic and symmetric quats cannot
closely approach the surface, and therefore the resulting
transition complex is weaker and the rate (k�2) is higher.
On the other hand, bulky quats cover more surface area
per each reacting AS, so the amount of working AS is
lower, which results in a lower [E]0 value.


Remarkably, the catalysts, which are less efficient
from the standpoint of reaction rate (k�2) but have a
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higher IB magnitude ([E]0) basically result in a higher
overall rate (in terms of total conversion per time). It is
clearly seen in Fig. 3 that the higher ‘burst’ magnitude
means a faster reaction, because the k�3 constant, which
mainly affects the steady-state rate, is virtually equal in
most cases (see Supplementary Material).
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We also investigated the influences of a number of
solvents on the kinetics of Eqn. (1). Since the intrinsic
rate constant (k�2) exerts more influence in the initial part
(‘burst’) of the kinetic profiles, only the initial rate
analysis was performed (see Supplementary Material).


Organic solvents of various types were studied, namely
non-polar (carbon tetrachloride, toluene, anisole and
hexane), polar protonic (methanol) and aprotic (DMSO,
DMF, acetonitrile, pyridine). The majority of the solvents
studied do not influence the reaction rate much. We found
no acceptable correlations of the reaction rate with
various properties of the solvents (see Supplementary
Material). However, some increase in the rate is observed
for DMSO, while the reaction is slower in methanol and
acetonitrile. These data overall suggest that the reaction
proceeds on the surface, in contrast to the homogeneous
processes where the solvent influence is more pro-
nounced. In general, the absence of a pronounced solvent
effect seems to be typical for PTC, as has also been
demonstrated by a few other papers on this topic.11,17


)&�)3(�#&�


We applied the kinetic model of ‘initial burst’ to study
model substitution reactions under s/l PTC conditions.
This novel approach gives a more selective and accurate
analysis of kinetic data and allows one to estimate not
only the intrinsic rate constant, but also the potential
reactivity of the surface and the rate of surface renewal.
The results obtained suggest that the reaction takes place
on the solid salt surface and is described by two different
kinetic regimes reflecting (1) the intrinsic reaction step on
the surface, which is first order in substrate, and (2) the
physical process of surface renewal, which is more
influenced by mechanical agitation. It has also been
shown that the catalysts of the choice are lipophilic
onium salts with no aromatic substituents, while the
reaction is very slow in the presence of crown ethers.


The proposed model may find a use in other PTC
processes which are described by similar kinetic profiles,
by giving a more detailed mechanistic picture and,
occasionally, clues on how to improve the reaction rate.
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Three tables describing the influences of preliminary salt


activation, PT catalyst and solvent, two figures depicting
the deviation from the IB model due to salt agitation and
the effect of initial substrate concentration, and the
accompanying text are available as supplementary data at
the EPOC website at http://www.wiley.com.epoc.
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ABSTRACT: N-[2-(2-Quinolyl)ethyl]quinuclidinium salt in OH�–H2O, 50°C, � = 1 M KCl undergoes an elimination
reaction with formation of 2-vinylquinoline; the second-order rate constant is kN


OH = 12.8 � 10�3 dm3 mol�1 s�1. In
acetohydroxamic acid–acetohydroxamate buffers at pH 8–9 the �-elimination reaction occurs by a reversible E1cb
mechanism, (E1cb)R. In this process, carbon deprotonation occurs from the conjugate acid, protonated at the nitrogen
atom of the quinoline ring, NH�; this species is present at a very low concentration with respect to the unprotonated
substrate N, with pKa = 3.87 at 50°C, � = 1 M KCl. The reason for the high reactivity of NH� with respect to N is
related to the high stability of the intermediate carbanion formed from NH�, which presents an enamine structure.
Kinetic parameters from a study of acid–base catalysis can be calculated and compared with those of the related
system activated by a pyridine ring. Studies of H/D exchange and solvent isotope effect are in agreement with the
proposed mechanism. Copyright  2001 John Wiley & Sons, Ltd.
Additional material for this paper is available from the epoc website at http://www.wiley.com/epoc


KEYWORDS: mechanism; elimination reaction; carbanion; proton activating factors; isotopes
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Studies on the base-induced �-elimination reaction with
systems of high �-activation (with respect to the leaving
group), such as p-nitrophenyl1–3 or o-nitrophenyl4 and
tertiary amines as leaving group, have demonstrated an
E1cb mechanism, involving an intermediate carbanion.
The techniques used for these studies have been acid–
base catalysis studies, H/D exchange and solvent isotope
effect. Further studies with a pyridine ring5 as the
activating system have shown the importance of catalysis
by protonation of the nitrogen atom of the pyridine ring
for controlling the reactivity and the reaction mechanism.
In fact, with N-[2-(4-pyridyl)ethyl]quinuclidinium and
N-[2-(2-pyridyl)ethyl]quinuclidinium the �-elimination
reaction in acetohydroxamate–acetohydroxamic acid
buffer, at pH �9, occurs with carbon deprotonation from
the substrate protonated at the nitrogen of the pyridine
ring, (NH�). In the reaction conditions, the [NH�] is
several orders of magnitude lower than that of the


unprotonated substrate (N), with the pKa of the 4-isomer
being 4.85 and that of the 2-isomer 3.81 (50°C, � = 1 M


KCl)5 The reason for the high reactivity of NH� with
respect to N has been explained by the high stabilization
by resonance of the intermediate carbanion formed from
NH� (see Scheme 1).


The quantification of the effect of protonation at one
site upon the susceptibility to an attack by a base at
another site is relevant6–8 in chemistry and biochemistry.
To acquire information about the reactivity and mech-
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anism of a �-elimination reaction activated by other
heteroaromatic substrates, we have studied the N-
[2-(2-quinolyl)ethyl]quinuclidinium bromide system
(1). The elimination reaction was studied in acetohy-
droxamate–acetohydroxamic acid buffers, in order to
compare the results with those from previously studied
systems.5
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The �-elimination reaction of 1 in OH�–H2O, 50°C,
� = 1 M KCl was followed by monitoring the formation
of 2-vinylquinoline at � = 322 nm (� = 4932
dm3 mol�1 cm�1 in the reaction conditions). The process
is a complete elimination reaction with a second-order
rate constant of kN


OH = 12.8 � 10�3 dm3 mol�1 s�1. The
activation by a quinoline ring (2-isomer) can be
compared with the activation by a pyridine ring (2-
isomer) previously reported5 for N-[2-(2-pyridyl)ethyl]-
quinuclidinium (kN


OH = 0.271 � 10�3 dm3 mol�1 s�1,
50°C, � = 1 M KCl). Activation by quinoline is 47 times
higher than that by pyridine; this higher reactivity can be
related to the higher acidity of the protons in the �-
position with respect to the leaving group. Owing to the
high [OH�] used (0.1–0.5 mol dm�3), in this reaction
medium the reacting species is the unprotonated
substrate, N, as shown by the second-order kinetic law;
the reaction with NH� would be on the zero order with
respect to [OH�]. In OD�–D2O, 50°C, � = 1 M KCl, the
second-order rate constant for 1 is kN


OD = 23.2 �
10�3 dm3 mol�1 s�1. The kN


OD/kN
OH ratio is 1.8 and this


value is in agreement with a rate-determining proton
transfer.9 An NMR study of H/D exchange in OD�–D2O,
50°C, showed the absence of deuterium in the 2-
vinylquinoline formed at the end of the reaction; this
result excludes the E1cb reversible mechanism in this
reaction medium. The two mechanisms in OH�–H2O that
are in agreement with the second-order kinetic law and
absence of H/D exchange are the concerted E2 and the
E1cb irreversible process, (E1cb)I. The following dis-
cussion will illustrate how the experimental evidence is
in agreement with a base-induced �-elimination mech-
anism with 1 involving a carbanion intermediate.


 ��
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Acid–base catalysis for the �-elimination with 1 was
carried out in acetohydroxamate–acetohydroxamic acid
buffers, at 50°C, � = 1 M KCl. This buffer system and
these reaction conditions were chosen so that the results
could be compared with those of previously studied5


substrates. The pseudo-first-order rate constants, k�obs


(s�1), were determined by initial rates by monitoring the


formation of 2-vinylquinoline at � = 322 nm. It was noted
that 2-vinylquinoline gives a reversible addition of the
buffer with the formation of N-(2-acetohydroxamate
ethyl)quinoline. However, it was shown that this process
does not alterate the kinetic study of the �-elimination
reaction from 1 by initial rates, since 2-vinylquinoline is
stable enough for the times used to determine the initial
rate measurements under the various reaction conditions
used. In fact, the values of k�obs (s�1) calculated up to
20% of the reaction by the ln[(A��A0)/(A��At)] = k�obst
(with A� = [substrate]/�substrate) were in good agreement
with those calculated by initial rates, following the
reaction up to �3%. We were not able to isolate the
product of the addition of the buffer to 2-vinylquinoline,
N-(2-acetohydroxamate ethyl)quinoline, probably be-
cause it is very unstable. However, a mixture of 2-
vinylquinoline (10 mg), acetohydroxamic acid (115 mg),
0.77 ml of 1 M KOH and 4 ml of CH3CN, kept at 50°C
for 6 h and extracted with CHCl3, showed, by GC–MS
analysis, the presence of a limited amount of a compound
whose mass spectral data were in agreement with those of
N-(2-acetohydroxamate ethyl)quinoline: m/z 230 (7), 172
(24), 156 (100), 129 (23). Consistently, a reaction
mixture of 1 (8 mg) in 5 ml of acetohydroxamate–
acetohydroxamic acid buffer, pH 9.15, [B] = 0.2 M,
[BH] = 0.2 M kept at 50°C for 5 h and extracted with
CHCl3, showed, by GC–MS analysis, the presence of a
limited amount of the same compound, in addition to the
two products of the elimination reaction, 2-vinylquino-
line and quinuclidine. The kinetic data were treated
following the same procedure as described previously5


for the related systems activated by a pyridine ring. The
contribution of the unprotonated substrate, N, with OH�


was subtracted from k�obs to give kobs (s�1): kobs = k�obs


�kN
OH[OH�]. The plot of kobs against [acetohydrox-


amate] at various pH values is reported in Fig. 1.
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As will be shown, the model is consistent with the
mechanism of Scheme 2.


The expression for kobs derived5 by steady-state
approximation for the process of Scheme 2 is


kobs � k2�kOH��OH�	 � kB�B�	

kH2O � kBH�BH	 � k2


� �H
�	


KN
a


�1



where KN
a is the acid dissociation constant of NH�:


KN
a = 1.35 � 10�4 mol dm�3 [pKa (NH�) = 3.87 at


50°C, � = 1 M KCl].
The trend observed at each pH value of Fig. 1 is


consistent with Eqn. (1) and the mechanism of Scheme 2.
The curvature observed is related to a change in the rate-
determining step from carbon deprotonation (when
kBH[BH] �k2) to leaving group expulsion (when k2


�kBH[BH]) and when the levelling off occurs. It can be
seen from Fig. 1 that the levelling off at high [buffer] is
independent of the pH; this is in agreement with Eqn. (1)
and is diagnostic proof that carbon deprotonation occurs
with NH�, since the same process with N would give a
levelling off that was dependent on [OH�]. The set of
equations related to the kinetic analysis for the mechanism
of Scheme 2 is reported in Ref. 5; the iterative procedure


used to calculate the kinetic parameters is also described.
The procedure used in the present work is the same as in
Ref. 5. The calculated rate constants for 1 are kB = 935.4
dm3 mol�1 s�1; kBH/k2 = 42 dm3 mol�1; k� = 1.16 �
10�4 s�1 (kobs at [buffer] → �); (kH2


O � k2)/k2 = 1.02;
kOH (NH�) = 4.4 � 103 dm3 mol�1 s�1. The fitting of the
experimental values of kobs by Eqn. (2) and the calculated
rate constants are shown in Fig. 1.


kobs � kOH��OH�	 � kB�B�	
kH2O�k2


k2
� kBH


k2
�BH	


� �H
�	


KN
a


�2



The values of the rate constants obtained with Eqn. (1)
can be compared with those calculated with the related
pyridine ring-activated system,5 N-[2-(2-pyridyl)ethyl]-
quinuclidinium. For this system we previously reported5


a value of kB = 24.8 dm3 mol�1 s�1, kOH(NH�) = 421
dm3 mol�1 s�1 and kBH/k2 = 38 dm3 mol�1. It can be seen
that carbon deprotonation by NH� with acetohydrox-
amate or OH� base, kB and kOH respectively, is faster
with 1 with respect to N-[2-(2-pyridyl)ethyl]quinuclidi-
nium: kB(quinoline)/kB(pyridine) = 37.7 and kOH(quino-
line)/kOH(pyridine) = 10.5. The degree of reversibility in
the formation of the intermediate carbanion from 1 is
large, kBH/k2 = 42 dm3 mol�1, and similar to that
calculated with N-[2-(2-pyridyl)ethyl]quinuclidinium.
The effectiveness of the catalysis by protonation of the
nitrogen atom of the quinoline ring can be quantified by
the PAF value: kOH(NH�)/kN


OH = 3.44 � 105 (PAF with
the base OH�). An estimate of the second-order rate
constant for carbon deprotonation of N by acetohydrox-
amate base, kN


B, can be made by using the known value
of kN


OH for 1 and the linear free energy relationship
proposed previously:5 log kN


B = �1.4 � 1.1 log kN
OH.


This relationship was derived from known values of kN
OH


and related values of kN
B for previously5 studied systems.


A value of kN
B = 3.3 � 10�4 dm3 mol�1 s�1 is estimated


and can be calculated kB(NH�)/kN
B = 2.8 � 106 (PAF


with the base acetohydroxamate). These PAF values are
similar to those calculated5 with N-[2-(2-pyridyl)ethyl]-
quinuclidinium, PAF(OH�) = 1.5 � 106 and PAF (aceto-
hydroxamate) = 5.2 � 106. It can be concluded that while
the activation by a quinoline ring in these reactions is
larger than that of a pyridine ring, the mechanism and the
catalysis by protonation of the nitrogen atom are similar,
in spite of the significant difference in the heteroaromatic
system. The large PAF values with 1 can be related to the
high stability of the intermediate carbanion formed by
NH� (see Scheme 2); this intermediate has an enamine
structure. However, electrostatic interactions could also
play a significant role.10


-0' �1������


H/D exchange experiments with 1 in D2O and acetohy-
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droxamate–acetohydroxamic acid buffers confirmed the
E1cb reversible mechanism. In fact, using a previously
described technique,3,4 it was shown that 1 incorporates
deuterium into the �-position with respect to the leaving
group during the elimination reaction. In an experiment
with 1, at [B] = 0.2 M, [BD] = 0.2 M, when the elimina-
tion reached 36% of olefin formed, the H/D exchange was
50%. Other experiments under similar conditions gave
similar results.


������ ����� ������


The observed pseudo-first-order rate constants,
k�obs(D2O) (s�1), for the elimination reaction with 1 in
acetohydroxamate–acetohydroxamic acid buffers, D2O,
pD = 9.68, [B] = [BH] = 1, 50°C, � = 1 M KCl, were
determined by initial rates, following the same proce-
dure5,11 as used for the reactions in H2O. It should be
noted that following the reaction up to 3%, no
appreciable exchange occurred on the substrate. The
extinction coefficient of 2-vinylquinoline at � = 322 nm,
D2O, 50°C, � = 1 M KCl was not significantly different
from that in H2O. The contribution of the reaction of N
with OD� was subtracted to give kobs(D2O), which refers
to the mechanism of Scheme 2.


kobs�D2O
 � k�obs�D2O
 � kN
OD�OD�	 �3



The kobs(D2O) values at several [B] are reported in Fig. 2,
together with the kobs(H2O) values (solid curve),
calculated for 1 with the related kinetic parameters and
Eqn. (2) at pH = 9.15, [B]/[BH] = 1.


It can be seen that at high [buffer], kobs(D2O)
�kobs(H2O), whereas at low [buffer], kobs(D2O)
� kobs(H2O). These results are in agreement with the
E1cb mechanism of Scheme 3. In fact, the inverse solvent
isotope effect at high [buffer] is explained with the


presence of a primary kinetic isotope effect on the
protonation of the intermediate carbanion by BH(D),
kBH/kBD �1. The magnitude of the solvent isotope effect
is related to the significance of the kBH[BH] term in Eqn.
(1). Where this term does not compete with k2 and an
E1cb irreversible mechanism holds, it is expected that
kobs(D2O) � kobs(H2O). It should be noted, however,
that possible variations between H2O and D2O could
also be related to changes in the [H�]/Ka(H2O) and
[D�]/Ka(D2O) terms. The value of Ka(D2O) for 1 at 50°C,
D2O, � = 1 M KCl is 5.25 � 10�5 mol dm�3. The varia-
tion of the [H�]/Ka term between H2O and D2O is limited
to �25%, and is very low with respect to the observed
variation in kobs. Also, it is possible a cancellation
between effects on pre-equilibrium ionisation of NH�


(D) and rate-determining attack of OH� (or OD�) upon
the C—H bond. The results from this study on the solvent
isotope effect are in agreement with the mechanism of
Scheme 2 and are similar to those obtained11 with N-[2-
(2-pyridyl)ethyl]quinuclidinium. The lack of solvent
isotope effect at low [buffer] (see Fig.2) excludes the
significance of an intramolecular proton transfer in the
intermediate (see Scheme 3). In fact, in this process it
should be observed that kobs(D2O) �kobs(H2O) even at
low [buffer].


!"�!+(�$"��


N-[2-(2-Quinolyl)ethyl]quinuclidinium salt, 1, in aceto-
hydroxamate–acetohydroxamic acid buffers at pH values
ranging from 8.3 to 9.15 at 50°C gives an elimination
reaction with formation of 2-vinylquinoline by an E1cb
reversible, (E1cb)R, mechanism. The reacting species
which undergoes carbon deprotonation is the conjugated
acid of 1, NH�, even if present in very low concentra-
tions with respect to N under the reaction conditions (the
pKa of NH� is 3.87 at 50°C, � = 1 M KCl). The PAF
value with the base OH� is 3.44 � 105 and the PAF with
acetohydroxamate base is 2.8 � 106. The large reactivity
of NH� with respect to N is related to the high stability of
the enamine structure of the intermediate carbanion.


*23*&$�*�% +


���������	 Glass-distilled and freshly boiled water was
used throughout. Reagent-grade potassium chloride and
acetohydroxamic acid were commercial materials (Al-
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drich); 2-vinylquinoline (Acros) was purified by column
chromatography on silica gel (Et2O–n-hexane, 10%).


2
��
�
����������������������������� �������� )	 A
solution of 800 mg (5.16 mmol) of 2-vinylquinoline,
2.58 g (23.24 mmol) of quinuclidine, 1.44 ml of 48% HBr
in 10 ml of CH3OH was left to react for 72 h at room
temperature. The solvent was removed under reduced
pressure and the crude solid was washed three times with
Et2O. The solid was crystallized with propan-2-ol at
�20°C and the mother liquor was evaporated to dryness
to obtain a crude solid which was recrystallized several
times from EtOH–Et2O at 0°C; 500 mg of product were
obtained, m.p. 56°C (decomp.). Found: C, 61.98; N,
8.02; H, 6.85. Calc. for C18H23N2Br: C, 62.25; N, 8.07;
H, 6.63%. 1H NMR: �H (200 MHz, D2O; Me4Si), 1.9–2.0
(6H, m, CH2), 2.1 (1H, m, CH), 3.2–3.5 (10H, m, CH2),
7.3–8.3 (6H, m, Ar).


������� ������������	 Kinetic studies were carried out
following the formation of 2-vinylquinoline from 1 in
OH�–H2O or acetohydroxamate–acetohydroxamic acid
buffers, at 50°C, � = 1 M KCl. The procedure followed
was the same as that described previously.5 Kinetic
studies in D2O were performed with the same proce-
dure5,11 as used for the reaction in H2O. The [OD�] at
50°C, � = 1 M KCl was calculated from the empirical11


relation [D�][OD�] = 10�13.97 and pD = pH � 0.288.12,13


��� � ����!�	 H/D exchange experiments were carried
out using the technique described previously10,11 in order
to determine if deuterium was incorporated in the


�-position of 1 with respect to the leaving group during
the elimination reaction in D2O and acetohydroxamate–
acetohydroxamic acid buffers.


"3� �������������	 The pKa of the conjugated acid of 1
was determined by titration of 1 at 50°C, H2O, � = 1 M


KCl.
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ABSTRACT: X-ray structure analysis of 3,4,5-trimethoxybenzadehyde and 3,5-dimethoxy-4-(1-bromoethoxy)ben-
zaldehyde gave their molecular geometries which showed a vague AGIBA effect. To clarify the situation, ab initio
optimizations at the MP2/6–31G** level of theory of 12 conformers of 1,3,5-trimethoxy-, 1,3-dimethoxy-5-formyl-,
1,3-diformyl-5-methoxy- and 1,3,5-triformylbenzene derivatives were carried out. The results support the occurrence
of additive AGIBA effects, even if some weak interactions are possible between the methoxy and formyl groups.
Copyright  2001 John Wiley & Sons, Ltd.


KEYWORDS: AGIBA effect; ab initio calculations; methoxy substituent; formyl substituent; additivity of
substituent effect
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Angular group-induced bond alternation is a well-
documented structural effect1–5 which reveals itself as
illustrated in Scheme 1�


The effect has also been observed experimentally for
—X—Y substituents in other ring systems with equal
bond lengths such as boraxine6 and borazine,7 which are
not considered as aromatic.8–11 Recently, an interplay
between the through-resonance effect of interactions
between methoxy and imino groups in the para-position
and the typical AGIBA effect on the geometry of the ring
in 3,4-dimethoxybenzaldehyde derivatives has been
studied.12 It has also been shown that monosubstituted
species exhibit an approximately three times weaker


structural effect than trisubstituted species, provided that
all groups are of the same kind and act in line.13


The AGIBA effect is composed of at least two sub-
effects.1–5,13 One may be related to the Mills–Nixon
effect,14 which is associated with the rehybridization at
the junction carbon atom.15–17 Another is considered to
be a through-space �-electron effect which is clearly
present in cases of angular groups of the —X=Y type.


The purpose of this paper is to present a systematic
study of interactions between two different substituents,
an electron-donating group, methoxy, and an electron
accepting group, formyl, and to show the interplay of the
AGIBA effects from these two different kinds of
substituents as well as their mutual interference due to
the conformational changes.


,6�,-�',4&�7


Calculation of the optimized geometry were carried out at
the ab initio MP2/6–31G** level of theory employing the
Gaussian 94 program.18


For the synthesis of 3,5-dimethoxy-4-(1-bromo-
ethoxy)benzaldehyde, a mixture of 3,5-dimethoxy-4-
hydroxybenzaldehyde (2.28 g, 12.5 mmol), 1,2-dibro-
moethane (5.6 g, 2.5 ml, 30 mmol) and K2CO3 (4.3 g,
30 mmol) in DMF was heated at 80°C for 1 h. After
cooling, the reaction was quenched with 10% HCl and
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extracted with chloroform. The combined extracts were
washed with water and dried over MgSO4. After
evaporation of the solvent, the residue was chromato-
graphed (hexane–diethyl ether, 5:2) to give a colourless
solid (2.3 g, 65%), m.p. 73–75°C (colourless needles
from ethanol). 1H NMR, � (ppm) 3.60 (t, 2H,
J = 6.94 Hz), 3.91 (s, 6H), 4.34 (t, 2H, J = 6.94 Hz),
7.11 (s, 2H), 9.85 (s, 1H); 13C NMR, � (ppm) 29.4 (CH2),
56.1 (CH3), 76.9 (CH2), 106.5 (CH), 132.1 (C), 141.7 (C),
153.6 (C), 190.8 (CH); IR (KBr) (cm�1), 2843, 2736,
1683, 1132, 745.


Melting-points were determined on a Köffler apparatus
of the Boetius type. The 1H and 13C NMR spectra were
recorded on a Bruker AC 200F spectrometer using CDCl3
solution with TMS as internal standard (chemical shifts �
in ppm). The IR spectra were recorded on a Nicolet
Magna 550 FTIR spectrometer as KBr pellets. The
reaction products were isolated by column chromatogra-
phy performed on 70–230-mesh silica gel (Merck). Thin-
layer chromatograms were developed on aluminium TLC
sheets precoated with silica gel F254. The spots were


visualized with 50% sulphuric acid after heating. All the
solvents were dried and freshly distilled prior to use.


3,4,5-Trimethoxybenzadehyde (Aldrich) was recrys-
tallised from ethanol.


(���� ���������	��� X-ray measurements of mono-
crystalline 3,4,5-trimethoxybenzaldehyde (1) were car-
ried out on a KM-4 KUMA diffractometer with graphite
monochromated Mo K� radiation. The intensities were
collected at room temperature using the �� 2� scan
technique. The intensity of control reflections varied by
less than 3% and a linear correction factor was applied to
account for this effect. The measurement of crystalline
3,5-dimethoxy-4-(1-bromoethoxy)benzaldehyde (2) was
performed on a Kuma KM4CCD �-axis diffractometer
with graphite-monochromated Mo K� radiation. The
crystal was positioned 65 mm from the KM4CCD camera
and 760 frames were measured at 0.60° intervals with a
counting time of 40 s. Data reduction and analysis were
carried out with the Kuma Diffraction programs.


Corrections for Lorentz and polarization effects were


&���� +� (���� �	� )������ ����


Parameter 1 2


Empirical formula C10H12O4 C11H13O4Br
Formula weight 196.20 289.12
Temperature 293(2) K 293(2)K
Wavelength 0.71073 Å 0.71073 Å
Crystal system Monoclinic Monoclinic
Space group P2(1)/c P2(1)/n
Unit cell dimensions a = 30.293(6) Å a = 20.826(4) Å


b = 4.5940(10)Å b = 4.2270(10) Å
c = 14.083(3) Å c = 27.522(6) Å
� = 103.41(3)° � = 100.31(3)°


Volume 1906.4(7) Å3 2383.7(9) Å3


Z 8 8
Calculated density 1.367 mg m�3 1.611 mg m�3


Absorption coefficient 0.106 mm�1 3.445 mm�1


F(000) 832 1168
Crystal size 0.35 � 0.2 � 0.1 mm 0.3 � 0.2 � 0.2 mm
Theta range for data collection 2.07 –23.43° 3.29 –28.38°
Index ranges 0 � h � 28 �27 � h � 27


�5 � k � 0 �5 � k � 3
�15 � l � 15 �35 � l � 36


Reflections collected/unique 2590/2552 [R(int) = 0.0180] 13111/5509[R(int) = 0.0768]


Refinement method Full-matrix least-squares on F2


Data/restraints/parameters 2515/0/284 5509/0/322
Goodness-of-fit on 1.031 1.078


F2


Final R indices R1 = 0.0594, R1 = 0.0738,
[I � 2 � (I)] wR2 = 0.1496 wR2 = 0.1818


F2


Final R indices R1 = 0.0594, R1 = 0.0738,
[I � 2 � (I)] wR2 = 0.1496 wR2 = 0.1818
R indices (all data) R1 = 0.1313, R1 = 0.1455,


wR2 = 0.2747 wR2 = 0.2116
Extinction coefficient 0.011(2) 0.0006(6)
Largest diff. peak and hole 0.196 and �0.258 e Å�3 0.547 and �0.753 e Å�3
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made, but no absorption correction was applied. The
structure was solved by direct methods19 and refined
using SHELXL.20 The refinement was based on F2 for all
reflections except those with very negative F2. The
weighted R factor, wR and all goodness-of-fit S values are
based on F2. The non-hydrogen atoms were refined
anisotropically, whereas the hydrogen atoms were placed
in the calculated positions, and their thermal parameters
were refined isotropically. The atomic scattering factors
were taken from the International Tables.21 Details of the
X-ray measurements and crystal data for both compounds
are given in Table 1, and their ORTEP scheme and
labelling of atoms are shown in Fig. 1. Table 2 presents


selected geometric parameters of the compounds.
Crystallographic data for the structures 1 and 2 have
been deposited with the Cambridge Crystallographic data
centre as supplementary publication No. CCDC 144198
(1) and CCDC 144199 (2).


-,/57&/ �43 3�/�5//�.4


3,4,5-Trimethoxybenzadehyde (1) and 3,5-dimethoxy-4-
(1-bromoethoxy)benzaldehyde (2) represent molecules in
which the two dimethoxy groups act in the opposite sense
of the AGIBA effect. Thus the effect of the formyl group


&���� 1� *���)��� +
	� ��	%�� ,#- . �	� �	%��� ,°. �
� + �	� 1


1 2


Parameter A B A B


C(11)—C(61) 1.341(7) 1.354(8) 1.379(8) 1.391(9)
C(11)—C(21)) 1.369(7) 1.373(8) 1.388(9) 1.405(9)
C(11)—C(71) 1.450(8) 1.442(7) 1.471(10) 1.482(9)
C(21)—C(31) 1.366(7) 1.353(6) 1.385(9) 1.389(9)
C(31)—O(21) 1.344(6) 1.337(6) 1.362(7) 1.373(7)
C(31)—C(41) 1.366(7) 1.369(7) 1.383(8) 1.402(8)
C(41)—O(31) 1.353(5) 1.358(5) 1.364(7) 1.375(7)
C(41)—C(51) 1.364(7) 1.367(7) 1.411(8) 1.414(9)
C(51)—O(41) 1.333(6) 1.352(6) 1.376(7) 1.346(7)
C(51)—C(61) 1.351(7) 1.379(9) 1.391(9) 1.382(8)
C(61)—C(11)—C(21) 121.6(5) 121.6(5) 120.8(6) 121.9(5)
C(61)—C(11)—C(71) 119.3(6) 120.3(6) 121.2(7) 121.4(6)
C(21)—C(11)—C(71) 119.1(6) 118.1(6) 118.0(6) 116.6(6)
O(21)—C(31)—C(21) 124.7(5) 125.8(5) 124.0(6) 123.9(6)
O(21)—C(31)—C(41) 115.1(4) 115.1(4) 115.7(6) 115.7(5)
C(21)—C(31)—C(41) 120.2(5) 120.1(5) 120.3(6) 120.4(6)
O(31)—C(41)—C(51) 119.7(4) 118.7(5) 119.1(5) 118.4(5)
O(31)—C(41)—C(31) 119.6(4) 120.6(4) 121.5(6) 120.2(5)
C(51)—C(41)—C(31) 120.6(4) 120.7(4) 119.3(5) 121.2(5)
O(41)—C(51)—C(41) 116.3(4) 115.8(4) 114.4(5) 114.4(5)
O(41)—C(51)—C(61) 124.7(5) 124.0(5) 124.8(8) 127.6(6)
C(41)—C(51)—C(61) 119.0(5) 120.2(5) 120.2(6) 118.0(6)


8����� +� *���)����� 
� )
��
�	�� + �	� 1� /����� ������
��� ��� ����	 �� �� 0�1 ��
+�+����� �����
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should dominate. However, this group exerts a rather
weak AGIBA effect13 and hence only in the case of 1 is


the effect observable: the canonical structure II weights
(Scheme 2� ��� ����� �	
 ����� �� ��� ��� �	
���	�

�	� ��������� �	 ��� �����	���� �	���� �������������


A different situation is found for 2, which exists in the
crystal lattice as two independent molecules. One of them
follows the AGIBA effect with a weight of 42.41%
whereas the other has a weight of 51.30% and does not
follow the rule of the AGIBA effects. This difference
may be explained as a result of intermolecular interac-
tions which cause greater bond angles at carbon atoms
substituted by methoxy groups (Table 2) and hence may
mask a weak AGIBA effect. Additionally, owing to the


/���� 1� (2 �������	�� ����� 34� 
� �53 %�
���


/���� "
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poor precision of measurements, the results cannot be
considered as strongly conclusive. In order to understand
better the AGIBA effect in systems in which two
different substituents may act in-line or in oppositely
senses, we carried out theoretical studies as described
below.


All conformers of 1,3,5-substituted benzene deriva-
tives with CHO and MeO substituents shown in Scheme 3
���� ��������
 �� ab initio �������� ������ ����	�
������	� ��� ���������	 � ��� !�"���# ���������
������� $%����� 2� �� ��� � ��� &'%( ��
�����


)���������	 � ��� &'%( ��
�� �� �
��	������� ��	��
��� ���������
 ������� � ��� ��	�	���� ���������� ��"�
�	�� �����	� ��� ����� ��	� ��������� �������
�	
���
��� 
����	��� �	 ��	
 ��	���� ����
 ��
������
�	� �� ��� ����� ���	 ��� 
����	� �������
*�' �	
 +&'� ����
 �	 �������� 
�������	 ���� 	�
���	�,��	� ����� ���	��� �	 ���������


Since the MeO and CHO groups act within the frame
of the AGIBA effect in opposite directions, the weights of
canonical structures, say I, for anisole and benzaldehyde,
are one below 50% and the other above 50%, namely
45.18% and 52.44%, respectively. Assuming additivity
of the AGIBA effect, which has been documented by us
earlier,13 we accepted the convention in this paper that
the changes in weights associated with a particular group
in this study are �4.82% for the MeO group and �2.44%
for the CHO group. If these groups are oriented in-line in
a given conformer, the increments are of opposite sign; if
they are opposite in direction, their increments are of the
same sign. Then the sum of the increments from each
group is subtracted from 50%, giving a final value of the
canonical weight resulting from the additivity rule.
Scheme 3 ����� ��� ��	������ � -���.���������/���
-���
������/��.�������� -���
�������.������/��
�	
 -���.�����������	 �	� 
���������� ��	��
���
 �	
���� ���
��


Table 3 presents the weights of a canonical structure


lower than 50% calculated by use of the HOSE model
directly from the geometry and the value resulting from
the additivity rule.


The imbalance between the two Kekule structures I
and II in the molecules and their conformers A–L
presented in Table 2 is significant. It is expressed as only
one weight; evidently the other is a supplement to 100%.
As is known from our earlier work,13 the methoxy group
acts more strongly than the formyl group. Even in the
case where MeO acts against two CHO groups acting in-
line, case G, the MeO group dominates, even over the
expectation resulting from the additivity rule.


It is worth mentioning that in the case of homo-
trisubstituted species, such as cases I, J, K and L, the
deviations from the additivity rule are much smaller
(mean deviation = 0.19) than in other cases (0.60). This
effect may result from a slight mesomeric interaction
between the electron-donating MeO group and the
electron-accepting CHO group. It is well known that in
the meta-position such an effect is rather small but it does
still exist, accounting for about one-third of that in the
para-position.23


�.4�75/�.4/


This work provides support for a strong conformation
dependence and the additive nature of the AGIBA effect
which functions even in cases where some weak
mesomeric interactions able to perturb the effect exist.
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Electronic properties of the nitrone substituent. Stabiliza-
tion of benzylic carbocations
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ABSTRACT: The nitrone substituent CH=N(O) t-Bu is electron-withdrawing with a TaftsI value of 0.20. It also
retards the solvolysis rate of a cumyl chloride when placed in themeta-position (s� = 0.20). However, CH=N(O)
t-Bu becomes weakly cation stabilizing when placed in thepara-position of a cumyl cation (s� =ÿ0.04). This weak
cation stabilization is a result of a conjugative interaction which delocalizes charge and offsets the inductive effect of
the nitrone. When the nitrone is placed in thepara-position, but then twisted out of conjugation with the aromatic ring
by incorporation of flanking 3,5-dimethyl groups, it again retards solvolysis rates. Computational studies (B3LYP/6–
31G*) show that the nitrone substituent stabilizes apara-substituted benzyl cation relative to themeta-substituted
analog by a conjugative interaction. However, the calculated stabilization greatly overestimates the cation
stabilization seen in solvolytic reactions. Copyright 2001 John Wiley & Sons, Ltd.


KEYWORDS: nitrone substitution; benzylic carbocations; stabilization; electronic properties


INTRODUCTION


Nitrones are useful synthetic intermediates and also
effective spin traps and are therefore of interest to both
synthetic and mechanistic organic chemists.1 We recently
reported on the radical-stabilizing ability of the nitrone
substituent CH=N(O)-t-Bu and related nitrogen-contain-
ing groups on benzylic radicals.2 The nitrone is a potent
radical stabilizer by a spin delocalization mechanism
which can be described in valence bond terms as
involving nitroxyl radical forms1a and 1b. This led to


the classification of the nitrone functional group as a
‘super radical stabilizer’. We further suggested that the
large radical-stabilizing effects of this and related groups
made them specifically suited for free radical substituent
effect studies. Since the nitrone is a potent radical
stabilizer of potential use in correlating radical reactions,


it becomes important to know the effect of this group on
carbocation forming reactions. Can this group be cation
stabilizing? Reported here are the results of studies
designed to evaluate the electronic effect of the nitrone
functional group on benzylic carbocations.


RESULTS AND DISCUSSION


Taft sI value for CH=N(O)-t-Bu


Polar substituent constants have not been reported for the
nitrone group. The19F NMR method developed by Taft
et al.3 has therefore been used to determine thesI value
for CH=N(O)-t-Bu. The nitrone2 was prepared and the
19F signal appears 0.829 ppm downfield from that of
fluorobenzene. This shift corresponds to asI value of
0.20 and indicates that inductively, the nitrone is a
moderately electron-withdrawing group.


Solvolytic studies


We next wanted to determine the electronic effect of the
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nitroneunderconditionsof highelectrondemand,i.e. the
s� valuesof both metaand para nitrone substituents.4


The requisitecumyl chlorides9 and 10 were prepared
from aldehydes5 and 6, which we had previously
synthesized.5 Conversionto nitrones7 and8 usingN-t-
butylhydroxylamine hydrochloride in pyridine was
straightforward.Thesealcoholswere then reactedwith
thionyl chloride which gavethe O-protonatedforms of
chlorides9 and10. Theneutralnitroneswereregenerated
on additionof basessuchas2,6-lutidineor pyridine.


Solvolysesof chlorides9 and10 in methanolcontain-
ing 2,6-lutidine as a buffering base gave the simple
methyl ether substitution product along with smaller
amountsof the correspondinga-methylstyreneelimina-
tion product.Ratesof reaction(Table1) of 9 and10, and
alsotheunsubstitutedcumylchloride11, weremonitored


by UV spectrophotometry. These data were used to
determines� valuesusingtheexpressions� = log (k/kH)/
r, wherer =ÿ4.82 in methanol.6 The rate retardation
seenin themeta-derivative10 correspondsto as� value
of 0.20 for m-CH=N(O)-t-Bu (which is identical with
thesI value).The moreinterestingratebehavioris seen
in the p-CH=N(O)-t-Bu derivative9, which is actually
morereactivethanthe unsubstitutedcumyl chloride11.


The s� value of ÿ0.04 suggeststhat the cation-
destabilizing inductive effect of the nitrone is being
offset by a cation stabilizing resonanceinteraction as
representedby 12a and 12b. Hence the nitrone


substituent becomesa weak cation stabilizer under
conditionsof increasedelectrondemand.


A further demonstrationof the differing stabilitiesof
para- and meta-nitrone-substitutedcarbocationsis seen
in the solvolysesof the benzylic mesylates13–15 in


trifluoroethanol.The meta-derivative15 is substantially
less reactive than either the unsubstituted benzyl
mesylate13 or the para-derivative 14. The transition
state for solvolysesof thesebenzylic systemsin the
highly ionizing, non-nucleophilic trifluoroethanol sol-
vent7 is highly cationicin nature.Thereducedrateof 15
reflects the inductive effect of the nitrone substituent,
while the fasterrate of the para-isomer14 presumably
reflectsthe offsettingcationstabilizingresonanceeffect
of thenitronesubstituent.


In order to support further the notion of a cation-
stabilizing resonanceeffect of the inductively electron-
withdrawing nitrone substituent,the 3,5-dimethyl-sub-


Table 1. Solvolysis rates of substrates at 25.0°C


Substrate Solvent k (sÿ1)


9 CH3OH 7.68� 10ÿ3


10 CH3OH 5.75� 10ÿ4


11 CH3OH 5.09� 10ÿ3


13 CF3CH2OH 2.81� 10ÿ4


14 CF3CH2OH 3.19� 10ÿ4


15 CF3CH2OH 3.76� 10ÿ6


17 CH3OH 6.00� 10ÿ3


18 CH3OH 2.94� 10ÿ2
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stitutedanalog17 was preparedfrom aldehyde16 in a


straightforwardmanner.This p-CH=N(O)-t-Bu deriva-
tive undergoesmethanolysisat a rate which is slower
thanthatof themodelcompound18. Thisrateretardation


is attributedto steric inhibition of the potential cation
stabilizing conjugative effect by the ortho-dimethyl
substituents.8 Thecationderivedfrom 17 prefersto have
the nitronetwistedout of conjugationwith the benzylic
cation.Hencesolvolysisratesof 17 manifestmainly the
inductiveeffect of thep-CH=N(O)-t-Bu substituent.


Computational studies


Abinitio molecularorbitalcalculations9 werealsocarried
out on a variety of cationic systemsin an attempt to
demonstratefurther that the nitrone substituent can
interact in a conjugative fashion with benzylic-type
cations.Studieswerecarriedout on benzyliccations19
and 20 at both the HF/6–31G* and B3LYP/6–31G*
levels. Methyl groupswere used insteadof t-butyl in
order to simplify the calculations.Both of thesecalcu-
lationsshowthepara-isomerto bethemorestableof the
two cations.Calculatedbond lengths(B3LYL/6–31G*
level) are also informative. The shorterAr—CH2 bond
(1.366 Å) in 19, relative to the meta-isomer20 or the
parentbenzylcation21, suggestsincreasedconjugation
in 19. Indeed,thisbondlengthin 19 is identicalwith that
in the cation 22, which has a cation-stabilizing
p-CH=NOCH3 (oxime)functionalgroup.10 Comparison
of bond lengthsin the nitrone functional group of the
meta-isomer20 with thoseof 19 showsa shorteningof
theC—Cbondfrom 1.446to 1.418Å, andacorrespond-
ing increasein C=N from 1.324to 1.348Å. The N—O
bondalsocontractsfrom 1.263to 1.245Å. Thesebond


length changesare all consistentwith a conjugative
interactionof thenitronein 19with thecationiccenter(as
representedin 12b).


An alternativecomputationalapproachwhich allows
anevaluationof theconjugativepropertiesof thenitrone
functionalgroupis the isodesmicreactionof the tertiary
p-CH=N(O)CH3-substitutedcation 23 with cumeneas
shown. The DE value of 10.8kcalmolÿ1 (B3LYP/6–
31G*) indicatesextensivestabilizationof 23 relative to
theunsubstitutedcumylcation26. As before,bondlength
dataare also consistentwith conjugationeffectsas the
origin of this stabilization.Comparisonof the tertiary
cation23 with the neutralsubstrate25 showsanalogous
bond contractionsand bond lengtheningseen in the
primary cation 19. As noted previously, these bond
lengthsin 23 areconsistentwith nitroneconjugationasa
cation-stabilizingfeature.


Althoughall of thesecomputationaldataareconsistent
with conjugativenitrone stabilization of cations, they
probablyoverestimatetheimportanceof thisstabilization
in the solvolytically generatedcations.The calculated
10.8kcalmolÿ1 gas-phasestabilization of cation 23
(relative to the unsubstitutedcumyl cation 26) is not
reflectedin theveryslightsolvolytic rateenhancement(a
factorof 1.51)of chloride9. Indeed,theB3LYP/6–31G*-
calculatedstabilizationof cation19 relativeto themeta-
analog20 (10.6kcalmolÿ1) is greaterthanthecalculated
p-CH3 stabilizationof a benzyliccation(3.9kcalmolÿ1)
but less than p-OCH3 stabilization (14.9kcalmolÿ1).
However, solvolytic studieson mesylates14 show no
great stabilization of the cationic intermediate. We
thereforeconcludethat althoughthe p-CH=N(O)-t-Bu
substituentcanindeedimpartsomeconjugativestabiliza-
tion to solvolytically generatedbenzylic carbocations,
computationalstudiesoverestimatethisstabilization.The
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‘gas-phase’nature of these calculations undoubtedly
contributesto this overestimation.


Conclusions


The behaviorof the nitronesubstituentCH=N(O)-t-Bu
is reminiscentof theoxime groupCH=NOCH3.


10 Both
groupsare inductively electron-withdrawing (sI = 0.20
and 0.14), but both becomeweakly stabilizing when
placedin thepara-positionof cumylcations(s� =ÿ0.04
andÿ0.03).Computationally,bothgroupsstabilizepara-
substituted benzyl cations ArCH2


� relative to meta-
substitutedbenzyl cations.Both p-CH=N(O)CH3- and
p-CH=NOCH3-substitutedbenzyl cationsare 10.6kcal
molÿ1 morestablethanthemeta-isomersat theB3LYP/
6-31G* level. We concludethatbothgroupscaninteract
with para-substitutedbenzylic cationsby a stabilizing
conjugativeinteraction,but this cation stabilization in
solvolytic reactionsis overestimatedby computational
studies.In contrastto the‘superradical-stabilizing’effect
of the nitronegroup,actualrateeffectsindicatethat the
nitroneis a minimal benzyliccationstabilizer.


EXPERIMENTAL


Preparation of nitrone 2. A solutioncontaining112mg
of m-flurobenzaldehyde(0.502mmol) in 1 ml of pyridine
was stirred as 228mg (1.815mmol) of N-t-butylhy-
droxylaminehydrochloridewere addedin one portion.
Themixturewasstirredat roomtemperaturefor 36h and
thenmostof thepyridine wasremovedby distillation at
15mmHg pressure.The mixture wasthentakenup into
diethyl ether and the solution was washedwith water.


Theetherphasewasdriedovera mixtureof Na2SO4 and
MgSO4. Filtration and removal of solvent by rotary
evaporationgavethecrudenitrone2, which wasslurried
with cold hexanesto removethe last tracesof pyridine.
Theyield of nitrone2, m.p.63–64°C,was156mg(89%).
1H NMR (CDCl3), � 8.38 (m, 1 H), 7.76 (d, J = 7.7Hz,
1 H), 7.56(s,1 H), 7.36(d of t, J = 8.1,6.1Hz, 1 H), 7.09
(d of d of t, J = 1.0,2.7,8.4Hz, 1 H), 1.612(s,9 H). 13C
NMR (CDCl3), � 162.6 (d, J = 245Hz), 132.9.6 (d,
J= 9 Hz), 129.6.6 (d, J = 9 Hz), 128.8, 124.7 (d,
J = 3 Hz), 116.9 (d, J = 21Hz), 115.0 (d, J = 25Hz),
71.3, 28.3. Exact mass(EI), calculatedfor C11H14FNO
195.1059, found 195.1055. Anal., calculated for
C11H14FNO, C 67.67,H 7.23; foundC 67.47,H 7.12%.


Preparation of nitrone 7. A solutioncontaining114mg
of p-formylcumyl alcohol5 (0.694mmol) in 1 ml of
pyridine was stirred as 181mg (1.441mmol) of N-t-
butylhydroxylaminehydrochloridewere added in one
portion.Themixturewasstirredat roomtemperaturefor
22h and then most of the pyridine was removedby
distillation at 15mmHgpressure.Thenitrone7 wasvery
water soluble and care must be taken when using
extraction procedures.Accordingly, the mixture was
then takenup into 25ml of diethyl etherand the ether
solutionwaswashedwith 3 ml of waterwhich contained
a small amountof KHSO4. The etherphasewas dried
over a mixture of Na2SO4 and MgSO4. Filtration and
removalof solventby rotaryevaporationgavethecrude
nitrone7, which containeda traceof pyridine. The last
tracesof pyridine were removedby evacuationof the
residueat 0.1mmHgfor 7 h, which left 128mg(78%)of
nitrone 7 as a white solid, m.p. 125–127°C. 1H NMR
(CDCl3), � 8.26 and7.53 (AA ‘BB’ quartet,4 H), 7.54
(s,1 H), 1.617(s,9 H), 1.589(s,6 H). 13C NMR (CDCl3),
� 151.2,129.6,129.4,128.8,124.5,72.6,70.6,31.6,28.3.
Exact mass(EI), calculatedfor C14H21NO2 235.1572,
found235.1557.


Preparation of nitrone 8. Usingaprocedureanalogousto
that used in preparationof 7, reaction of 232mg of
m-formylcumyl alcohol5 in 2 ml of pyridinewith 355mg
of N-t-butylhydroxylamine hydrochloridegave 293mg
(88%) of crude nitrone 8. Purification of 8 was
accomplishedby chromatographyon silica gel.Thepure
nitrone8 m.p. 88–89°C, elutedwith 90%diethyl ether–
10% hexanes.1H NMR (CDCl3), � 8.45 (t, J = 1.6Hz,
1 H), 8.16 (m, 1 H), 7.56 (m, 1 H), 7.40 (t, J = 7.8Hz,
1 H), 7.58 (s, 1 H), 1.80 (br, 1 H), 1.620(s, 9 H), 1.609
(s,6 H). 13C NMR (CDCl3), � 149.3,130.9,130.1,128.4,
127.3,126.4,124.8,72.6, 70.8, 31.8, 28.4. Exact mass
(EI), calculated for C14H21NO2 235.1572, found
235.1548.Anal., calculatedfor C14H21NO2, C 71.46,H
8.99; found,C 71.57,H 8.96%.


Reaction of 3,5-dimethyl-4-formylcumyl alcohol (16)
with N-t-butyl hydroxylamine hydrochloride. Using a
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procedureanalogousto that used in preparationof 7,
reaction of 155mg of 3,5-dimethyl-4-formylcumyl
alcohol(16)10 in 1.5ml of pyridine with 205mg of N-t-
butylhydroxylaminehydrochloridefor 23h at50°C gave
the crude nitrone derivative. This nitrone, m.p. 134–
136°C, was purified by slurrying with 6 ml of 30%
diethyletherin hexanes.Theyield was140mg(66%).1H
NMR (CDCl3, � 7.74 (s, 1 H), 7.17 (s, 2 H), 2.275
(s,6 H), 1.65(br, 1 H), 1.638(s,9 H), 1.550(s,6 H). 13C
NMR (CDCl3), � 149.7,137.3,129.6,127.5,123.6,72.4,
70.4, 31.6, 28.4, 20.0. Exact mass(EI) calculatedfor
C16H25NO2 263.1885,found263.1889.Anal. calculated
for C16H25NO2, C 72.97, H 9.57; found C 72.74, H
9.47%.


Reaction of alcohols with thionyl chloride. The
chlorides 9, 10, 11, 17 and 18 were all preparedby
reaction of the correspondingalcohols with SOCl2 in
CH2Cl2. In a typical procedure,48.9mg of alcohol 7
[p-CH=N(O)-t-Bu] was dissolvedin 1.0ml of CH2Cl2
and32mg of SOCl2 in a small amountof CH2Cl2 was
addedat 0°C. The mixture was then stirred at room
temperaturefor 30min.Thesolventwasremovedusinga
rotary evaporatorand the crude residuewas analyzed
directlyby NMR spectroscopy.1H NMR of 9 (protonated
form) (CDCl3), � 8.499(s,1 H), 8.44(d, J = 8.7Hz, 2 H),
7.75(d, J = 8.7Hz, 2H) 1.978(s,6 H), 1.684(s,9 H). 13C
NMR of 9 (protonatedform) (CDCl3), � 154.2,151.3,
134.7,134.4,126.5,72.3,68.4,33.9,27.7.All chlorides
wereall storedin CH2Cl2 solutionatÿ20°C andusedas
soonaspossiblefor kinetic studies.


Preparation of p-hydroxymethylbenzaldehyde. A solu-
tion of 5.998g of p-carboxybenzaldehyde in 25ml of
methanolcontaining11.02g of trimethyl orthoformate
and six dropsof H2SO4 was refluxedfor 12h. A slight
excessof 1.0M NaOCH3 in methanolwasthenaddedto
neutralizetheH2SO4. Mostof themethanolwasremoved
usinga rotaryevaporator.Theresiduewastakenup into
diethyl etherand washedwith dilute NaHCO3 solution
andsaturatedNaCl solution,anddriedovera mixtureof
Na2SO4 and MgSO4. After filtration, the solvent was
removedusinga rotaryevaporatorto give 7.861g (94%)
of crudep-carbomethoxybenzaldehydedimethylacetal.


A solutionof 7.851g of p-carbomethoxybenzaldehyde
dimethylacetal in 10ml of diethyl ether was added
dropwiseto a stirredsuspensionof 1.06g of LiAlH 4 in
25ml of diethyl etherundernitrogen.Upon completion
of theaddition,themixturewasrefluxedfor anadditional
10min andthena solutionof 4.48ml of 10% NaOH in
water was addedcarefully dropwise.Stirring was con-
tinuedfor anadditional2 h andMgSO4 wasaddedto the
mixture. The mixture was filtered and the salts were
washedthoroughlywith diethyl ether.The ethersolvent
wasremovedusinga rotaryevaporator,leaving,5.792g
(85%)of crudep-hydroxymethylbenzaldehydedimethyl-
acetal.


A solution of 5.683g of p-hydroxymethylbenzalde-
hydedimethylacetalin 10ml of THF wasstirredas10ml
of 2% H2SO4 in waterwereadded.After 3 h the H2SO4


was neutralizedby the addition of solid Na2CO3. The
mixture was then taken up into diethyl ether and the
aqueousphasewas separated.The ether extract was
washedwith saturatedNaCl solution and dried over a
mixture of Na2SO4 and MgSO4. After filtration, the
solventwas removedusing a rotary evaporatorand the
residuewaschromatographedon 25g of silica gel. The
p-hydroxymethylbenzaldehyde11 (3.229g; 76%) was
elutedwith 70% diethyl ether–30%hexanes.1H NMR
of p-hydroxymethylbenzaldehyde (CDCl3), � 10.005
(s, 1 H), 7.88 and 7.53 (AA ‘BB’ quartet,4 H), 4.810
(s, 2 H), 2.02 (br, 1 H). 13C NMR (CDCl3), � 192.0,
147.8, 135.7, 130.1, 127.0, 64.6.


Preparation of mesylate 14. A solution containing
187mgof p-hydroxymethylbenzaldehyde(1.373mmole)
in 3 ml of pyridinewasstirredas345mg(2.747mmol)of
N-t-butylhydroxylamine hydrochloride were added in
oneportion.Themixturewasstirredat roomtemperature
for 12h andthenmostof the pyridine wasremovedby
distillation at 15mmHg pressure.The mixture wasthen
takenup into 5 ml of CH2Cl2 andextractedwith 1 ml of
waterandtheCH2Cl2 phasewasdriedoverMgSO4. The
mixture was filtered and the solvent was removedby
rotary evaporation.The residualpyridine was removed
by evacuationat 0.1mmHgpressureanda smallamount
diethyl etherwasaddedto the solid which formed.The
mixture was cooled in ice and the ether was carefully
decantedfrom the solid nitrone.The last tracesof ether
were removedat 15mmHg, leaving 220mg (77%) of
the crudenitrone,m.p. 84–85°C, which was converted
to themesylate14 without furtherpurification.1H NMR
of p-hydroxymethylbenzaldehyde N-t-butyl nitrone
(CDCl3), � 8.24and7.37 (AA‘BB’ quartet,4 H), 7.537
(s,1 H), 4.703(s,2 H), 2.45(br, 1 H), 1.612(s,9 H). 13C
NMR (CDCl3), � 143.4,130.1,130.0,129.0,126.7,70.8,
64.8,28.3.


A solutionof 86mg of p-hydroxymethylbenzaldehyde
N-t-butyl nitrone (0.415mmol) and 53mg of mesyl
chloride(0.463mmol) in 1.5ml of CH2Cl2 wasstirredat
ÿ15°C as52mg(0.515mmol)of triethylaminein 0.3ml
of CH2Cl2 were added dropwise. The mixture was
warmedto 0°C and4 ml of diethyl etherwereaddedto
thestirredmixture followed by 3 ml of water.Thewater
phasewasseparatedandthe organicextractwasrapidly
washedwith dilute HCl solution and saturatedNaCl
solution.ThesolutionwasdriedoverMgSO4 andcooled
in a freezerat ÿ20°C. The mesylate14 (74mg; 63%)
crystallized from the diethyl ether–CH2Cl2 solvent
mixture. The mesylate14, m.p. 102°C (decomp)was
storedatÿ20°C.1H NMR of 14(CDCl3), � 8.34and7.47
(AA ‘BB’ quartet,4 H), 7.580 (s, 1H), 5.261 (s, 2 H),
2.910(s, 3 H), 1.624(s, 9 H). 13C NMR of 14 (CDCl3),
� 134.9,132.0,129.1,129.0,128.7,71.3,71.0,38.5,28.3.
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Anal., calculatedfor C13H19NO4S, C 54.72, H 6.71;
found,C 55.12,H 7.07%.


Preparation of mesylate 15. Thepreparationof mesylate
15 from m-hydroxymethylbenzaldehyde12 [from NaBH4


reductionof the mono(dimethylacetal)of isophthalalde-
hydefollowed by hydrolysis]wascompletelyanalogous
to the preparationof 14. 1H NMR of m-hydroxymethyl-
benzaldehydeN-t-butyl nitrone(CDCl3), � 8.48(br, 1 H),
8.05 (m, 1 H), 7.572 (s, 1 H), 7.43 (m, 2 H), 4.737,
(s,2 H), 1.85(br,1 H), 1.622(s,9 H). 13C NMR (CDCl3),
� 141.5,131.3,130.2,128.9,128.8,128.4,127.2,71.1,
65.3,28.5.1H NMR of 15 (CDCl3), � 8.53(br, 1 H), 8.18
(m, 1 H), 7.60 (s, 1 H), 7.48 (m, 2 H), 5.267 (s, 2 H),
2.964(s, 3H), 1.631(s, 9 H). 13C NMR of 15 (CDCl3)
� 134.0,131.8,130.5,129.9,129.7,129.2,129.0,71.5,
71.4,38.5,28.5.


Solvolysis of chloride 9 in methanol. Chloride 9 was
preparedasdescribedabovefrom 54mgof alcohol7 and
33mg of SOCl2. After removalof theCH2Cl2, thecrude
residuewas dissolvedin 4 ml of methanolcontaining
74mg of 2,6-lutidine. After 1 h the methanol was
removedusing a rotary evaporatorand the residuewas
taken up into diethyl ether. The ether extract was
washedwith a small amountof dilute HCl solutionand
saturatedNaCl solutionandthenanddriedoverMgSO4.
After solvent removal using a rotary evaporator,the
cruderesiduewaschromatographedon 7.5g of silica gel
and elutedwith increasingamountsof diethyl ether in
hexanes.Themethyletherproduct,(CH3)2CH3OCC6H4-
p-CH=N(O)-t-Bu m.p. 112–114°C, (38mg; 66%) was
eluted with 50% diethyl ether in hexanes.1H NMR
(CDCl3), � 8.27 (d, J = 8.4Hz, 2 H), 7.55 (s, 1 H), 7.46
(d, J = 8.4Hz, 2 H), 3.067(s, 3 H), 1.618(s, 9 H), 1.533
(s,6 H). 13C NMR (CDCl3), � 148.2,129.6,129.5,128.7,
125.9, 76.7, 70.7, 50.7, 28.3, 27.8. Exact mass (EI),
calculatedfor C15H23NO2 249.1729,found 249.1722.
Anal., calculatedfor C15H23NO2, C 72.25,H 9.30;found
C 72.38,H 9.35%.


Kinetic studies. Ratesof solvolysesof chlorides9, 10, 11,
17 and 18 in methanol (2.5� 10ÿ4 M in 2,6-lutidine)
were monitored by UV spectrophotometry at 245nm
using the previouslydescribedmethod.13 A solution of
about 10mg of the appropriatechloride in 1 ml of
anhydrousdiethyl etherwaspreparedanda 5ml aliquot
of this solution was injected into a cuvettecontaining
3 ml of 2.5� 10ÿ4 M 2,6-lutidinein methanolat 25.0°C.
This initiated the kinetic run. Absorbancechangeswere
monitoredfor two half-lives and infinity readingswere
takenafter 10 half-lives.Solvolysesof mesylates13, 14
and 15 in trifluoroethanolwere monitoredby 1H NMR
spectroscopyusing our previously described kinetic


method.14 The mesylateswere dissolved in a 0.05M


solutionof 2,6-lutidine in trifluoroethanoland the solu-
tionsweresealedin NMR tubes,which werethenplaced
in aconstant-temperaturebath.At periodictime intervals
the shift of the methyl signal of the 2,6-lutidine was
determinedby 300MHz NMR spectroscopy.First-order
rateconstantsweredeterminedby standardleast-squares
methods.All kinetic runs were performedin duplicate
(maximumerror�2%) and the rate constantsgiven in
Table1 representaveragevalues.


Computational studies. Ab initio molecular orbital
calculationswereperformedusing the Gaussian94 and
Gaussian98seriesof programs.9 Structureswerecharac-
terized as minima via frequency calculations which
showedno negativefrequencies.


Acknowledgement


Acknowledgment is made to the National Science
Foundationfor supportof this research.


REFERENCES


1. (a) BreuerE, Aurich HG, NielsenA. In Nitrones,Nitronates,and
Nitroxides. Patai S and RappaportZ (eds). Wiley: New York,
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ABSTRACT: The reaction kinetics of the dehydration step of the condensation reaction between phenylhydrazine
and benzaldehyde was studied spectrophotometrically in aqueous solutions of ethanol, propan-2-ol and 2-
methylpropan-2-ol at pH 11.5 at 25°C. The apparent second-order rate constants k2app of the reaction increase with
mole fraction of water in all the aqueous solutions. Single-parameter correlations of log k2app versus �* (dipolarity/
polarizability), � (hydrogen-bond donor acidity) and EN


T (normalized polarity parameter) were obtained in all the
aqueous solutions. In all cases, the correlations versus EN


T and �* are acceptable, but correlations versus � are poor
(e.g. in aqueous solutions of ethanol the correlation coefficients are 0.964, 0.967, and 0.751 respectively). The results
of dual-parameter correlations of log k2app versus �* and � in all cases represent improvements with regard to the
single-parameter models (in aqueous solutions of ethanol r = 0.995; s.e. = 0.038; n = 13). The apparent second-order
rate constants of the reaction increase with �, �* and EN


T . Increasing the hydrogen-bond donor acidity of the solvent
stabilizes the activated complex of the reaction via hydrogen-bond formation with the intermediate. A dual-parameter
equation of log k2app versus �* and � was obtained for the combined data set of aqueous solutions (n = 35, r = 0.989,
s.e. = 0.062, F2,32 = 719.21), in which �* has the major effect on the reaction rate relative to �. Copyright  2001 John
Wiley & Sons, Ltd.
Additional material for this paper is available from the epoc website at http://www.wiley.com/epoc


KEYWORDS: dual-parameter correlation; solvent effect; condensation reaction; polarity parameter; dipolarity/
polarizability; hydrogen-bond donor acidity; kinetics
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The considerable influence of solvents on chemical and
physical processes (reaction rates, selectivity, chemical
equilibria, position and intensity of spectral absorption
bands) has been well established.1 Modeling of solvent
effects is one of the most useful methods to obtain
information about the mechanism of organic reactions.1


The study of physicochemical properties that depend on
solute–solvent interactions is much more complex in
mixed than in pure solvents. On the one hand, the solute
can be preferentially solvated by any of the solvents
present in the mixture. On the other hand, solvent–
solvent interactions can strongly affect solute–solvent
interactions.2 The complexity of even the simplest
reactions in aqueous solutions is significantly greater
than those of reactions in organic solvents.3 The structure


of liquid water is dominated by strong intermolecular
hydrogen bonding. The complexity of the chemistry of
life in vivo, which occurs primarily in an aqueous
environment, should encourage chemists to focus more
attention on the reactions in aqueous solutions. There-
fore, there is a continuing challenge to understand the
role of water in these processes. In many cases, these
reactions involve complicated and large organic mol-
ecules. However, we know that our understanding of
these phenomena can be improved by studying in depth
the rates of relatively simple organic reactions in aqueous
solutions.4–8


In addition to the nonspecific Coulombic, inductive
and dispersion interactions, other interactions, such as
specific hydrogen bonding, electron pair donor–acceptor
and solvophobic interactions, may play a part in the
solvent effects.9–18 The problem is to identify and to
assess the relative importance of these various factors on
the reaction rate and other chemical and physical
processes.
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In continuing our study into solvent effects on organic
reactions,12–15 we were interested in solvent effects on
reaction kinetics of condensation reaction of amines with
aldehydes. Surprisingly, for these reactions little atten-
tion has been paid to the study of solvent effects.19–21


Phenylhydrazone formation from benzaldehyde, like
many condensation reactions, occurs with rate-determin-
ing attack of the nucleophile reagent under acidic
conditions and rate-determining dehydration of the
carbinolamine intermediate under neutral and basic
conditions (Scheme 1).22–26 Each of these steps may be
catalyzed by acids and (or) bases (general and speci-
fic).25,26 At pH �10, dehydration of the intermediate of
the reaction is the rate-determining step. In the reaction
there is no base catalysis.27


The purpose of our work is to identify the medium
effects on the dehydration step of the condensation
reaction, so our study was carried out at pH 11.5. In these
conditions we have:


rate � k2�Interm� �1�
�Interm� � k1�Ald��Hyd���k�1 � k2� �2�


Because k2 � k�1, then:


rate � k2k1�k�1�Ald��Hyd� � k2K1�Ald��Hyd� �3�
� k2app�Ald��Hyd� �4�


in which K1 and k2app are equilibrium constant of the first
step and the apparent second-order rate constant of the
reaction, respectively. Solvent effects on the kinetics of
the dehydration step of the condensation reaction of
phenylhydrazine with benzaldehyde were studied in
aqueous solutions of ethanol, propan-2-ol and 2-methyl-
propan-2-ol at pH 11.5 at 25°C.


 )*'+%* �$� �#*('**#&$


The apparent second-order rate constants for the reaction
were obtained in aqueous solutions of ethanol, propan-2-
ol and 2-methylpropan-2-ol in pH 11.5 at 25°C (Tables
1–3).


As can be seen, the rate constants of the reaction
increase rapidly with the mole fraction of water. The
results show that the increase of the reaction rate in


*��	�	 �


%���	 �� �##���� ��	��*	��� ��� �	������� 	
 ��
�����	� �� �,�	�� �	����	�� 	
 ����	� �� !)°%�


Xw 104 k2app (dm3 mol�1 s�1) EN
T � �*


0.266 5.01 	 0.17 0.673 0.93 0.66
0.449 6.91 	 0.21 0.702 0.89 0.75
0.583 7.80 	 0.18 0.717 0.89 0.81
0.685 8.49 	 0.27 0.731 0.88 0.88
0.765 12.8 	 0.24 0.761 0.86 0.96
0.830 18.2 	 0.34 0.784 0.87 1.03
0.850 20.0 	 0.37 0.800 0.90 1.06
0.884 27.8 	 0.41 0.842 0.92 1.10
0.900 31.6 	 0.45 0.861 0.97 1.11
0.929 33.0 	 0.52 0.907 1.05 1.12
0.967 39.5 	 0.48 0.959 1.17 1.13
0.984 46.4 	 0.74 0.980 1.21 1.13
1.000 49.4 	 0.72 1.000 1.26 1.14


a At least three runs were averaged. Errors are standard deviations.


%���	 �� �##���� ��	��*	��� ��� �	������� 	
 ��
�����	� �� �,�	�� �	����	�� 	
 #�	#��*!*	� �� !)°%�


Xw 104 k2app (dm3 mol�1 s�1) EN
T � �*


0.321 2.89 	 0.08 0.583 0.78 0.65
0.516 3.72 	 0.10 0.639 0.81 0.72
0.646 3.84 	 0.12 0.667 0.81 0.77
0.740 5.06 	 0.16 0.685 0.82 0.81
0.810 7.14 	 0.19 0.714 0.82 0.87
0.825 8.91 	 0.18 0.719 0.82 0.89
0.865 11.3 	 0.24 0.740 0.82 0.95
0.909 18.1 	 0.25 0.790 0.85 1.06
0.925 22.4 	 0.35 0.833 0.88 1.12
0.945 31.5 	 0.32 0.901 0.96 1.14
0.975 37.1 	 0.48 0.957 1.12 1.15
1.000 49.4 	 0.72 1.000 1.26 1.14


a At least three runs were averaged. Errors are standard deviations.


%���	 "� �##���� ��	��*	��� ��� �	������� 	
 ��
�����	� �� �,�	�� �	����	�� 	
 !*$����#�	#��*!*	� ��
!)°%�


Xw 104 k2app (dm3 mol�1 s�1) EN
T � �*


0.369 1.51 	 0.05 0.546 0.69 0.63
0.568 3.09 	 0.10 0.600 0.74 0.69
0.692 3.63 	 0.09 0.631 0.78 0.73
0.778 4.27 	 0.08 0.653 0.80 0.77
0.800 5.01 	 0.11 0.660 0.81 0.78
0.840 5.80 	 0.10 0.672 0.81 0.81
0.888 8.34 	 0.12 0.701 0.82 0.86
0.900 10.0 	 0.15 0.710 0.83 0.88
0.925 13.4 	 0.17 0.741 0.85 0.96
0.955 27.8 	 0.24 0.846 0.90 1.10
0.979 36.6 	 0.27 0.861 1.09 1.16
1.000 49.4 	 0.72 1.000 1.26 1.14


a At least three runs were averaged. Errors are standard deviations.
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aqueous solutions of ethanol is higher than those of
propan-2-ol and 2-methylpropan-2-ol (Figs 1–3).


The normalized polarity parameter EN
T of the aqueous


solutions increases with mole fraction of water in
aqueous solutions of the alcohols. At the same mole
fractions of water, EN


T of aqueous solutions follows the
sequence ethanol � propan-2-ol � 2-methylpropan-2-
ol.28


Single-parameter correlations of log k2app versus EN
T in


aqueous solutions of ethanol, propan-2-ol and 2-methyl-
propan-2-ol give acceptable results:


EtOH--H2O


log k2app � �5�182�	0�206� � 2�968�	0�248�EN
T �5�


�n � 13� r � 0�964� s.e. � 0�095�F1�11 � 144�79�


2-PrOH--H2O


log k2app � �5�396�	0�162� � 3�169�	0�208�EN
T �6�


�n � 12� r � 0�979� s.e. � 0�090�F1�10 � 231�61�


t-BuOH--H2O


log k2app � �5�619�	0�197� � 3�537�	0�270�EN
T �7�


�n � 12� r � 0�972� s.e. � 0�114�F1�10 � 171�72�


By combining all the data for the aqueous solutions the
following correlation of log k2app with EN


T was obtained:


log k2app � �5�518�	0�109� � 3�381�	0�142�EN
T �8�


�n � 35� r � 0�972� s.e. � 0�097�F1�33 � 568�08�
All of the above correlations show that the rate of the
reaction increases with increasing normalized polarity
parameter of the media. We concluded that the polarity of
the activated complex of the reaction for the dehydration
step is higher than that of the intermediate of the reaction.


The normalized polarity parameter is a blend of


dipolarity/polarizability and hydrogen-bond donor acid-
ity.29–31 Because in the intermediate of the reaction the
OH group will be eliminated, it might be expected that
formation of a hydrogen bond to the leaving group would
increase the propensity for elimination. However, single-
parameter correlations of log k2app with � do not give
satisfactory results in all aqueous solutions (Table 4).


Linear correlations of log k2app with �* (dipolarity/
polarizability) give good results for all three types of
aqueous solution:


EtOH--H2O


log k2app � �4�718�	0�159� � 2�002�	0�158��
 �9�
�n � 13� r � 0�967� s.e. � 0�090�F1�11 � 160�37�


2-PrOH--H2O


log k2app � �5�108�	0�144� � 2�288�	0�150��
 �10�
�n � 12� r � 0�979� s.e. � 0�090�F1�10 � 231�45�


,���	 �� ��	� 	
 �##���� ��	��*	��� ��� �	������� 	
 ��
�����	� ����� $	� 
�����	� 	
 -��� �� �,�	�� �	����	��
	
 ����	� �� !)°%


,���	 �� ��	� 	
 �##���� ��	��*	��� ��� �	������� 	
 ��
�����	� ����� $	� 
�����	� 	
 -��� �� �,�	�� �	����	��
	
 #�	#��*!*	� �� !)°%
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 ��
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t-BuOH--H2O


log k2app � �5�333�	0�097� � 2�576�	0�109��
 �11�
�n � 12� r � 0�991� s.e. � 0�064�F1�10 � 560�18�


As anticipated, a good correlation between log k2app and
�* exists for the aqueous solutions’ combined data set:


log k2app � �5�078�	0�086� � 2�298�	0�091��
 �12�
�n � 35� r � 0�975� s.e. � 0�092�F1�33 � 632�78�


These equations show that with increasing dipolarity/
polarizability of the medium the reaction rate increases,
because the activated complex of the reaction is
stabilized with increasing dipolarity/polarizability of
media. In order to show the relative effects of
dipolarity/polarizability �* and hydrogen-bond donor
acidity � on the reaction rate, dual-parameter correlations
of log k2app versus � and �* were obtained in aqueous
solutions of ethanol, propan-2-ol and 2-methylpropan-2-
ol. These correlations gave interesting results:


EtOH--H2O


log k2app � �5�056�	0�082� � 1�659�	0�082��



� 0�688�	0�096�� �13�
�n � 13� r � 0�995� s.e. � 0�038�F2�10 � 472�87�


2-PrOH--H2O


log k2app � �5�351�	0�093� � 1�872�	0�119��



� 0�708�	0�144�� �14�
�n � 12� r � 0�994� s.e. � 0�049�F2�9 � 393�88�


t-BuOH--H2O


log k2app � �5�393�	0�104� � 2�327�	0�213��

� 0�321�	0�240�� �15�


�n � 12� r � 0�993� s.e. � 0�062�F2�9 � 303�07�


A dual-parameter correlation of log k2app versus �* and �
was obtained for the aqueous solutions’ combined data
set:


log k2app � �5�362�	0�073� � 1�870�	0�091��



� 0�758�	0�118�� �16�
�n � 35� r � 0�989� s.e. � 0�062�F2�32 � 719�22�


The regression coefficients and standard deviations of the
equations are satisfactory. As can be seen, dipolarity/
polarizability has the major effect on the reaction rate. In
fact, in the dehydration step of the reaction, the polarity
of the intermediate increases with progressing of the
reaction; as a result, the activated complex leading to the
product of the reaction is expected to be favored by an
increasing dipolarity/polarizability of the media. The
solvent also stabilizes the activated complex of the
dehydration step of the reaction by hydrogen-bond
interactions.


In order to show the efficiency of the suggested dual-
parameter equation, the experimental values of log k2app


versus the calculated values from Eqn. (16) are plotted
for all the aqueous solutions of alcohols (Fig. 4).


As can be seen, the experimental and calculated values
of log k2app are in good agreement for all aqueous
solutions. A plot of %residual versus experimental values
of log k2app shows that the suggested dual-parameter
equation is statistically acceptable, because the distribu-


%���	 -� .�����	� �	
/����� ��� ��	#� 	
 �	���� #���$��� �� �,�	�� �	����	�� 	
 ����	�� #�	#��*!*	�� !*
$����#�	#��*!*	� ��� 
	� ��� �� �,�	�� �	����	�� �� !)°%


Aqueous solution EN
T �* � Intercept r


Ethanol 2.968 – – �5.182 0.964
– 2.002 – �4.718 0.967
– – 1.813 �4.520 0.751
– 1.659 0.688 �5.056 0.995


Propan-2-ol 3.169 – – �5.396 0.979
– 2.288 – �5.108 0.979
– – 2.340 �5.055 0.822
– 1.872 0.708 �5.351 0.994


2-methylpropan-2-ol 3.537 – – �5.619 0.972
– 2.576 – �5.333 0.991
– – 2.604 �5.330 0.890
– 2.327 0.321 �5.393 0.993


All aqueous solutions 3.381 – – �5.518 0.972
– 2.298 – �5.078 0.975
– – 2.555 �5.245 0.831
– 1.870 0.758 �5.362 0.989
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tion of points is random (Fig. 5):


�residual � 100 � �log k2 exp


� log k2expec�� log k2 exp �17�


in which log k2 exp and log k2expec are the experimental
and expected values of log k2app respectively.


The rates of some organic reactions in water and
several aqueous solutions are higher than those in organic
solvents. Hydrophobic interactions often play an im-
portant role in these cases.32–36 In this study, the effect of
hydrophobic interactions is negligible, because the rate-
determining step of the reaction is dehydration step. As a
result, there is no reduction in the surface accessible in
the activation process and hydrophobic interactions do
not play a role. This is fully consistent with the dual-
parameter correlations of log k2app with �* and � in all the
aqueous solutions discussed here.


)./) #�)$%�+


 	��	�
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Phenylhydrazine and benzaldehyde were distilled under
reduced pressure. All solvents were of the highest quality
available and were purified as usual. Water was
redistilled in a quartz distillation unit.


1�	
� ����	���	�


The kinetics of the reaction was studied spectrophoto-
metrically. The spectrophotometer was coupled to a PC
with an interface that allowed recording of absorbance
measurements versus time (four readings per second).
Absorbances were recorded at wavelengths from 342 nm
(in water) to 348 nm (in 2-methylpropan-2-ol) at pH 11.5


at 25°C. Pseudo-first-order (kobs) conditions were used in
all cases. The rate constants were obtained by the initial
rate method. All the kinetic runs were carried out at least
in triplicate. Concentrations of phenylhydrazine were
4 � 10�3 to 20 � 10�3 M and those of benzaldehyde were
5 � 10�5 to 4 � 10�4 M. Water was circulated around the
cell of the spectrophotometer and the water temperature
was thermostatically maintained at 25 	 0.1°C.


 ),) )$()*


1. Reichardt C. Solvents and Solvent Effects in Organic Chemistry
(2nd edn). Verlag Chemie: Weinheim, 1988.


2. Roses M, Rafols C, Ortega J, Bosch E. J. Chem. Soc., Perkin
Trans. 2 1994; 1607.


3. Engberts JBFN, Blandamer MJ. J. Phys. Org. Chem. 1998; 11:
841.


4. Noordman WH, Blokzijl W, Engberts JBFN, Blandamer MJ. J.
Org. Chem. 1993; 58: 7111.


5. Streefland L, Blandamer MJ, Engberts JBFN. J. Phys. Chem. 1995;
99: 5769.


6. Streefland L, Blandamer MJ, Engberts JBFN. J. Chem. Soc.,
Perkin Trans. 2 1997; 769.


7. Hol P, Streefland L, Blandamer MJ, Engberts JBFN. J. Chem. Soc.,
Perkin Trans. 2 1997; 485.


8. Jenner G. J. Phys. Org. Chem. 1999; 12: 619.
9. Mersbergen D, Wijnen JW, Engberts JBFN. J. Org. Chem. 1998;


63: 8801.
10. Wijnen JW, Zavarise S, Engberts JBFN, Charton M. J. Org. Chem.


1996; 61: 2001.
11. Cativiela C, Mayoral JA, Avenoza A, Peregrina JM, Roy MA. J.


Phys. Org. Chem. 1990; 3: 414.
12. Gholami MR, Habibi YA. J. Chem. Res. (S) 1999; 226.
13. Gholami MR, Habibi YA. Int. J. Chem. Kinet. 2000; 32: 431.
14. Gholami MR, Habibi YA. J. Phys. Org. Chem. 2000; 13: 468.
15. Gholami MR, Habibi YA. Int. J. Chem. Kinet. 2001; 33: 118.
16. Wijnen JW, Engberts JBFN. J. Org. Chem. 1997; 62: 2039.
17. Cativiela C, Garcia JI, Mayoral JA, Avenoza A, Peregrina JM,


Royo MA. J. Phys. Org. Chem. 1991; 4: 48.
18. Engberts JBFN. Pure Appl. Chem. 1995; 67: 823.
19. Gutierrez MF, Rodriguez PA, Mata PF. Rev. Roum. Chim. 1987;


32: 305.
20. Busker RW, Beijersbergen H, Gernard MJ, Erkerlens K. Hetero-


cycles 1987; 26: 5.
21. Girgis MM, El-Shahawy AS. Indian J. Chem. A 1991; 30: 21.
22. Fett R, Simionatto EL, Yunes RA. J. Phys. Org. Chem. 1990; 3:


620.


,���	 2� ��	� 	
 �� 0������� ����� �� �#��$����
����� 	
 �	� 1!�## 
	� ��� �� �,�	�� �	����	�� �� !)°%


,���	 -� ��	� 	
 �� �#��$���� ����� 	
 �	� 1!�## �����
�� �#��� ����� 	������ 
�	$ 2,�3 4�(5 
	� ��� ��
�,�	�� �	����	�� �� !)°%


Copyright  2001 John Wiley & Sons, Ltd. J. Phys. Org. Chem. 2001; 14: 884–889


888 A. HABIBI YANGJEH, M. R. GHOLAMI AND R. MOSTAGHIM







23. Simionatto EL, Yunes PR, Yunes RA. J. Chem. Soc., Perkin Trans.
2 1993; 1291.


24. Dalmagro J, Yunes RA, Simionatto EL. J. Phys. Org. Chem. 1994;
7: 399.


25. Baumann KD, Brighente IMC, Pizzolatti MG, Yunes RA. J. Phys.
Org. Chem. 1996; 9: 545.


26. Mostaghim R, Habibi AY, Gholami MR. Indian J. Chem. B 1999;
38: 976.


27. Amaral LD, Bastos MP. J. Org. Chem. 1971; 36: 3412.
28. Skwierczynski RD, Connors KA. J. Chem. Soc., Perkin Trans. 2


1994; 467.
29. Marcus Y. Chem. Soc. Rev. 1993; 409.


30. Roses M, Buhvestov U, Rafols C, Rived F, Bosch E. J. Chem. Soc.,
Perkin Trans. 2 1997; 1341.


31. Buhvestov U, Rived F, Rafols C, Bosch E, Roses M. J. Phys. Org.
Chem. 1998; 11: 185.


32. Blokzijl W, Engberts JBFN. Angew. Chem. Int., Ed. Engl. 1993;
32: 1545.


33. Cativiela C, Garcia JI, Gil J, Martinez RM, Mayoral JA, Salvatella
L, Urieta JS, Mainar AM, Abraham MH. J. Chem. Soc., Perkin
Trans. 2 1997; 653.


34. Blokzijl W, Engberts JBFN. J. Am. Chem. Soc. 1992; 114: 5440.
35. Meijer A, Otto S, Engberts JBFN. J. Org. Chem. 1998; 63: 8989.
36. Gajewski JJ. Acc. Chem. Res. 1997; 30: 219.


Copyright  2001 John Wiley & Sons, Ltd. J. Phys. Org. Chem. 2001; 14: 884–889


DUAL-PARAMETER CORRELATIONS ON RATE OF DEHYDRATION 889








����� ����	 
���� ������� ������� ���	����	� ��
����
��� ���
	��	�	�
�


�������� �� ���������� ������� �� ��������� ����� �� ������� ������ �� ������ ��� ������� ��
 �!��"


���������� 	
 ��������� �	��	� ����� ��������� �	��	� ������� �����


ABSTRACT: A novel method to compute atomic charge distribution is proposed. The starting data for the
computation are the topology of a molecule and electronegativities of either constituent atoms or atomic orbitals. The
topology of a molecule is represented by a molecular graph or, in a more advanced model, by an orbital graph that
reflects an orbital constitution of atoms. The distinctive feature of the method is that the starting atomic (orbital)
electronegativities equilibrate in the same fashion that electrical potentials do in the nodes of a closed electrical
network. Thus, the well-developed formalism of the theory of electrical circuits was applied for computation of partial
atomic charges. In addition, the problem of parametrization of halogens was solved using a specially developed
procedures. Comparison of the obtained charges with those produced by means of various computational schemes
[Partial Equalization of Orbital Electronegativities (PEOE), Mulliken population analysis, natural population
analysis, Bader’s AIM, method of generalized atomic polar tensors (GAPT) and an electrostatic potential-based
method, CHELPG] and with some molecular spectral characteristics proves that both models, but especially the
orbital graph charge model, provide fast, convenient and reliable methods to calculate theoretically justifiable atomic
charges for a variety of chemical species. The developed charge models are well suited for application in many areas
of molecular modeling and QSAR/QSPR studies. Copyright  2001 John Wiley & Sons, Ltd.
Additional material for this paper is available from the epoc website at http://www.wiley.com/epoc


KEYWORDS: atomic charges; molecular electrostatics; electronegativity equilibration; topological models of
chemical structures; predictions of molecular properties
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Few chemical concepts are as enduring and widely used
as that of partially charged atoms in molecules. Electro-
nic charge distribution of chemical systems is considered
an extremely powerful tool to describe physico-chemical
properties, reactivity and biological activity of mol-
ecules.1–4 Thus, a knowledge of charge distribution is
fundamental for molecular modeling of chemical sys-
tems.


The model of point charges on atoms is the most vital
for numerous applications. In the framework of this
model the electron density of a molecule is partitioned
into atomic components: the so-called partial charge
measured in fractions of the elementary charge is
assigned to each atom in the molecule. Over many years
there were numerous attempts to provide a quantitative
background to the intuitively clear notion of the partial
atomic charge as a characteristic associated with an atom
in a molecule that reflects a local excess or deficit of the
electronic charge.5–12


One should clearly understand that the notion of
atomic charges is shrouded in uncertainty because the
atomic charge is not a physical observable, and there does
not exist a quantum-mechanical operator whose expecta-
tion value would be the atomic charge. Hence obtaining
unique exact values of partial charges involves funda-
mental difficulties because there is no unique way to
localize the global charge distribution in a molecule on its
constituent atoms. The interpretation of the charges
obtained by empirical, semiempirical or non-empirical
calculations is completely arbitrary, and all of them co-
exist as useful tools for chemical reasoning.


Nonetheless, the point charge approximation is of great
importance in the description of electrostatic properties
of molecules, so the development of new advanced
methods of atomic charge calculation has become a
subject of permanent interest to chemists.


The most apparent way to derive atomic charges is to
analyze the orbital populations obtained as a result of
MO-LCAO calculations (either non-empirical or semi-
empirical). Mulliken population analysis,5 which assigns
the entire electron density to atom-centered orbitals, is
recognized to be both the most widely used and the most
criticized method.13,14 Arbitrariness in dividing overlap
population, a strong dependence on the basis set, and
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sometimes unrealistic orbital populations (more than two
or less than zero) stimulated many attempts6–9 to
elaborate an MO-LCAO computational scheme free of
this kind of disadvantage.


Another family of methods is based on a theoretical
analysis of experimentally or computationally obtainable
physical observables. The integration of the electron
density according to Bader’s theory of atoms in mol-
ecules (AIM)10 enables one to derive theoretically
well-defined atomic charges. The electron density can
be built up from an ab initio calculation or, in principle,
from an accurate x-ray diffraction experiment. Fitting a
positively charged probe to a molecular electrostatic
potential obtained ab initio or semiempirically is
another suitable approach to the evaluation of charge
distribution.11 Another way to obtain atomic charges is
to analyze atomic polar tensors that may be derived from
experimental IR bands12a or calculated theoretically.12b


Finally, there exists one more group of computational
schemes that makes use of different classical approxima-
tions to simulate the electron distribution in a molecule.15


Empirical parameter-based methods for the atomic charge
evaluation operate fast and usually involve different
manipulations with such atomic and molecular charac-
teristics as molecular connectivity,16 electronegativity,17–


26 polarizability,24 dipole moments25 or covalent radii.20


The development of similar methods is invoked by the fast
growth of such disciplines as medicinal chemistry, QSAR
and computer-aided molecular design that need efficient
tools for the fast and reliable charge distribution evalua-
tion for a large number of molecules, including large-sized
molecules, because the time cost necessary for an ab initio
or even semiempirical calculation turns out to be
unacceptable (computational time of a non-empirical run
increases in proportion to near the fourth power of the
number of basis functions involved13).


We will further concentrate our attention on the
methods based on electronegativity (EN). Electronega-
tivity, being traditionally perceived as a power attracting
electrons to an atom,27 is intimately related to partial
atomic charges. It always seems attractive to derive this
relationship as quantitatively as possible. Indeed, EN
equalization has become a basic logic and algorithmic
technique for deriving atomic charges,15 and it is worth
inspecting the development of this idea over the years.


For the first time the geometric mean principle of
electronegativity equalization was suggested by Sander-
son,17 and the idea of full EN equalization on the
formation of a molecule turned out to be very fruitful and
promising.15 However, in a practical sense the Sanderson
method was limited only to small, mainly inorganic
molecules, because it did not account for molecular
connectivity. In other words, the atoms of the same type
(say all carbons, oxygens, nitrogens, etc.) in a molecule
attained the same charges, in spite of their structural
difference. This shortcoming has been overcome with a
number of approaches21–24,26 that had fallen back on the


notion of molecular graph28 expressed, for instance, in
the form of a connectivity matrix. [The connectivity
(adjacency) matrix of a graph, usually designated as
A = {aij}, is a square symmetrical n � n matrix whose
element aij = 1 if the corresponding vertices of the graph
�i and �j are connected by an edge, and aij = 0 if they are
not connected; once the vertices are connected by a
multiple edge, the corresponding matrix entry is equal to
the edge multiplicity.]


We would like to consider here several approaches,
which make use of the molecular graph model, that
enable one to account explicitly for the molecular
connectivity. First, the method suggested by Kirpichenok
and Zefirov23 allows Sanderson’s electronegativity
equalization principle to be augmented to include rather
arbitrary molecular systems. Progress was made towards
the charge calculation for branched non-cyclic systems
including species with multiple bonds. This approach has
found application in QSAR-related calculations.29


Another procedure of EN equalization was realized
within the method of Partial Equalization of Orbital
Electronegativities (PEOE) developed by Gasteiger and
Marsili.21 In the PEOE method, an iteration equation
based on the notion of the orbital EN30 was proposed,
whereas the connectivity of constituent atoms was the only
molecular structural information. We should emphasize
that the PEOE method has become the most useful one to
date for correlation with molecular properties and has
found extremely wide application in a number of QSAR/
QSPR and molecular design computer programs, e.g.
PETRA31 and SYBYL32 and others.33


In this work we develop a new approach to the problem
of molecular charge distribution expressed in the form of
point atomic charges. The key point of the suggested
method is an unconventional technique used for the EN
equilibration. We consider a molecule as a closed system
of electrically interacting atoms and formulate the atomic
charge problem in terms of classical physics. In other
words, we represent the molecule (strictly the molecular
graph) as a closed electrical network and analyze it with
the help of appropriate laws of electrical current. As will
be demonstrated in subsequent sections, this model based
on a rather provisional analogy allows one to obtain
reasonable atomic charges for many types of molecules in
a fast and efficient way. (The history of modern chemistry
exhibits a number of bright examples of fruitful coopera-
tion between classical and quantum-mechanical para-
digms. Molecular mechanics,36 combined QM/MM
schemes37 and classical potential functions for treating
intermolecular interactions38 are good examples.)


)*$+�&


Two very different aspects of the charge calculation
problem are the goal of this paper. First, the task is to
elaborate a novel, different technique of electronegativity
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equalization or, better equilibration (because our tech-
nique provides only a partial equalization, we prefer to
name it equilibration). Second, a formal model for the
chemical structure representation should be judiciously
chosen. Such a model must be in conformity with the
computational procedure involved and cover the diver-
sity of chemical structures as far as possible.


$�������
�� ������ �� 
����
�� �	�
	��


In this paper we consider two possibilities of representa-
tion of molecular structure. The simplest and most
straightforward way is to use the well-known notion of
molecular graph (MG).28 Most of the methods discussed
before are based on the MG model and we also will use
it.


However, fine features of molecular charge distribu-
tion cannot be covered by the simple MG model, since it
can take into account only bonding orbitals, but not free
electrons, lone pairs, etc. Thus, the second model we have
developed is based on the notion of the orbital graph
(OG).


OG is a special graph constructed starting from the
initial MG by substituting each MG vertex (point-like
atom) by a complete graph containing as many vertices as
there are valence shell atomic orbitals centered on the
corresponding atom. All vertices of such a complete
graph are pairwise connected by edges whose weights are
equal to unity; this allows for the integrity of the
electronic constitution of an atom. Furthermore, they are
connected with corresponding vertices of other similar
complete graphs by edges whose weights are equal to
unity (for �-bonds and non-conjugated �-bonds) in
accordance with interatomic orbital overlaps. Some
examples of molecular graphs and corresponding orbital
graphs are shown in Fig. 1.


Being applied to simple organic molecules, the idea of
the OG gives the graph pictures that are reminiscent of the
old representation of molecular structures as tetrahedra
connected by vertices, by edges and by faces in the case of
ordinary [Fig. 1(a)], double [Fig. 1(b)] and triple bond
[Fig. 1(c)], respectively. We especially emphasize that our
model can include also doubly occupied [Fig. 1(d), (e) and
(g)] and even vacant orbitals [Fig. 1(f)] in addition to
bonding orbitals.21,24 The idea behind this was to be able
to apply the OG model, accounting for various orbital
interactions (for example, d�–p�), for charge calculations
in the case of coordinate and hypervalent compounds. The
chemical bonding with the participation of d-orbitals is
shown in Fig. 1(e).


)���� �� ���
	�����	���	� �,������	���


In this section we describe a general model, which is
common to both the straightforward MG charge model


(MGC model) and the advanced OG charge model (OGC
model), and permits one to obtain atomic (orbital)
equilibrated electronegativities starting from molecular
topology and standard EN values by means of a special
procedure based on the theory of electrical circuits.


In general, the model of charge distribution in a
molecule rests on the following assumptions: (i) the
molecule is considered as a topological object, i.e. an
object characterized only by its connectivity (no
geometric characteristics are taken into account); (ii)
the charge density is assumed to be distributed over the
molecular framework in accordance with the electro-
negativities of the constituent atoms; (iii) the electro-
negativities of the constituent atoms tend to be
equilibrated in the same manner as electrical potentials
in the nodes of a closed electrical network. The last
statement means that one may use the well-known


-���� .� �	������� ������ 
	� ��� ������� � � ��������� ���
���������� �!� ����	������ ��� ��	����� 	"!�� �
�  	����
��! ��� ��!�	��� #�	�!� ��! �	�����	�!�� 	� ��� ������
����
$%���!� %���! ��! ����� ������ !�������  	�!��� �	��
��� ��! ������ 	� ����� ������������
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mathematical formalism of the theory of electrical
circuits39 in order to simulate an EN equilibration. Thus,
the molecule is considered as an electrical network
composed of the nodes (junction points) that correspond
to atoms (orbitals) and conducting sites that simulate
chemical bonds.


/����� �����	��


Using the above concept, one may accept that the MG
(OG) vertices correspond to nodes of the electrical
network and the edges correspond to conducting
branches (strictly, not all graph vertices can be deemed
nodes, only those having a degree of �1; however,
without loss of generality, we adopt this term for all
vertices). In the next step, one should close the circuit and
insert current sources into it. For this purpose we
introduce an additional artificial node termed ‘basis
node’ into the circuit and connect it with all other nodes
by special branches having resistance and current
sources. In terms of graph theory we introduce an
additional vertex into the graph and connect it by edges
with all vertices. Figure 2 demonstrates the transforma-


tion of the acetonitrile molecular graph into an electrical
network.


Now consider the application of the nodal potentials
method39 to analyze the network obtained. Given the
topology of a network and its electrical characteristics
(currents and conductances), one could derive a set of
linear simultaneous equations for all n nodes except the
basis (n � 1)th node to determine the nodal potentials �j


in accordance with Kirchhoff’s first law. The potential of
the ‘basis’ node is taken as zero, and the currents are
written according to Ohm’s law as follows:


�n


i�1


Yij � �j �
�


i


Ji �1�


where Yij is the negative of conductance of a branch
connecting nodes i and j, Yii is the sum of conductances
attached to node i and the sum in the right-hand side
consists of algebraic sums of all currents coming to node
i.


Rewriting this expression in a more suitable matrix
form we have the following matrix equation:


Y� � J �2�


where � is the column matrix of the sought potentials, Y
is the matrix of nodal conductance (being complex in the
general case) and J is the column matrix of nodal
currents. Provided that matrix Y is not degenerate, the
single solution of these equations is � = Y�1 J.


Let us discuss in more detail the structure of matrix Y.
It is a square matrix whose diagonal element Yii is equal
to a sum of (complex) conductances of all the branches
attached to this node i, whereas its off-diagonal entry
Yij = Yji is equal to a sum of all conductances of all the
branches connecting i and j.


Applying the above electrical engineering formalism
to the case of graphs (this formalism was first applied to
molecular graphs by Golender et al.40 in order to attack
the important problem of automorphism partitioning of
molecular graph vertices), we have to consider the
particular case of matrix Y, in which all conductances are
real numbers and equal in particular cases to the
multiplicity of the corresponding graph edges. Let us
label such a matrix as S. This specific matrix can be
constructed as S = �A � D � I, where A is the con-
nectivity matrix of the graph;28 D = {dij} is the degree
matrix, i.e. a square diagonal matrix whose diagonal
entry is equal to the degree of the corresponding vertex,
and all off-diagonal entries are equal to zero; I is the
identity matrix, i.e. a square matrix whose all diagonal
entries are equal to 1, and all off-diagonal entries are
zeros. All these matrices are of order n, where n is the
number of graph vertices. In fact, matrix S is a very
simplified real-valued variant of the matrix of nodal
conductances Y. The explicit derivation of matrix S for


-���� 0� �	������� ����� ��! �	�����	�!�� ���������
����	�& 	
 ��� ����	����� �	������
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the acetonitrile molecular graph (Fig. 2) is shown below:


D A I


4 0 0 0 0 0


0 4 0 0 0 0


0 0 3 0 0 0


0 0 0 1 0 0


0 0 0 0 1 0


0 0 0 0 0 1


������������������


�


0 1 0 1 1 1


1 0 3 0 0 0


0 3 0 0 0 0


1 0 0 0 0 0


1 0 0 0 0 0


1 0 0 0 0 0


������������������


������������������


�


1 0 0 0 0 0


0 1 0 0 0 0


0 0 1 0 0 0


0 0 0 1 0 0


0 0 0 0 1 0


0 0 0 0 0 1


������������������


������������������


�


S


5 �1 0 �1 �1 �1


�1 5 �3 0 0 0


0 �3 4 0 0 0


�1 0 0 2 0 0


�1 0 0 0 2 0


�1 0 0 0 0 2


������������������


������������������


�3�


Rewriting Eqn. (2), as applied to a molecule, but not to
an electrical network, we take standard atomic (orbital)
electronegativity values, �i


0, as the components of right-
hand side column matrix X0, whereas the column matrix
X is composed of unknown electronegativities of atoms
(orbitals) in a molecule, �i:


SX � X0 �4�


Solving these equations in the same manner as for Eqn.
(2), namely X = S�1 X0, we obtain new electronegativity
values perturbed by the molecular environment. Further
treatment of the problem depends on the graph model
chosen.


)���
��� ���� 
���� �����1.


In the case of the MG model the partial atomic charges
are derived as dimensionless values that are numerically
equal to relative changes of the atomic ENs upon the
formation of the molecule. These quantities are defined as
follows:


� � X � X0


�m
� �X


�m
�5�


where � is the vector of atomic charges, X0 and X are the
vectors of standard atomic EN values and those in a


valence state, respectively and �m is the geometric mean
of atomic electronegativities. Due to the above definition,
the charges obtained obey the following normalization


conditions: (a)
�n


i
qi � 0;(b) �qi� �1.


Therefore, the computational scheme designed on the
basis of the simple MG model is self-consistent and needs
no iteration steps as compared with the PEOE method of
Gasteiger and Marsili21 or the method of Abraham et
al.24b


Let us illustrate the above theory. Taking particularly
the Pauling electronegativities (tabulated in Ref. 42) one
can fill in the entries of the vector X0 in order to write
Eqn. (4) in an explicit way; here the vector X contains
unknowns:


S X X0


5 �1 0 �1 �1 �1


�1 5 �3 0 0 0


0 �3 4 0 0 0


�1 0 0 2 0 0


�1 0 0 0 2 0


�1 0 0 0 0 2


����������������


����������������


�


x1


x2


x3


x4


x5


x6


����������������


����������������


�


2�55


2�55


3�04


2�20


2�20


2�20


����������������


����������������
�6�


One should solve this matrix equation with respect to
the column matrix X. A routine procedure to solve such


the acetonitrile molecular graph (Fig. 2) is shown below:


D A I


4 0 0 0 0 0


0 4 0 0 0 0


0 0 3 0 0 0


0 0 0 1 0 0


0 0 0 0 1 0


0 0 0 0 0 1
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������������������


�


0 1 0 1 1 1


1 0 3 0 0 0


0 3 0 0 0 0


1 0 0 0 0 0


1 0 0 0 0 0


1 0 0 0 0 0


������������������


������������������


�


1 0 0 0 0 0


0 1 0 0 0 0


0 0 1 0 0 0


0 0 0 1 0 0


0 0 0 0 1 0


0 0 0 0 0 1


������������������


������������������
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S


5 �1 0 �1 �1 �1


�1 5 �3 0 0 0


0 �3 4 0 0 0


�1 0 0 2 0 0


�1 0 0 0 2 0


�1 0 0 0 0 2
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equations is to act on the column matrix X0 with a matrix
inverse to S, i.e. S�1:


X S�1 X0 X
x1


x2


x3


x4


x5


x6


����������������


����������������


�


0�319 0�116 0�087 0�159 0�159 0�159


0�116 0�406 0�304 0�058 0�058 0�058


0�087 0�304 0�478 0�043 0�043 0�043


0�159 0�058 0�043 0�58 0�08 0�08


0�159 0�058 0�043 0�08 0�58 0�08


0�159 0�058 0�043 0�08 0�08 0�58


����������������


����������������


�


2�55


2�55


3�04


2�20


2�20


2�20


����������������


����������������


�


2�425


2�638


2�739


2�313


2�313


2�313


����������������


����������������
�7�


The geometric mean of atomic ENs involved was
calculated as being �m = 2.439. Hence in its final form
the solution of Eqn. (5) is as follows:


�X �m
�1 Q


�0�125


0�088


�0�301


0�113


0�113


0�113


����������������


����������������


�1�2�439 �


�0�051


0�036


�0�124


0�046


0�046


0�046


����������������


����������������


�8�


As can be seen from Eqn. (8), the charges in the
acetonitrile molecule are as follows: �0.051 at the
methyl carbon atom, �0.036 at the nitrile carbon atom,
�0.124 at the nitrogen and �0.088 at all methyl
hydrogens.


���	�� ���� 
���� �����


As we have mentioned above, the first stage of the charge
calculation, namely electronegativity equilibration, is
common for both the MG and OG models. However, the
final derivation of atomic charges within the OG model
differs significantly, because here we use more advanced
parameters, namely the orbital electronegativity and
chemical hardness. From the standpoint of DFT34,35 the
electronegativity is considered as the first partial
derivative of the total energy, E, with respect to the
occupational number, n, with the external potential being
constant. The hardness is defined as the second derivative
of E. The finite-difference approximations for EN and
chemical hardness are as follows:43


� � � �E
�n


� �
V


	 I � A
2


	 � �2E
�n2


� �
V


	 I � A �9�


where I is the ionization potential and A is the electron
affinity of an atom. As for a particular form of E, a
number of functions were considered,30b,44–46, all of them
are more or less warranted within Slater’s expansion of
the energy in terms of the powers of atomic charge.47 As
noted by Kohn et al.,48 within a certain subsystem the
energy E can be considered as a continuous and
differentiable function of n. This point lends support to
the validity of the notion of orbital EN introduced by
Hinze and co-workers.30 The energy expansion was
limited to the quadratic term:


E�ni� � a � bni � cn2
i �10�


Whence the charge dependence of the electronegativity
of the ith orbital, �i, was expressed in terms of the
parameters b and c which are, in fact, electronegativity
�i


0 and hardness �i
0 of a corresponding unperturbed


orbital, and ni is its occupation number being the negative
of the orbital charge, qi:


�i � �0
i � 	0


i qi �11�


Tabulated values of �0 and �0 for many pure and
hybridized states can be found elsewhere30,46. In such a
way the orbital graph vertices are assigned appropriate
EN values corresponding to �, �, lone pair, unpaired
electron or vacant orbitals. Substituting these values in
Eqn. (4) gives the desirable equilibrated orbital ENs, �i,
for all atoms in a molecule. Given those equilibrated
orbital EN values and tabulated values of hardness, the
orbital charges can be expressed from Eqn. (11) as
follows:


qi � �i � �0
i


	0
i


�12�


Obviously, the total charge of the jth atom should be
written as a sum of the orbital charges:


Q �
�A


i
qi �13�


equations is to act on the column matrix X0 with a matrix
inverse to S, i.e. S�1:


X S�1 X0 X
x1


x2


x3


x4


x5


x6


����������������


����������������


�


0�319 0�116 0�087 0�159 0�159 0�159


0�116 0�406 0�304 0�058 0�058 0�058


0�087 0�304 0�478 0�043 0�043 0�043


0�159 0�058 0�043 0�58 0�08 0�08


0�159 0�058 0�043 0�08 0�58 0�08


0�159 0�058 0�043 0�08 0�08 0�58
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However, problems arise if one tries to compute atomic
charges in such a way. In the general case the
electroneutrality condition for the molecule can be
violated: �N


j Qj 
� 0, i.e. the procedure has ceased to be
self-consistent. One of the reasons is that the quadratic
form of the energy function does not account for any
variations in atomic size upon ionization45. In order to
remedy this problem we considered a more accurate
cubic form of the energy function:


E�ni� � a � bni � cn2
i � dn3


i �14�


On differentiation, this equation gives the quadratic
dependence of orbital EN on the atomic charge:


�i � �0
i � 	0


i qi � dq2
i �15�


It is apparent that a successive differentiation of Eqn. (14)
will result in the following linear charge dependence of


the hardness:


	i � 	0
i � dqi �16�


Where the correction term dqi should be defined in a
reasonable way. An important point is that �i should be a
function of d. As the hardness varies inversely with the
atom size,45 it would be justified to establish dj as the
reciprocal of the covalent radius, rj, of the jth atom under
consideration:


dj � DM


rj
�17�


where DM is the normalization factor common for all
atoms in the molecule. The introduction of DM will
provide the electroneutrality condition for the molecule.
From Eqns (11) and (17), a set of n � k simultaneous
equations can be composed for determining the coeffi-
cients d and the atomic charges per se:


d1q2
11 � 	0


1q11 � �0
11 � �11 � 0


��
�


dnq2
nk � 	0


nkqnk � �0
nk � �nk � 0�N


j Qj � 0
�1
 � � �


��������
������	


�18�


A more detailed description of the procedure of
computing the coefficients d is given in the Appendix.
In addition, standing the normalization condition in Eqn.
(18) for �1, �2, etc., allows one to calculate the charge
distribution for ionic structures. Finally, the orbital


$���� .� ������� 	� ��� ������ ��������	� 	
 ����	����� ��� ��� 	� ��� ����� ������ �'(�� �	!���


Atom Orbital
ENb (�0)


(V)
Equil. ENc


(�) (V)
Hardnessb


(�), (V e�1)
Cov. rad.d


(Å)
Norm (�)e


(V e�1)
Orbital


chargef e
Atomic


chargeg, e


C �(C–C) 8.060 8.109 6.565 0.77 6.576 0.007 �0.064
�(C–H) 8.060 7.904 6.565 6.529 �0.024
�(C–H) 8.060 7.904 6.565 6.529 �0.024
�(C–H) 8.060 7.904 6.565 6.529 �0.024


C �(C–N) 10.47 9.119 6.972 0.60 6.614 �0.204 0.265
�(C–N) 5.730 8.086 5.473 6.452 0.365
�(C–N) 5.730 8.086 5.473 6.452 0.365
�(C–C) 10.47 8.774 6.972 6.529 �0.260


N n 7.370 8.748 9.885 0.55 10.19 0.135 �0.365
�(N–C) 15.59 10.18 8.732 7.144 �0.757
�(N–C) 7.870 8.721 6.325 6.624 0.128
�(N–C) 7.870 8.721 6.325 6.624 0.128


3 � H �(H–C) 7.18 7.542 6.422 0.37 6.605 0.055 0.055


a Normalizing factor Dm is equal to 0.81164 as follows from Eqn. (A8).
b Taken from Ref. 46.
c Calculated from Eqn. (4).
d Taken from Ref. 50.
e Calculated from Eqn. (16).
f Calculated from Eqns (19) and (A9).
g Calculated from Eqn. (13).


$���� 0� )��	��� ��	�� ������ ��! ���������! �� �!
	� ����


Atomic graph F Cl Br I


�XAE(°) 99.63 103.5 100.8 101.5
sp Hybrid sp16.44 sp7.58 sp12.65 sp11.05


s Character, % 5.7 11.7 7.33 8.3
Orbital EN (V) 13.24 10.52 9.03 8.66
Hardness (V e�1) 8.63 5.61 4.73 4.46
�EAE(°) 117.2 114.6 116.5 116.1
sp Hybrid sp2.18 sp2.40 sp2.24 sp2.27


s Character, % 31.4 29.4 30.9 30.5
Orbital EN (V) 18.16 12.27 11.36 10.35
Hardness (V e�1) 8.18 5.46 4.51 3.96
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charge can be computed according to the following
equation:


qi � �i � �0
i


	i
�19�


where �i is the normalized hardness from Eqn. (16).
The above theory can be illustrated by the picture of


acetonitrile orbital graph [Fig. 1(e)] and by the details of
the acetonitrile charge calculation listed in Table 1.


��%�)*$%# �$#��


�����	�� �� 	�� )/( �����


In order to obtain the best set of parameters, a number of
atomic EN scales were tested, including those developed
by Pauling,27,42 Sanderson,17 Allred and Rochow42 and
Luo and Benson.49 The Pauling scale turned out to be the
best with regard to correlations with molecular spectral
properties such as ESCA chemical shifts and 35Cl NQR
coupling constants. Thus, for the single-parameter MGC
model we finally selected Pauling’s ENs42 without any
changes or additions.


�����	�� �� 	�� �/( �����


The parameters needed for the OG model are orbital
electronegativity and hardness and the covalent radii of
the atoms involved. As a main source of the parameters
we used the list of orbital EN and hardness values
computed by Bergmann and Hinze.46 Covalent radii were
taken from the work of Gillespie and Hargittai.50


Despite the abundance of valence states energies given
in the computed collection,46 we had to augment the
above listing in order to obtain parameters for some
specific valence states. In particular, halogen valence
states were restricted only by their pure s- and p-
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Charge calculation scheme


Compound Atom MGC OGC PEOE MPA NPA AIM GAPT CHELPG


Methane C �0.103 �0.180 �0.0772 �0.473 �0.88 0.244 0.073 �0.333
H 0.026 0.045 0.0193 0.118 0.22 �0.061 �0.018 0.083


Ethane C �0.092 �0.144 �0.0678 �0.335 �0.647 0.237 0.147 �0.010
H 0.031 0.048 0.0226 0.112 0.216 �0.079 �0.049 0.003


Ethylene C �0.076 �0.120 �0.107 �0.254 �0.419 0.082 �0.041 �0.280
H 0.038 0.060 0.0535 0.127 0.210 �0.041 0.021 0.140


Acetylene C �0.049 �0.086 �0.1225 �0.233 �0.244 �0.121 �0.212 �0.259
H 0.049 0.086 0.1225 0.233 0.244 0.121 0.212 0.259


Propane C1 �0.089 �0.141 �0.0652 �0.333 �0.646 0.225 0.126 �0.211
H 0.032 0.048 0.0228 0.111 0.222 �0.079 �0.050 0.036
C2 �0.083 �0.111 �0.0584 �0.216 �0.432 0.220 0.178 0.272
H 0.035 0.051 0.0259 0.109 0.216 �0.092 �0.073 �0.051


Cyclopropane C �0.074 �0.089 �0.107 �0.261 �0.454 0.104 0.054 �0.228
H 0.037 0.045 0.0535 0.131 0.227 �0.052 �0.027 0.114


Bicyclobutane C1 �0.041 �0.018 �0.0673 �0.147 �0.251 �0.061 �0.123 �0.032
H 0.038 0.038 0.0626 0.146 0.242 �0.009 0.008 0.098
C2 �0.072 �0.106 �0.1353 �0.241 �0.427 0.186 0.190 �0.336
H 0.037 0.043 0.0775 0.126 0.225 �0.055 �0.004 0.149


Tetrahedrane C �0.035 �0.036 �0.1068 �0.164 �0.257 �0.049 �0.105 �0.128
H 0.035 0.036 0.1068 0.164 0.257 0.049 0.105 0.128


Correlation coefficient MGC — 0.983 0.880 0.985 0.984 0.698 0.220 0.667
OGC 0.983 — 0.837 0.980 0.977 0.720 0.236 0.687
PEOE 0.880 0.837 — 0.890 0.829 0.337 0.134 0.799


Intercept MGC — �0.003 �0.007 0.003 �0.002 0.011 0.013 0.01
OGC �0.003 — �0.011 0.002 �0.003 0.01 0.012 0.011
PEOE �0.007 �0.011 — 0.0229 �0.0518 0.0294 0.0238 0.003


Slope MGC — 1.475 0.613 3.755 6.575 �1.549 �0.437 2.233
OGC 1.475 — 0.876 2.489 4.351 �1.064 �0.311 1.435
PEOE 0.613 0.876 — 2.367 3.864 �0.520 0.186 1.863
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orbitals,46 although it was shown at the experimental51


and theoretical52 level that bonding orbitals of univalent
halogens contain a certain fraction of s character and can
vary, according to the above references, from 5 to 33%.
This problem will be specially considered below.


Analogously, it is well known42,53 that the chemical
bonding in strained cyclic and cage molecules differs,
sometimes dramatically, from that in unstrained species.
Therefore, one should derive orbital parameters for three-
and four-membered rings accounting for the specific
features of their orbital hybridization.


Another problem is the lack of electronegativity values
for d-orbitals of the non-transition elements belonging to
the third and further rows of the Periodic Table. These
orbitals, being favorably disposed towards accepting the
electron pair, play an important role in the structure of
coordinate and hypervalent species. Halogen higher
valence compounds are also formed due to the promotion
of their decoupled electrons to higher d-levels. However,
the parameters for d-orbitals are difficult to obtain42 and
currently few of them are available. Santry and Segal54


calculated the d-orbital ENs for the elements from Na to
Cl; their data were taken into our parameter set. The
overall set of parameters used in our calculations is listed
in Table S1 of the supporting material.


+�������


As was mentioned above, s characteristics of halogens
were often taken ‘from scratch’ just to satisfy the fit with
experimental data.18,21,22 Recently we have suggested a
new method55 for the evaluation of halogen s character
based on the analysis of the ‘geometry’ of valence shell
electron pairs. The latter were localized due to the
topology analysis10 of the electron density Laplacian
L(r) = �2�(r) obtained from ab initio calculations. As a
result, an atomic graph10 for each halogen atom can be
constructed. It could be considered as a coordination
polyhedron and thus analyzed in terms of valence bond
theory.53 Halogen methyl derivatives were used as model
structures. Given the hybridization characteristics of
atoms, one can compute the values of particular orbital
EN and hardness due to linear interpolation, since the
values of s and p states are known.46 These data for all
halogens are listed in Table 2. According to Gillespie and
Hargittai50 the central atom, the bonding electron pair
and the lone pair are designated as A, X and E,
respectively.


����� ����


It is well known53 that bonding orbitals in strained
hydrocarbons demonstrate a different s character:
endocyclic C—C bonding orbitals are less enriched by
the 2s state compared with exocyclic C—H orbitals. The


generally recognized reason is that the bent character of
C—C bonds, e.g. in cyclopropane, causes a small
interorbital angle, about 104–105°, compared with the
tetrahedral one that corresponds to a low s-content of the
orbital. In contrast, the interorbital angle HCH of the
unstrained C—H bond is 114–115°, which brings it
closer to sp2 hybridization.


Randic56 has devoted a series of papers to the
computation of the s character of the carbon bonding
orbitals in strained rings. Applying the criterion of
maximum overlap53 for the construction of the hybrids,
he succeeded in explaining the geometry of a number of
highly strained cage derivatives of cyclopropane and
cyclobutane. They were the same hybrids that had been
utilized by Guillen and Gasteiger21d for the additional
parametrization of their original method.21a Making use
of the Clementi orbitals57 instead of Slater’s, Klasinc et
al.58 achieved more accurate values that have come into
textbooks.59 These hybrids were used in our OGC model
for interpolation of electronegativity and hardness values
with respect to the known pure s and p states.46 The
parameters obtained from Randic’s hybrid orbitals are as
follows:


Bond
� Hybrid s character �0�V� 	0�V e�1�


C C in C3H6 sp3�86 20�58 7�37 5�72


C H in C3H6 sp2�40 29�41 8�26 5�76


C C in C4H8 sp3�47 22�37 7�56 5�73


C H in C4H8 sp2�62 27�62 8�08 5�75


There are two indicative examples of cage hydro-
carbons being structural isomers, cubane and cuneane
(Fig. 3). In terms of graph theory, both of them are the
regular graphs of degree three [a regular graph is one all
of the vertices of which have the same degree (the
number of neighbouring vertices)], thus none of the
simple topological schemes can reveal three classes of
charge equivalence of carbon atoms in cuneane without
recourse to special parametrization.


This is the case for both the PEOE initial version21a


and the first version of our MGC model.41 As for the
PEOE, this shortcoming was remedied by the particular
analysis of the molecular graph cyclic structure29b,60 and
the use of special EN parameters based on Randic’s
hybrid orbitals (see above). At the same time, our OGC
model allows for a natural way of using hybrid orbitals of
any type. In addition, we used more comprehensive data
on the hybridization in strained cycles.58 Therefore, it
would be interesting to compare the results of charge
calculation produced with our OGC model, Gasteiger’s
PEOE model implemented in the PETRA program,31 and
those obtained using an ab initio method. With this aim in
mind, we performed charge calculations for structures 1
and 2 by means of our OGC model, the PETRA program
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(via the Internet) and the ab initio MP2/6–31G* method13


(all quantum chemical calculations were performed with
the use of the PC-GAMESS program adapted by Dr
Granovsky, Department of Chemistry, Moscow State
University). The results obtained are as follows.
Obviously, all cubane carbon atoms should have identical
charges. For cuneane all three methods partition the
atoms into three classes of charge equivalence. The
PEOE method assigns the following charges: �0.105 to
atoms 1 and 2, �0.082 to atoms 3, 4, 5 and 6 and �0.060
to atoms 7 and 8. In the case of the OGC model the
following pattern of charge distribution is obtained:
�0.046 for atoms 1 and 2, �0.026 for atoms 3, 4, 5 and 6
and �0.067 for atoms 7 and 8. Lastly, the ab initio MP2/
6–31G* methods assigns �0.190 for atoms 1 and 2,
�0.157 for atoms 3, 4, 5 and 6 and �0.201 for atoms 7
and 8. As can be seen, in spite of some difference in the
absolute charge values, our OGC model demonstrates a
concerted pattern of charge distribution with the non-
empirical calculation, whereas the PEOE method does
not.


%*�'3$� ��& &#�('��#��


Any discourse on a new method for atomic charge
calculation should begin with the evaluation of the
consistency of the obtainable values with physical
considerations and chemical experience. Therefore, one
should primarily answer the following questions:


1. To what extent do the results produced by to the


method conform with those obtained by means of
other methods?


2. How is the method sensitive to variations of physical
and chemical properties that reflect the specific
features of the electronic charge distribution in mol-
ecules?


3. What is the applicability range of the method? In other
words, which classes of compounds can be correctly
treated by the method?


4. How efficient and easy to implement is the method?


(�������� 4�	� �	�� 
���� 
��
���	���
�
�����


The atomic charges were calculated for three sets of
neutral organic molecules (hydrocarbons, fluoro-
methanes, and oxygen-containing species) using both
the MGC and OGC models. Then the results were
compared with those obtained from various theoretical
approaches. For the comparison we used the PEOE21


method, Mulliken population analysis (MPA),5 natural
population analysis (NPA),9 Bader’s AIM method,10


GAPT12b and CHELPG.11b The last set of data obtained
at the Hartree–Fock level of theory with the 6–31G**
basis set13 on the 6–31G* geometry were taken from the
comprehensive analysis by Wiberg and Rablen.2 The data
on PEOE charges were obtained with the help of the
PETRA program31 (via the Internet). The values for
hydrocarbons, fluoromethanes and oxygen-containing
compounds are listed in Tables 3, 4 and 5, respectively.


As can be seen, the charge distributions obtained are in


$���� 1� ���������! ��	�� ������� 
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Charge calculation scheme


Compound Atom MGC OGC PEOE MPA NPA AIM GAPT CHELPG


Methane C 0.025 0.368 0.0795 0.087 �0.095 0.869 0.719 0.171
F �0.268 �0.616 �0.2527 �0.407 �0.429 �0.743 �0.550 �0.277
H 0.081 0.083 0.0259 0.107 0.175 �0.042 �0.056 0.035


CH2F2 C 0.125 0.822 0.2299 0.561 0.562 1.506 1.304 0.482
F �0.186 �0.533 �0.213 �0.380 �0.429 �0.744 �0.576 �0.263
H 0.124 0.122 0.098 0.100 0.149 �0.009 �0.076 0.022


CHF3 C 0.203 1.234 0.3804 0.944 1.120 2.193 1.790 0.644
F �0.120 �0.465 �0.1738 �0.350 �0.421 �0.744 �0.576 �0.230
H 0.156 0.160 0.1411 0.106 0.142 0.047 �0.061 0.047


CF4 C 0.262 1.621 0.5617 1.313 1.620 2.951 2.202 0.814
F �0.065 �0.405 �0.1404 �0.328 �0.405 �0.737 �0.551 �0.203


Correlation coefficient MGC — 0.877 0.933 0.867 0.855 0.803 0.780 0.850
OGC 0.877 — 0.984 0.990 0.969 0.990 0.984 0.998
PEOE 0.933 0.984 — 0.982 0.970 0.955 0.939 0.972


Intercept MGC — 0.104 0.024 0.07 0.076 0.225 0.181 0.055
OGC 0.104 — �0.008 0.008 0.015 0.031 0.026 1.416
PEOE 0.024 �0.008 — 0.138 0.0088 0.089 0.075 0.0167


Slope MGC — 3.876 1.416 2.908 3.431 6.153 4.694 1.906
OGC 3.876 — 0.337 0.752 0.88 1.716 1.339 0.506
PEOE 1.416 0.337 — 2.174 2.568 4.832 3.727 1.437
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harmony with a chemist’s intuition. The data in Tables 3–
5 also show good agreement among the obtained charges
and those resulting from the above-mentioned ab initio
methods. The best results were obtained for the OG
charge model. In almost all cases the PEOE21 method
demonstrated worse correlations. This is especially the
case for the alkane dataset (Table 3). In the case of
fluoromethanes and oxygen-containing compounds
(Tables 4 and 5), the correlations of PEOE charges are
slightly better than MG charges and worse than the OG
charges.


For hydrocarbons the OG model charges correlate well


with the MPA and NPA charges. The poor correlation
with AIM and GAPT charges is most likely related to the
inverse polarity of the C�—H� bond, contrary to
electronegativity considerations. The excellent correla-
tions obtained for fluorosubstituted methanes (Table 4)
suggest a concerted simulation of the inductive effect for
both ab initio methods and the method developed.
Oxygen-containing species listed in Table 5 can be
considered as fragments occurring in biomolecules, and
therefore a consistent pattern of the charge distribution
produced by all methods would be desirable. A similar
situation takes place, as judged from the data in Table 5.


Of special note is the good quality of the correlation
between our OG model charges and electrostatic
potential (ESP) derived CHELPG charges11b because
the ESP charges turn out to be crucial in the development
of the force fields intended for application to the
modeling of biomolecules.61 Yet another advantage of
the OG charge model is a good correlation with Bader’s
AIM charges,10 since the latter were recognized to be the
preferential ones for a number of reasons.2


(����	��� 4�	� ����
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One of the often-used means for estimating atomic
charges is the correlation with core electron binding
energies.21a In the framework of the classical potential
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Charge calculation scheme


Compound Atom MGC OGC PEOE MPA NPA AIM GAPT CHELPG


Formaldehyde C 0.036 0.334 0.1055 0.245 0.325 1.365 0.800 0.496
O �0.209 �0.534 �0.3041 �0.432 �0.577 �1.296 �0.675 �0.478
H 0.086 0.100 0.0993 0.093 0.126 �0.034 �0.063 �0.009


Acetaldehyde C 0.038 0.350 0.1156 0.379 0.513 1.292 0.853 0.620
O �0.217 �0.531 �0.3008 �0.475 �0.606 �1.328 �0.740 �0.539
H 0.091 0.101 0.1028 0.091 0.130 �0.051 �0.089 �0.048
C �0.050 �0.079 �0.0084 �0.435 �0.759 0.183 �0.033 �0.256
H 0.046 0.053 0.0303 0.160 0.245 �0.020 0.003 0.088


Acetone C 0.039 0.365 0.1256 0.501 0.685 1.219 0.864 0.761
O �0.220 �0.529 �0.2975 �0.516 �0.627 �1.349 �0.783 �0.589
C �0.051 �0.077 �0.0057 �0.421 �0.748 0.181 �0.038 �0.373
H 0.047 0.053 0.0305 0.159 0.248 �0.021 �0.001 0.104


Formamide C 0.064 0.525 0.1837 0.562 0.670 1.977 1.304 0.790
O �0.189 �0.451 �0.2828 �0.562 �0.702 �1.392 �0.904 �0.619
H 0.100 0.116 0.1216 0.097 0.129 �0.035 �0.056 �0.023
N �0.152 �0.512 �0.2761 �0.732 �0.944 �1.476 �0.854 �0.987
H 0.088 0.161 0.1269 0.322 0.427 0.471 0.252 0.435


Correlation coefficient MGC — 0.898 0.968 0.848 0.816 0.770 0.739 0.769
OGC 0.898 — 0.966 0.932 0.889 0.965 0.954 0.940
PEOE 0.968 0.966 — 0.882 0.8325 0.893 0.862 0.859


Intercept MGC — �0.017 0.014 0.02 0.015 0.16 0.098 0.052
OGC �0.017 — �0.009 �0.021 �0.04 0.077 0.49 0.0087
PEOE 0.014 �0.009 — �0.0057 �0.02 0.115 0.07 0.026


Slope MGC — 0.308 1.46 2.9 3.8 6.82 4.029 3.33
OGC 0.308 — 0.502 1.097 1.418 2.93 1.786 1.396
PEOE 1.46 0.502 — 2.0 2.56 5.22 3.106 2.46
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model62 it is believed that there exists an almost linear
charge dependence of core electron binding energies that
are determined as ESCA shifts. The validity of a number
of charge calculation schemes19,21 was tested on ESCA
shifts, especially C-1s shifts. The simplified potential
model substantiated by Gasteiger and Marsili21a implies a
direct correlation of ESCA shifts with the atomic charges.
Following the common approach we compiled a database
including 70 experimental ESCA C-1s shifts (57 mol-
ecules),63 and put them into correspondence with the
atomic charges computed with both developed models.
Also, for the sake of comparison, a similar correlation
was carried out with the PEOE atomic charges computed
via the Internet.31 The results obtained showed the good
ability of our charges to reproduce C-1s electron binding
energies. Charges produced from the orbital graph model
demonstrate a better correlation (r = 0.991, s = 0.44 eV,
F = 3562, intercept = 291.58, slope = 5.905) than those
from the simpler molecular graph model (r = 0.977,
s = 0.68 eV, F = 1433). The correlation parameters for
PEOE charges are almost the same as those for MG
charges (r = 0.979, s = 0.65 eV, F = 1512, intercept
= 291.82, slope = 15.667) The OG model charges are
plotted against C-1s core binding energies in Fig. 4 (more
details are available Table S2 in the supporting material).
The only more or less significant deviations within the
OGC model can be found for oxygen- and especially


carbonyl-containing molecules. This may be caused by
an insufficient consistency of the orbital EN scale. In the
case of the MGC model the largest deviations are
observed for multiple-bonded molecules because Paul-
ing’s EN scale assigns the same values for the atom in
any valence state. Another example of this type is
molecules of high symmetry (e.g. CX4, X = H, Hal),
which is related to the peculiarities of the EN equilibra-
tion procedure being applied to molecular graphs. The
OG charge model is free from similar shortcomings.
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Another way to validate the charges obtained is to
correlate them with 1H NMR chemical shifts.21b One can
agree that NMR chemical shifts do not show any direct
and unambiguous correlation with atomic charges,
because the chemical shifts are influenced not only by
the electrons at the resonating nucleus, but also by remote
effects through several bonds as well as magnetic
anisotropy of the environment (especially in conjugated
systems). Nonetheless, we have revealed the above-
mentioned charge dependence of 1H NMR shifts. The
dataset we used in this study was previously compiled by
Gasteiger and Marsili.21b In particular, for the subsets of
15 chloro- and 11 bromoalkanes excellent correlations of
1H NMR chemical shifts with calculated hydrogen
atomic charges were obtained. Within the OGC model
the statistical characteristics are r = 0.994, s = 0.22 ppm
for chloro- and r = 0.994, s = 0.26 ppm for bromoalkanes.
Similar results were demonstrated with the use of the
MGC model. The correlation diagrams where the OG
model charges are plotted against the 1H NMR chemical
shifts for chloro- and bromoalkanes are presented in Figs
5 and 6, respectively. In addition, we treated a more
extended dataset including 55 proton chemical shifts.
Fairly good correlations were produced with the MG
model (r = 0.967, s = 0.45 ppm, F = 758) and, particu-
larly, with the OGC model (r = 0.975, s = 0.398 ppm,
F = 1001). The best plot related to the OGC model is
presented in Fig. 7; tabulated data can be found in Table
S3 of the supporting material. In spite of the excellent
particular correlations (chloro- and bromoalkanes) one
should note that in the case of the total dataset the PEOE
charges demonstrated better results.21a


Generally, such good results can be attributed to
adequacy of the developed models. This is especially the
case with the OGC model, because it is more flexible with
respect to both molecular representation and parametri-
zation.


�����
�����	� ����


The MGC model is limited to neutral covalent molecules;
better results are obtained for low-polarity organic
molecules (hydrocarbons). By contrast, the OGC model
can be applied to atomic �-charge calculation for many
types of chemicals. Organic, inorganic, coordinate
compounds, charge-transfer complexes, ions and radicals
will be treated in a uniform way. The only precondition is
the availability of necessary parameters. We must
specially emphasize that a method that permits one to
treat conjugated and aromatic systems is in progress and
will published in due course.


To present more illustrations, a set of fairly complex
molecules is shown in Fig. 8 (all of them are of high
biological importance) with the charge distribution
obtained by means of our OGC model. One can clearly
see that the charges obtained are realistic and look like


those produced by more complicated and time-consum-
ing methods.


�����	�� 
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The algorithm that underlies the method suggested differs
favorably in its ease of implementation and low
computational complexity. The most time-consuming
operation is the matrix inversion; its computational
complexity is O(N3), where N is the number of graph
vertices. We must emphasize that no iteration steps are
needed and self-consistency is achieved in a single pass
of the algorithm.


Both graph charge models (MGC and OGC) are
implemented as Windows 95/98/NT programs written in
C�� programming language.


(��(3'�#���


The main result of this study is the development of a
novel approach (realized on two graph models, MGC and
OGC models) to the calculation of partial atomic charges
based on an original principle of electronegativity
equilibration. The core feature of the approach is the
electronegativity equilibration that is assumed to occur in
the molecule by analogy with the equilibration of
electrical potentials in the nodes of an electrical network.
The first, simpler model based on the molecular graph
(MG) formalism makes use of only one parameter,
Pauling’s electronegativity. The second model uses the
notion of the orbital graph (OG) that appears to be more
adequate in the modeling of the molecular charge
distribution. Electronegativity and hardness of the
corresponding atomic orbitals are used as the main
parameters of the method.


Second, we have elaborated ways to evaluate all
parameters needed for the correct treatment of hetero-
atoms (univalent halogens, in particular), small rings, and
other situations that usually bring specific difficulties in
other empirical approaches.18–23


A set of correlations of obtained charges with spectral
data and ab initio charges convincingly demonstrate the
quality of the developed model and the meaningfulness
of the obtained values. The obvious advantages of the
proposed method are the wide applicability range due to
the flexibility of the model and parametrization, high
speed of computation and suitability for calculations of
large data sets. These features are of great importance for
application in methods of molecular modeling using
electrostatic considerations such as computer-aided mol-
ecular design, QSAR studies, etc.


Finally, the methods suggested can be improved. The
obvious progress is connected with a proper adequate
treatment of conjugated species and an explicit account
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for molecular geometry, and both areas are now being
actively pursued.
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A set of equations ((A1, A2)) was obtained and to solve
these equations, we should take some approximations.
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Expressions (A3) are the roots of each of Eqns (A1):
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to ensure positivity of discriminant. These expressions
can be rewritten as follows:


qi�1
2� �
	o


i rj �1 �



























1 � 4��i


�	o
i �2rj


DM


�� �


2DM
�A4�


Assuming that


�DM� � �	o
i �2rj


4���i�


we use Taylor’s expansion (A5):
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for expressions (A4) and thus obtain
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Root (A7) should be discarded as it reaches infinity when
DM approaches zero (constant hardness approximation).
Substituting expressions (A6) in Eqn. (A2), we obtain the
value of DM [Eqn. (A8)]:
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ABSTRACT: The kinetic parameters for the hydrolysis of the heptapeptide Pro–Thr–Glu–Phe-(4-NO2)Phe–Arg–Leu
by the pepsin model compound tetrabutylammonium monosalt ofm-aminobenzoic acid diamide of fumaric acid
(TBA m-FUM) and porcine pepsin were determined using a spectrophotometric technique. According to theDS≠


values obtained, in the transition state the inner motion in the TBAm-FUM–heptapeptide complex is more restricted
than that in the pepsin–heptapeptide complex. The model compound TBAm-FUM can cause a cleavage of the Phe—
(4-NO2)Phe bond in the substrate molecules following a mechanism similar as that suggested for pepsin, but its
catalytic activity is much lower. Copyright 2001 John Wiley & Sons, Ltd.


KEYWORDS: pepsin model compounds; kinetics; UV spectra; peptide bond hydrolysis


INTRODUCTION


The activity of pepsin has been assayed by hydrolysis of
naturally occurring proteins such as hemoglobin.1 How-
ever, many bonds in hemoglobin molecules have been
cleaved simultaneously and therefore this compound
appeared unsuitable for mechanistic studies.2 Conse-
quently, other substrates, i.e. dipeptides and polypep-
tides, were used in investigations of the catalytic action of
enzymes.3–5The kinetic data for the hydrolysis of a series
of peptide substrates have revealed that the Phe—Phe and
Phe—(4-NO2)Phe bonds were hydrolysed more rapidly
than the other peptide bonds,5 while the reaction rate was
markedly affected by the structure of residues on both
sites of the scissile bond. The heptapeptide Pro–The–
Glu–Phe–(4-NO2)Phe–Arg–Leu was designed as one of
the best substrates for detailed studies on the stereo-
chemistry and intermolecular forces in the active site of a
number of the aspartic proteinases.6 By x-ray investiga-
tion it has been shown that an active site fissure of porcine
pepsin can be occupied by a heptapeptide.7 Such a result
was previously predicted by theoretical calculations.8


Analysis of heptapeptide hydrolysis products indicated
the formation of two peptides, Pro–Thr–Glu–Phe and (4-
NO2)Phe–Arg–Leu).6 It has been found that the kinetics
of the peptide bond splitting can be observed by a
spectrophotometric method involving measurement of
the change in absorbance at 300 nm.5,6,9,10


Recently, monosaltsof o-, m- andp-aminobenzoic acid
diamides have been synthesized as model compounds
resembling the active site of pepsin.9 These compounds
include two carboxylic groups with a different distance
between them. Three of the model compounds showed
hydrolytic activity with respect to oxindole, while
tetrabutylammonium monosalt ofm-aminobenzoic acid
diamide of fumaric acid (TBAm-FUM) also caused
cleavage of the heptapeptide Pro–Thr–Glu–Phe–(4-
NO2)Phe–Arg–Leu.9 The aim of this work was to study
the kinetics of this reaction. For the sake of comparison,
the reaction with pepsin was also investigated under
comparable experimental conditions.


EXPERIMENTAL


Porcine pepsin and substrate


Pepsin was obtained from Aldrich-Chemie. The heptapep-
tide Pro–Thr–Glu–Phe–(4-NO2)Phe–Arg–Leu and isova-
lerylpepstatin were purchased from Bachem. All these
compounds were used as received. The activity of pepsin
was determined by titration of the enzyme against a
solution of isovalerylpepstatin as described by Dunnet al.6


Synthesis of tetrabutylammonium monosalt of
m-aminobenzoic acid diamide of fumaric acid
(TBA m-FUM)


Synthesis of m-FUM. m-FUM (Fig. 1) was prepared
from fumaric acid andm-aminobenzoic acid. Fumaric
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acid (0.01mol) and oxalyl chloride (0.05mol) were
stirred and refluxed for 24h in chloroform. Fumaryl
chloridewasseparated,diluted in 50cm3 of dioxaneand
stirredwith m-aminobenzoicacid for 24h. Dioxanewas
evaporatedunderreducedpressure.Them-FUM obtained
wasfiltered,washedwith wateranddried.Thepurity was
confirmedby elementalanalysis:C 60.9 (61.0), H 4.1
(4.0), N 7.9 (7.9)%. The compound melted with
carbonizationat 300°C. The reactionyield was78%.


The 1H NMR spectrum of m-FUM shows four
aromaticsignalsat 7.75 (CH 6,6'), 7.51 (CH 5,5'), 7.96
(CH 4,4') and8.42ppm(CH 2,2'). Thesignalof CH 2,2'
is shiftedowing to theclosenessof carboxylicandamide
groups.The two acidic protonsare found at 12.5ppm.
Protons,whichareattachedto thedoublebondedcarbons
and to the amidegroups(NH), havesignalsat 7.2 and
10.93ppm,respectively.


Synthesis of tetrabutylammonium monosalt of m-
FUM (TBA m-FUM). A solution of 8.80mg
(2.5� 10ÿ5 mol) of m-FUM in 5 cm3 of ethanol was
addedto 0.025cm3 of 1 m tetrabutylammoniumhydro-
xide in methanol.The alcohol was evaporatedunder
reducedpressureandthem-FUM monosaltwasdissolved
in 25cm3 of water.Fromthis stocksolutionwe prepared
dilute solutionsfor further studies.


Mass spectra


Low-resolutionliquid secondaryion massspectrometry
(LSIMS) of the reaction products after completed
hydrolysis of the heptapetide Pro–Thr–Glu–Phe–(4-
NO2)Phe–Arg–Leuwith TBA m-FUM was performed
on an AMD 604 two-sectormassspectrometer(AMD
Intectra, Germany) of BE geometry. m-Nitrobenzyl
alcohol(NBA) wasusedasa matrix.


Determination of kinetic parameters


Solutions of the heptapeptidePro–Thr–Glu–Phe–(4-
NO2)Phe–Arg–Leuof concentrationranging from 5.2
to 209mm werepreparedin water(in thecaseof TBA m-
FUM) or in 10ÿ3 m hydrochloric acid (in the caseof


pepsin).Theprogressof thesubstratehydrolysisby TBA
m-FUM or porcinepepsinwas monitoredby recording
the changein absorbanceat 300nm versustime (Figs 2
and3). Thekinetic runswerecarriedoutusingastopped-
flow spectrophotometer(Applied Photophysics)with the
cell block termostatedto �0.1°C.


Theleast-squaresprocedurewasappliedfor computa-
tion of the initial reactionrates(V) with at leastseven
values of the substrateconcentration ([S]) at each
constantconcentrationof the enzymemodel compound
or enzyme([E]). In all cases,a hyperbolic V vs [S]
dependencewas obtainedaccordingto the Michaelis–
Mentenequation.The maximumvelocity of the hepta-
peptide hydrolysis (VMAX) and the Michaelis–Menten
constant(KM) werederivedfrom a non-linearregression
analysisof theexperimentaldataanda linear regression


Figure 1. Structure of m-aminobenzoic acid diamide of
fumaric acid (m-FUM)


Figure 2. Change in UV absorbance of the heptapeptide
Pro±Thr±Glu±Phe±(4-NO2)Phe±Arg±Leu. Temperature,
293 K; solvent, hydrochloric acid (0.001 M), time interval,
10 s; heptapeptide concentration, 105 mM, pepsin concen-
tration, 23 nM


Figure 3. Change in UV absorbance of the heptapeptide
Pro±Thr±Glu±Phe±(4-NO2)Phe±Arg±Leu. Temperature, 293 K;
solvent, water; time interval, 10 s; heptapeptide concentra-
tion, 105 mM; TBA m-FUM concentration, 99 mM


Copyright  2001JohnWiley & Sons,Ltd. J. Phys.Org. Chem.2001;14: 103–108


104 B. SWOBODAET AL.







analysis of the Lineweaver–Burk,Hanes and Eadie–
Hofsteeplots.11,12Thecatalyticconstants,kcat= VMAX /
[E], were calculatedusing the experimentallyobtained
VMAX valuesandthe appropriateconcentrationof TBA
m-FUM or porcine pepsin.The pseudo-first-orderrate
constants(kobs) werefoundfrom thetime dependenceof
absorbanceaccording to the equation kobsÿ (1/t) ln
(A?ÿ Ao)/(A?ÿ At), where A0 initial absorbance,
At = absorbanceat time t andA? = absorbanceat infinite
time. The activationentropy(DS≠), enthalpy(DH≠) and
free enthalpy(DG≠) were evaluatedfrom the Eyring’s
equationby a linear least-squaresfit of ln kobs vs 1/T.


RESULTS AND DISCUSSION


The hydrolysis of the heptapeptidePro–Thr–Glu–Phe–
(4-NO2)Phe–Arg–Leuas a substrateby TBA m-FUM
yields two peptides,which were identified by mass
spectrometry technique. An example of the mass
spectrumof theproductmixturetakenhavingcompleted
thehydrolysisof theheptapeptideby m-FUM is givenin
Fig. 4. Examinationof this massspectrumconfirmsthe


conclusiondrawnfrom UV andIR datathattheonly bond
cleavedis thePhe–(4-NO2)Phebond.9 The formationof
the tripeptideandtertrapeptideis well evidencedby the
peaks:m/z480for (4-NO2)Phe–Arg–Leuandm/z493for
Pro–Thr–Glu–Phe.The m/z353peakcanbeassignedto
them-FUM anion.


The kinetic parametersof the Michaelis–Menten
equationaregiven in Table1. The valueof kcat./KM for
pepsinis considerablyhigherthanthatfor TBA m-FUM,
whereasthe affinity of TBA m-FUM to the substrateis
twicehigher.Thecatalyticactivity (kcat) of TBA m-FUM
in thehydrolysisof thesubstratemoleculesis aboutthree
ordersof magnitudelower than that of porcinepepsin.
This difference in kcat values may be causedby the
specificinteractionsexistingbetweenvariouspartsof the
heptapeptideand pepsinbut not betweenthe substrate
andTBA m-FUM.


The pseudo-first-orderrateconstantsfor the reactions
of heptapetidewith porcinepepsinandTBA m-FUM are
given in Tables 2 and 3, respectively.In the caseof
pepsin, with increasing temperaturethe kobs. values
increasecontinuously,whereasin the caseof TBA m-
FUM, thekobs.valuesincreaseonly upto 308K. Because


Figure 4. LSIMS of the product mixture obtained having completed hydrolysis of the heptapeptide Pro±Thr±Glu±Phe±(4-
NO2)Phe±Arg±Leu by TBA m-FUM


Table 1. Kinetic parameters for the hydrolysis of the heptapetide Pro±Thr±Glu±Phe±(4-NO2)Phe±Arg±Leu by TBA m-FUM and
porcine pepsin at 293 K


Substance [E] (mM) AverageKM (mM) AverageVMAX (mMsÿ1) kcat. (s
ÿ1) kcat./KM (mMÿ1sÿ1)


TBA m-FUM 99 61� 8 0.25� 0.01 (2.5� 0.1)� 10ÿ3 (46� 6)� 10ÿ3


Porcinepepsin 29� 10ÿ3 113� 16 0.31� 0.02 10.7� 0.7 95� 8
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of the possibledecompositionof the model compound
(TBA m-FUM) at higher temperatures,the Michaelis–
Mentenkinetic parameterswereobtainedat 293K (see
Table 1). Changesin pH conditionsof the hydrolysis
reactionsmay be a further factor contributing to the
differencesin theobservedkinetics.


The activationparametersare listed in Table 4. The
entropy of activation (DS≠) reflectsthe changesin the
numberandkind of thedegreesof freedomif thereagents
form anactivecomplex.Whenthecomplexmovementin
thetransitionstateis limited or impeded,(DS≠) decreases.
Consequently,thepossibilityof innermotionin theTBA
m-FUM–heptapeptidecomplexshouldbemorerestricted
than that of the pepsin–heptapeptide complex. The


negativevalue of the (DS≠) explainsthe higher (DG≠)
valuefor the reactionof heptapetidewith TBA m-FUM,
althoughtheactivationenthalpyis clearly lower.


Previouswork onthemechanismof thepepsinactivity
suggestedthat the H2O or OHÿ specieswerelocatedin
the active centreof pepsin9,13–15 and, consequently,a
basemechanismof hydrolysiswas proposed.Recently,
we have also assumedthis type of mechanismfor the
cleavage of heptapeptide Pro–Thr–Glu–Phe–(4-
NO2)Phe–Arg–Leu) by TBA m-FUM.9 The above-
presentedkinetic data for the heptapeptidehydrolysis
by both pepsinand TBA m-FUM supportthis assump-
tion.


Themechanismof theTBA m-FUM activity is shown
in Fig. 5. The water molecule bound between the
carboxylic and carboxylate groups of TBA m-FUM
becomesdistortedwhenapproachedby theheptapeptide
molecule.Thecarbonylgroupof theheptapeptideforms
a hydrogenbondwith the carboxylic groupof TBA m-
FUM while thenegativepartial chargeof theO atomof
waterattackstheelectrophiliccarbonatomof thepeptide
bond.Theformationof internalhydrogenbondsis easily
visible in theFTIR spectrum.9 Thehydroxyl ion resulting
from the split H2O moleculeaddsto thecarbonatomof
the peptide bond of heptapetide.Simultaneously,the


Table 3. Pseudo-®rst order rate constants kobsfor the hydrolysis of the heptapeptide Pro±Thr±Glu±Phe±(4-NO2)Phe±Arg±Leu by
TBA m-FUM in water, with TBA m-FUM concentrations of 49.71±198.87 mM as indicated


Temperature kobs (sÿ1)


(K) 49.71mM 99.44mM 148.31mM 198.87mM


288 0.0032� 0.0001 0.0059� 0.0001 0.0094� 0.0001 0.0113� 0.0002
298 0.0055� 0.0001 0.0080� 0.0002 0.0127� 0.0001 0.0181� 0.0003
308 0.0072� 0.0001 0.0140� 0.0002 0.0260� 0.0002 0.0267� 0.0004
318 0.0048� 0.0001 0.0092� 0.0001 0.0141� 0.0002 0.0159� 0.0003


Table 4. Activation parameters for the hydrolysis of the
heptapeptide Pro±Thr±Glu±Phe±(4-NO2)Phe±Arg±Leu by
TBA m-FUM and porcine pepsin


Activation Activation Free
enthalpy,DH≠ entropy,DS≠ enthalpy,DG≠


Substance (kJmolÿ1) (Jmolÿ1Kÿ1) (kJmolÿ1)


TBA m-FUM 31� 3 ÿ100� 7 61� 3
Porcinepepsin 53� 5 36� 2 41� 5


Figure 5. Suggested mechanism of the hydrolysis of the heptapeptide Pro±Thr±Glu±Phe±(4-NO2) Phe±Arg±Leu by TBA m-FUM
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amidebondis brokenandtheprotonaddsto thenitrogen
atom.


Conclusions


The steric arrangementof carboxylic and carboxylate
groups in the tetrabutylammoniummonosalt of m-
aminobenzoicacid diamide of fumaric acid (TBA m-
FUM) hasprovedbeneficialfor catalytic hydrolysisof
the heptapeptidePro–Thr–Glu–Phe–(4-NO2)Phe–Arg–
Leu in water.The mechanismof cleavageof the Phe—
(4-NO2)Phebondby TBA m-FUM is similar to that of
pepsin.However,the catalyticactivity of TBA m-FUM,
indicatedby the kcat values,is much lower than that of
pepsin, although the affinity of TBA m-FUM to the
heptapeptideis higher than the affinity of pepsin.As
follows from theactivationparameters,the innermotion
in the complexof the TBA m-FUM–heptapeptidein the
transitionstateis morerestrictedthanthat in thepepsin–
heptapeptidecomplex.
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ABSTRACT: The preparation of the first tricoordinate silyl cation was made possible by a sequence of discoveries
over a 20 year period. The extremely high electrophilicity of the material required protection from all manner of
nucleophiles. Only arenes had sufficiently low nucleophilicity to serve as solvent. Tetrakis(pentafluorophenyl) borate
provided the least nucleophilic anion. All manipulations had to be carried out in an inert atmosphere, primarily as
protection from moisture. Sterically bulky substituents such as mesityl were needed to protect the cation even from
the optimized solvent and anion. The trimesitylsilylium ion was produced from allyltrimesitylsilane by reaction of
electrophiles with the allyl double bond and extrusion of the allyl adduct. Copyright  2001 John Wiley & Sons, Ltd.


KEYWORDS: allyl leaving group; low-coordination anion; low-coordination solvent; 29Si NMR; silylium ion;
tricoordination


 !"#$%&'" $!


The intermediates of organic chemistry have held a central
position in its history for a century. The succession of roles
as hypothesis, transition state, reactive intermediate and
long-lived species has been a common thread in the stories
of carbocations, carbanions, free radicals and carbenes
alike. Considerable interest has shifted to the heteroatom
analogues of these fundamental species for the last few
decades, particularly those in which the central atom is
close to carbon in the periodic table, such as nitrogen
(nitrenium ions, nitrenes) or silicon.


The story of silicon began rather differently from those
of carbon and nitrogen, because of the perceived
difference in the importance of � stabilization. This
phenomenon plays probably the critical role in providing
long life to many of the intermediates in which carbon or
nitrogen is the central atom. These latter atoms lie in the
second row of the periodic table. As a result, they possess
valence 2p orbitals that provide excellent overlap
between adjacent � orbitals and hence strong � bonds,
as for example in alkenes and the benzyl cation. In
contrast, silicon lies in the third row and possesses
valence 3p orbitals. The longer bonds to silicon


automatically reduce overlap. Additionally, when a
silicon 3p � orbital is adjacent to a filled carbon 2p �
orbital, the overlap fit between 2p and 3p orbitals is poor.


The reduction of � resonance stabilization in third-row
elements seemed to eliminate from silicon chemistry the
important role that intermediates played in carbon
chemistry. The problem initially even appeared to
remove the entire concept of unsaturation from silicon
chemistry, as for many decades there were no analogues
of double or triple bonds. The landmark syntheses of
silenes (containing the C=Si double bond with wea-
kened 2p–3p � bonds) and of disilenes (containing the
Si=Si double bond with the 3p–3p � bond) put this
misconception to rest.1 Thus unsaturation does exist in
silicon chemistry and � overlap plays an important but
reduced role (in comparison with carbon or nitrogen
chemistry). About the same time, the silicon analogue of
carbenes (silylenes) also was achieving the status of a
respectable intermediate.2


Still lacking, however, was the silicon analogue of the
carbocation, which is possibly the central intermediate in
much of organic chemistry. The search for the silyl cation
lasted more than half a century and involved dozens of
research groups. This commentary focuses on the
contributions of our own group to the solution of what
came to be called the ‘silyl cation problem’ or the ‘silyl
cation controversy.’ Many other groups have made very
important contributions to the subject, and their work has
been described in comprehensive reviews of the sub-
ject.3–5 Our own background was in the physical organic
areas of carbocation chemistry6 and in heterocyclic
conformational analysis.7 Our prior research in these
areas involved both understanding effects of heteroatoms
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and examining modes of stabilization of carbocations.
Consequently, they led to consideration of silicon both as
an instrument for stabilizing a carbocation8 and as the
central atom itself in the silyl cation.


The nomenclature of silyl cations has been standar-
dized by IUPAC conventions. The term silyl cation,
analogous to carbocation, refers to any positively
charged species in which silicon possesses the majority
of the charge. The tricoordinate species R3Si� is a
silylium ion (replacing the now discarded terms sily-
lenium and silicenium) and is the analogue of the
carbenium or carbylium ion, R3C�. The pentacoordinate
species R5Si� is a siliconium ion and is the analogue of
the carbonium ion R5C�.


()!)#*" $! �)#$ +�&!� ,-./0.12


Our first foray into silylium chemistry was an exploration
of the inductive effect. In carbenium ion chemistry,
stabilization of the charge on carbon is accomplished
either by direct conjugation, as in the benzyl (C6H5CH2


�),
allyl (CH2=CHCH2


�), and methyleneoxonium
(CH3OCH2


�) cations (�–� or n–� effects), or by hyper-
conjugation, as in alkyl cations such as the tert-butyl
cation, (CH3)3C� (a �–� effect). The aryl ring in the
benzyl cation, the double bond in the allyl cation and the
oxygen atom in the oxonium ion (and nitrogen in
analogous ammonium or iminium ions), however,
destabilize the adjacent positive charge inductively
(oxygen and sp2 carbon being more electronegative than
sp3 carbon). Thus the �–� and n–� effects must
compensate for the unfavorable � effects. Gas-phase
studies of cations indicated that substituent polarizability
also plays a role in stabilizing positive charge.9 In such
cases, stabilization is by means of induced charges.


Arguing that � effects were negligible in silylium
cations, we thought that the effects of � electrons and of
polarizability might produce significant stabilization. We
considered a variety of supporting atoms and settled on
silicon as a likely candidate. Silicon is considerably more
electropositive than carbon (Allred–Pauling electronega-
tives of 1.90 and 2.55, respectively) and, as a third-row
element, silicon also is more polarizable. We therefore
prepared a series of substrates with increasing numbers of
silicon atoms attached to the silicon center on which
positive charge would reside (1–3):10


CH3(C6H5)2Si��H
(1)


[(CH3)3Si](CH3)2Si��H
(2)


[(CH3)3Si]3Si��H
(3)


By this argument, the cation derived from 1 should be
least stabilized and that from 3 most stabilized.


Consideration of substrates 1–3 immediately brings up
a second failure of analogy with carbon, in addition to the
weakness of � stabilization. Carbenium ions traditionally
were obtained by departure of a leaving group in the SN1
or E1 reaction. Leaving groups in carbon chemistry
included halides, carboxylic esters (such as benzoate) and
sulfonic esters (such as tosylate or mesylate). When
attached to silicon, however, these groups are bound
extremely strongly, because of the high bond dissociation
energies of Si—halogen and Si—O. Thus departure is
unfavorable and internal return favorable, so that entirely
new leaving groups had to be sought for application to
silicon.


Fortunately, about the same time we were contemplat-
ing use of electropositive elements to stabilize silylium
ions, J. Y. Corey reported a novel approach for their
generation.11 She employed an analogy to the Bartlett–
Condon–Schneider hydride transfer, whereby a carboca-
tion abstracts hydride from a silane:


Ph3C� � R3Si��H�� Ph3C��H � R3Si� �1�


Whereas bonds from silicon to electronegative elements
(halogen, O, N) are uniformly stronger than the
analogous bonds to carbon, the Si—H bond is weaker
than the C—H bond. The transformation of Eqn. (1)
consequently is favored thermodynamically. Thus a
series of silanes (1–3) was all that was required to test
the importance of induction and polarizability for the
stabilization of silylium ions, as hydride could provide
the leaving group.


These reactions could be followed by 1H NMR
spectroscopy, from loss of the Si—H resonance,
appearance of the C—H resonance in the product, or
loss of the H—Si—C—H coupling for methyl-substi-
tuted cases. In solvents of relatively low nucleophilicity,
such as dichloromethane, acetonitrile, and 1,4-dioxane,
loss of Si—H occurred cleanly to give triphenylmethane
and a single new silicon species. The anion was
introduced with the trityl (triphenylmethyl) cation of
Eqn. (1). Both Corey and we used perchlorate, which was
one of the least nucleophilic anions then known.


In addition to NMR, the only structural test available to
us at the time was conductance. The conductance of all
three silyl perchlorates produced from 1–3 by Eqn. (1)
proved to be uniformly low in dichloromethane (negli-
gible in comparison with the substantial conductance of
trityl perchlorate). Thus replacement of alkyl with silyl
substituents failed to elicit any significant conductance in
the resulting solutions. We concluded that none of the
resulting species was a free or even a partially free
silylium ion. We characterized them as being either
covalent perchlorates (R3Si—O—ClO3) or tight ion pairs
([R3Si�][�OClO3]).10
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The second strategy we pursued was the use of sulfur
instead of silicon as the substituent on the central silicon
atom. This approach was based on published calculations
of Apeloig et al.,12 who found that sulfur and phosphorus
are particularly effective in stabilizing silyl cations in the
gas phase. Sulfur not only is highly polarizable, like
silicon as a substituent, but also possesses 3p lone pairs. It
was thought that the stability found by the calculations
arose from favorable 3p–3p overlap. Phenyl groups
would have to rely on the poor 2p–3p overlap between C
and Si orbitals, whereas the fit of the 3p orbitals of S and
Si would be superior. In addition, sulfur has an
electronegativity similar to that of carbon, so that its
inductive effect, unlike that of phenyl or oxygen, should
not be unfavorable. Hence sulfur has three advantages:
high polarizability, electrons in 3p orbitals and low
electronegativity.


Consequently, we synthesized a series of alkylthio-
silanes, such as 4:13


�iPrS�3Si ��H
�4�


These molecules, like the silylsilanes 1–3, on treatment
with trityl perchlorate according to Eqn. (1) showed clean
loss of Si—H and production of a single species. In
contrast to 1–3, however, dichloromethane solutions
containing the silyl perchlorate produced from 4 were
highly conductive, equivalent in fact to the conductance
of trityl perchlorate. Controls showed that perchloric acid
conducted negligibly in dichloromethane. NMR spectra
and product recovery experiments confirmed that the
product was unhydrolyzed perchlorate. Cryoscopic
experiments in sulfolane indicated that the product was
composed of two particles, characteristic of a structure of
the type R� ClO4


� rather the one particle covalent form,
R—OClO3. Subsequent experiments demonstrated that
triphenylsilane and trimethylsilane produced poorly
conducting perchlorates in dichloromethane. In sulfo-
lane, however, the perchlorates formed from these
substrates were highly conducting and by cryoscopy
were composed of two particles, hence of the type X�


ClO4
�.14 Direct observation of the hydrolysis product,


R3Si—O—SiR3, indicated by NMR integration that it
was not contributing significantly to the observations.


Conductance and cryoscopic molecular weights
clearly indicated that the alkylthio species were ionic in
all solvents and the alkyl and aryl species were ionic in
sulfolane. These methods, however, do not distinguish
between tricoordinate ions of the type 5 and tetracoordi-
nate complexes of the type 6:


R3Si� ClO4
�


�5�
R3Si ��M� ClO4


�


�6�


in which M is a molecule of solvent. Cryoscopy responds
only to the number of particles, which is two in both
cases. Thus solvent coordination is not detected by either
method.


At the time these experiments were originally carried
out (early 1980s), no information was available on the
expectations for 29Si chemical shifts of silylium cations.
As a result, we initially favored 5. Subsequent calcula-
tions, however, indicated that tricoordinate silylium
atoms should resonate at higher frequency than � 300.15


The observed chemical shifts for our perchlorates were
typically in the range � 30–50 and hence demanded that
all the conducting perchlorates were ionic solvent
complexes (6) rather than covalent species (R—OClO3)
or tricoordinate ions (5).


Solvent complexes with hexamethylphosphoramide,
triphenylphosphine oxide, pyridine, acetonitrile and
imidazoles had been reported, and some x-ray structures
were available.3 In general, the bond between silicon and
solvent, Si—X, is only slightly longer than the normal
covalent length, indicating a small amount of ionic
character, Si� X� according to the Pauling valence bond
model. The Pauling equation allows calculation from
crystal data of the covalent bond order, which proved, for
example, to be 0.71 for the acetonitrile complex of
iPr3Si–closo-CB9H5Br5 (thus the bond is 29% ionic by
this model).3 The non-conducting perchlorates observed
in dichloromethane likewise were predominantly cova-
lent materials. From the solvent-free x-ray structure of
Ph3SiClO4, the Si—O covalent bond order was calcu-
lated to be 0.68.3 Covalencies of this order derive from
lengthening of the Si—X bond (the bond from Si to
solvent in the complexes, or from Si to perchlorate in the
solvent-free cases) by only about 0.1 Å.


Sulfur substitution thus led to marginally different
results from silyl substitution. The primary difference
was the ability of solvent, even dichloromethane, to
coordinate with these species and form conducting
complexes. Although the complexes as a whole were
ionic, silicon remained essentially tetracoordinate, as
demanded by the 29Si chemical shifts, with only a small
amount of ionic character manifested in lengthening of
the bond from silicon to solvent.


()!)#*" $! "5$ +6&3��*!! *!%
�3*!(� ,--,0-72


The high covalency of the bond between silicon and
solvent in the complexes or between silicon and anion in
the solvent-free cases arose because of the strong affinity
of silicon for electronegative atoms. Perchlorate had been
considered a poorly nucleophilic anion, but its oxygen
atoms in fact readily bond with silicon. The nucleophi-
licity of sulfolane is so low that it is not even protonated
by concentrated sulfuric acid, but again its oxygen atoms
could complex with silicon. Faced with this extraordinary
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ability of silicon, compared with carbon, to complex with
the atoms of even weakly nucleophilic anions and
solvents, we sought an environment that minimized all
nucleophilic species that had to co-exist with a silylium
ion.


The first breakthrough in this area was the discovery by
Kuhlmann that the components of the Corey reaction
[Eqn. (1)] were soluble in aromatic solvents. We had tried
a variety of chlorinated solvents of low nucleophilicity,
such as 1,2-dichloroethane, and found them to respond
essentially as dichloromethane had. The only aliphatic
solvents with lower polarity were hydrocarbons like
hexane. The ionic product of Eqn. (1), however, would be
entirely insoluble in these solvents, which proved
impractical. Polar groups on an aromatic ring, such as
the oxygen of anisole or the nitrogen of aniline,
themselves are nucleophilic, so that polar aromatics
could serve no better than polar aliphatics such as ethers
or alcohols. Non-polar aromatics such as benzene and
toluene possess considerable polarizability and high
quadrupole moments and have been known to offer
appreciable solubility for ions. Kuhlmann explored all
these solvents in her attempts to prepare stannylium ions
(tricoordinate tin), and her successes16 with non-polar
aromatics led to our applying the solvents to the silylium
ion problem. Her contributions to the ultimate solution of
the silylium ion problem thus are extremely important.
All later studies of silylium ions, as well as of many
related highly electrophilic species, have used aromatic
solvents. It is clear that, to date, there rarely is a substitute
for such media (dichloromethane possibly), and the silyl
cation problem and many others would have remained
unsolved without her contributions.


C. A. Tessier (University of Akron) later suggested to
us that the solutions resulting from Eqn. (1) in fact are
liquid clathrates when the solvent is non-polar and
aromatic. This suggestion has not been confirmed, but it
would serve to explain our observation that the Corey
method [Eqn. (1)] with aromatic solvents always leads to
two layers. The solvent is the same in both layers, but the
ionic product in essence has oiled out, possibly as a liquid
clathrate. The upper layer is a dilute benzene solution
containing only the hydrocarbon byproduct of Eqn. (1)
(triphenylmethane). The lower layer contains the ionic
product in benzene, in a stoichiometric ratio if a liquid
clathrate. Formation of two layers provides a straightfor-
ward separation of products. The reactions are carried out
in a glove-box to avoid side-reaction with atmospheric
water. The upper layer is syringed off and discarded,
leaving the ionic species nearly uncontaminated in the
aromatic solvent.


With aromatic solvents providing the best opportunity
yet of avoiding solvent complexation with silylium ions,
it remained to deal with the anion. There has been
considerable work in the last decade on low-nucleophilic
anions.17 Workers have reached the consensus that there
is no such thing as a non-nucleophilic anion, but many


low-nucleophilic anions have been produced. The
original members of this category included perchlorate,
triflate, hexachloroantimonate and tetrafluoroborate.
These all contain available halogen or oxygen atoms,
which would complex readily with silicon. Schulz, in his
study of alkylthio substituents,13 in fact tried tetra-
fluoroborate (BF4


�) as an alternative to perchlorate. The
reaction of Eqn. (1) between the tris(alkylthio)silane and
trityl tetrafluoroborate, however, produced a high yield of
fluorosilane. The Si—F bond, of course, is one of the
strongest in nature.


Tilley had been having considerable luck with
tetraphenylborate as a low-nucleophilic anion, and in so
doing had prepared trityl tetraphenylborate, Ph3C�


BPh4
�.18 We obtained the procedure from him, and


Kania eventually was able to carry out the reaction of
Eqn. (1) on silanes with that anion.15 The results,
however, were disappointing. Trityl tetraphenylborate
proved to be unstable in our favorite solvents at the time,
dichloromethane and sulfolane. We had to use the more
nucleophilic acetonitrile, knowing that it would be more
strongly complexing. Although stable, ionic products
were formed, it appeared that eventually phenyl abstrac-
tion by silicon occurred, leading to decomposition. This
anion thus did not function innocently.


It was our good fortune in 1991 to learn of the work by
our colleague T. J. Marks on the investigation of low-
valent zirconium species.19 He was confronted with
problems very similar to those posed by low-valent
silicon species. One approach he took was abstraction of
methyl from Zr—CH3 with tris(pentafluorophenyl)bor-
ane, (C6F5)3B. This approach had two advantages. (1)
Because the electrophile is neutral [in Eqn. (1) it is
positively charged], there is no byproduct [Eqn. (1) leads
to triphenylmethane]. The reaction creates the zirconium
cation, and the electrofuge (methyl) migrates to create a
new borate anion, CH3B(C6F5)3


�. (2) This anion should
have very low nucleophilicity and hence should not
complex with silicon. The apparent drawback to tetra-
phenylborate was that the phenyl rings retained sufficient
nucleophilicity to react with the silylium ion with
abstraction of phenyl. Fluorine atoms withdraw electrons
by induction, lowering the nucleophilicity of the aromatic
rings. The total electronic effect of fluorine is a balance of
induction and resonance. Like methoxy and amino,
fluorine is electron withdrawing by induction but electron
donating by resonance. Resonance delocalization, in
valence bond terms C = F�, lowers the nucleophilicity of
the fluorine atoms. The final mix is not entirely clear, but
we thought that it was feasible that inductive withdrawal
by fluorine might reduce the nucleophilicity of the phenyl
rings and resonance donation might reduce the nucleo-
philicity of the fluorine atoms. Because of the well-
known strength of interactions between silicon and
fluorine, we in fact did not have high hopes of the
success of the Marks approach with our system. More-
over, the C—Si bond is much stronger than the C—Zr
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bond, so methyl abstraction should be much slower.
Indeed, when Zhang reacted dimethyldiphenylsilane with
tris(pentafluorophenyl)borane, no reaction occurred. The
intended reaction was methyl abstraction to give
CH3Ph2Si� CH3(C6F5)3


�.
About this same time, Chien et al. reported a very


similar approach to the preparation of zirconium cations
by means of methyl abstraction with trityl tetrakis(penta-
fluorophenyl)borate (we will refer to this anion hence-
forth as TPFPB).20 This is the very material that could be
used in the Corey reaction of Eqn. (1). Although our first
attempt was to carry out methyl abstraction on dimethyl-
diphenylsilane by trityl to produce CH3Ph2Si� TPFPB�,
this reaction was unsuccessful. Methyl abstraction failed
to occur, even at high temperatures, probably because the
C—Si bond is too strong. Consequently, our ultimate
recourse was the exact analogy to the Corey reaction, in
which trityl is used to abstract hydride by breaking the
relatively weak Si—H bond. Fluorinated borates had not
been used previously for hydride abstraction, so our
expectations were low. In this case, however, the reaction
proceeded smoothly to give the anticipated product.21


Zhang then was in a position to juxtapose use of
aromatic solvents, recently developed by Kuhlmann, and
the TPFPB anion, just developed by Chien, for applica-
tion to the silylium ion problem using the original Corey
reaction [Eqn. (1)]. This combined strategy was ex-
tremely successful with a variety of silanes.21 The 29Si
chemical shift obtained from the reaction of trimethylsi-
lane with trityl TPFPB in benzene was � 83.6, a shift
�40 ppm to higher frequency than those of our
previously observed silyl species. Zhang was able to
prepare the same species without solvent in the solid and
to obtain a chemical shift of � 84.8 by cross-polarization,
magic angle spinning methods. The essential identity of
the chemical shifts suggested that solvent was not
involved. Nonetheless, the value of ca � 84 was still
considerably lower frequency than the value expected, ca
� 300, for a free trimethylsilylium ion in the gas phase.15


A full solvent study was carried out with triethylsily-
lium,21 and the chemical shift proved to depend on the
nucleophilicity of the solvent: � 92.3 for benzene, 81.8
for toluene, 58.4 for sulfolane and 36.7 for acetonitrile.
The last value is close to those observed for the
perchlorates and approximates the expectation for an
almost fully tetrahedral species. In the solid, triethylsilyl
TPFPB exhibited a chemical shift of � 94.3, again
indicating no difference between the value in the solvent
free solid and in benzene solution. The highest frequency
value for alkyl substituents was obtained with triisopro-
pylsilylium TPFPB in benzene (� 107.5) or the solid (�
107.6). The freedom of the anion in solution was further
supported by the unvarying value of the 19F chemical
shifts on conversion of the trityl salt to the silylium salt,
and by the 11B chemical shift and narrow linewidth,
characteristic of an unsymmetrical environment around
boron.


The results in aromatic solvents and with the TPFPB
anion clearly indicated that species had been formed with
unprecedented silylium ion character.21 The chemical
shifts, however, were still insufficient to support a truly
free silylium cation. There must be some sort of fourth
coordination, with either solvent or anion. The solvent
dependence of the 29Si chemical shift for triethylsilylium
TPFPB in fact is a strong indication that in solution the
solvent is providing the fourth coordination. This result is
not possible for the results in the solid phase, in which the
silane itself served as solvent. Either excess silane can
coordinate in the solid (bonding between positive silicon
and the Si—H bond) or the fluorines of the anion are
providing coordination when solvent no long is present,
coincidentally providing the same 29Si chemical shift as
in benzene solution. We have not been able to distinguish
between these alternatives in the solid.


Solvent mixtures produced only single 29Si reso-
nances.22 Thus triethylsilylium TPFPB in a mixture of
toluene and benzene gave one peak at the intermediate
position of � 87.1. Consequently, exchange of solvent is
fast on the NMR time-scale. The complete process
probably involves dissociation of solvent from the fourth
coordination site on silicon to produce a short-lived
silylium ion, which reacts rapidly with the alternative
solvent to form the new complex, all at a rate faster than
the NMR time-scale. If the exchange is dissociative (the
intermediate or transition state is a silylium ion), an upper
limit of 13 kcal mol�1 (1 kcal = 4.184 kJ) may be calcu-
lated for the barrier to solvent exchange.


The symmetry of the materials also was explored by
preparation of the substrate methyldiisopropylsilane,
CH3[(CH3)2CH]SiH.22 The isopropyl methyls of this
silane were found to be diastereotopic and non-equivalent
in both the 1H and 13C spectra. The silylium TPFPB
formed by abstraction of hydride by trityl TPFPB offers
different characteristics of the isopropyl methyls, de-
pending on the symmetry of the silylium species. There
are at least three possibilities: (1) formation of a covalent
bond between silicon and either solvent or anion renders
the methyls diastereotopic in a tetracoordinate species;
(2) removal of hydride without further reaction leads to a
tricoordinate silylium ion in which the methyls must be
homotopic; or (3) rapid exchange of the fourth coordina-
tion site on the NMR time-scale as described above leads
to homotopicity on average. The first possibility could be
immediately rejected, as the methyls of methyldiiso-
propylsilylium TPFPB were observed to be homotopic.
Whether they are statically homotopic as a free silylium
ion or dynamically homotopic by exchange could not be
answered by this approach. The value of the 29Si
resonances in the range � 80–110, however, excluded a
free silyl cation, which should have resonated at ca � 300.


Consequently, we concluded that these silylium ions in
aromatic solvents are not free but are loosely coordinated
with the solvent.22 Because the resonances are solvent
averaged and homotopic, the barrier to removal of the
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fourth coordination site has to be very small, under about
13 kcal mol�1, compared with a normal bond to silicon of
�80–90 kcal mol�1. It is interesting that when methyldi-
isopropylsilylium was produced as the perchlorate in
benzene, the methyls were found to be diastereotopic (in
contrast to TPFPB as anion), but in dichloromethane they
were homotopic. These results suggest tighter binder in
the less polar benzene than in dichloromethane. We could
not isolate any TPFPB salts in dichloromethane, because
of reaction with the solvent, presumably by chloride
abstraction.


We were able to isolate crystals from solutions of
triethylsilylium TPFPB in toluene, and the complex x-ray
structure eventually was solved with the key help of J. C.
Huffman at Indiana University.23 The crystal structure is
illustrated in Fig. 1. A number of conclusions were drawn
from this first structure of what we called ‘a silyl cation
with no coordination to anion and distant coordination to
solvent.’ (1) The anion is completely uncoordinated. The
closest approach of any of the fluorine atoms to the
silicon atom is 4.04 Å, well beyond bonding distance. (2)
There is a molecule of solvent serving as the fourth
coordination site, consistent with the 29Si chemical shifts.
Toluene is loosely coordinated to silicon at the carbon
para to the methyl group, and the C—Si distance of
2.18 Å is considerably lengthened from the normal
distance of 1.85 Å. According to the Pauling equation,
this distance corresponds to a bond order of 0.28. This
low bond order is consistent with the rapid exchange of
solvent on the NMR time-scale and the consequent low
barrier to dissociation observed in solution. Bonding to
the fourth group is clearly different from normal
covalency. (3) The toluene ring geometry is essentially
unperturbed, consistent with a weak interaction. Known
� complexes have strong alternation of bond lengths
(long–short–long). (4) The silyl portion is clearly non-
planar, consistent with tetracoordination. In a tricoordi-
nate species, the C—Si—C angles would be 120°,
compared with about 114° in the structure in Fig. 1.


A lively discussion ensued as to whether the structure
is best described as a � complex (7) or a � complex (8):24


At no time had we suggested that it was a free silylium
cation. The � complex had originally been suggested by
Reed.5 Later solid-state 13C NMR studies of the toluene
complex of triethyl TPFPB failed to show chemical shifts
appropriate for the � complex.22


There is a continuum of structures with varying � and �
character. The variability of structures between these
extremes allows for a difference in opinion. The angle
between the line drawn from Si to the para carbon and the
line that bisects the internal angle at the para carbon
varies according to the structural model (if the carbon to
which methyl is attached is labeled C1 and the carbon to
which silicon is coordinated is labeled C4, this is the
angle between the Si—C4 and the C1—C4 vectors). This
angle should be 90° in the idealized � complex and 124°
in the idealized � complex. The observed value of 104° in
the crystal structure of silylium TPFPB is intermediate
but closer to the � complex model. The other angles
around C4 are edifying: Si—C4—C3 is 98° and Si—
C4—H is 85°. Hence the silicon atom is nearly
perpendicular to the aromatic ring in all dimensions,
requiring bonding primarily to � rather than � orbitals.
Eventually we adopted the phrase ‘solvated silylium ion’
to describe the molecule whose crystal structure we had
obtained.


Soon after this structure was published, Reed5 reported
the crystal structures of a series of materials ‘closely
approaching a silyl cation.’ He used halocarboranes as
the anion with low nucleophilicity. In all cases the anion
and cation were coordinated through the halogen atom of
the anion, so that the overall structures were electrically
neutral. The silicon–halogen distance, however, was long
enough for the materials to be considered as having high
silyl cation character. In the crystal structures, the
geometry around silicon was not planar, so trigonality
clearly had not been achieved.


Discussion of the structures produced by Reed’s and
our groups was succeeded by the realization that
triethylsilylium TPFPB in aromatic solvents is an
excellent reagent for the production of a variety of
previously unknown materials. It (or its trityl precursor)
was a key intermediate in our preparation of the first
stable, simple �-silyl carbocation,25 of a stable silanor-
bornyl cation with unusual bonding properties by
Steinberger et al.26 and of a protonated arene [H(arene)�]
by Reed et al.27
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By the time the controversy over bonding in the
trialkylsilylium ions had run its course, there was a
general feeling that the silyl cation problem itself had
been taken as far as possible. In 1996, Maerker et al.
carried out high-level calculations on silyl cations, testing
their ability to complex with a variety of poorly
nucleophilic materials.28 The cations complexed strongly
with good Lewis bases such as water and trimethylamine,
but also significantly with weaker bases such as ethene,
benzene, toluene, bromomethane and fluoromethane. The
calculations that silylium ions complex even with
methane, argon and neon appeared to indicate that such
ions could never be isolated free in any solvent. Aside
from the problems of solubility, even non-polar, aliphatic
hydrocarbons and rare gases cannot be considered non-
complexing solvents. These authors concluded that
‘Lambert’s and Reed’s silyl cation systems … may be
about as “free” as one can hope to achieve in condensed
phase.’ Another calculational study of silyl cation
complexes,29 also in 1996, went further and stated
‘Clearly, the free silylium cation in solution is a fiction,
and the issue is not whether one can generate it, but how
much silylium cation character (if any at all) can be
retained in a solvent(S)-coordinated silylium cation.’
Both studies show the danger of making categorical
statements in science.


Reed and we had taken the attitude that we were very
close to producing a free silylium cation, and only modest
changes might yield a truly free species. Rather than
considering that solvent and anion complexation repre-
sented an intractable problem, we viewed the last 10–
30 kcal mol�1 of complexation energy as a modest
encumbrance. Both research groups moved to employ
steric effects in the hopes that large substituents on
silicon would decrease or eliminate the interactions with
solvent and anion. Reed found that tert-butyl was
insufficient to remove the halocarborane anion coordina-
tion and planarize the cation,5 and we found that hexyl
was ineffective at decreasing complexation with solvent
(trihexylsilylium TPFPB).22 Both research groups found
that substituents larger than tert-butyl rendered the Corey
reaction of Eqn. (1) impossible. Apparently the trityl
cation cannot approach R3SiH closely enough to abstract
hydride when R is particularly large. Hence yet another
impasse had been reached. Solvents with dielectric
constants below that of benzene failed for reasons of
solubility, all anions except TPFPB complexed to some
extent with silylium ions, all solvents that dissolved the
ions also complexed with them and substituents larger
than tert-butyl failed in the one reaction that had been
useful in producing high silylium character. In unpub-
lished experiments with L. Kania, we tried Lewis acids
other than trityl, in the hope that a small electrophile
might be able to penetrate the steric protection offered by


large substituents. This protection on the one hand was
needed to fend off complexation with solvent and anion,
but on the other hand was rendering the Corey reaction
impossible. We found no suitable small electrophiles. It
was time to sit back and reassess the whole problem.


Carbenium ions possess sufficient thermodynamic
stability to co-exist with a variety of solvents and anions,
of which superacid media have been the most successful.
Since silylium ions do not possess this stability,
extraordinary efforts must be made to protect them.
Calculations on silylium ions in the gas phase, going back
to 1981,12 had demonstrated that substituents do provide
considerable stabilization, but apparently not enough to
lower electrophilicity to the point that solvent and anion
no longer complex with silicon.


Consequently, we began to consider a wide variety of
substituents that might serve simultaneously as stabiliz-
ing groups through resonance and as protecting groups by
reason of their large size. No calculations existed for aryl
groups as stabilizing substituents, but with knowledge of
the extent of dilution of the resonance effects of nitrogen
or oxygen with silicon compared with carbon we felt that
aryl groups should provide significant stabilization. Zhao
also looked at many other large, resonance-stabilizing
groups, but ultimate success was achieved only with aryl.
The use of highly substituted aryl groups has been
common in many chemical contexts, including in the
protection of the double bond between carbon and silicon
in silenes from reaction with electrophiles. The com-
monest such group is mesityl (Mes), 1,3,5-trimethylphe-
nyl, in which the ortho and para protons of phenyl have
been replaced with methyl. Many other, more sterically
demanding aryl groups also have been developed.
Several years earlier in unpublished work with L. Kania
and K. T. Lentz, we in fact had prepared Mes3SiH and
tried without success to abstract hydride via the Corey
reaction of Eqn. (1). These approaches all involved
variation of the electrophile to allow it to penetrate to the
hydride.


Since we could not bring the electrophile to hydride,
Zhao decided to try to bring the hydride to the
electrophile, in a sense. The idea requires fundamental
appreciation of the difference between generating
carbenium ions and silylium ions. Essentially all
carbenium ions had been generated by a unimolecular
process such as the SN1 reaction, in which simple
dissociation led to the cation (R3C—X → R3C� X�).
Silicon had failed in this approach because of its strong
affinity for the leaving group. Thus the most successful
approaches to generating a silylium ion used bimolecular
abstraction of hydride [Eqn. (1)]. Zhao reasoned that
other groups might fulfill the role of hydride, groups that
are not so small as hydride but would have sufficient
dimensions to reach beyond the steric protection of
whatever substituent on silicon is being used to inhibit
complexation with solvent and anion.


Zhao found a plausible model in two published studies
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for allyl as the replacement of hydride as the leaving
group. Uhlig30 observed that allylsilanes react with triflic
acid to give alkenes with removal of the allyl group.
Shade and Mayr31 found that reaction of allyltrimethyl-
silane with trityl tetrachloroborate leads to abstraction of
allyl to give allyltriphenylmethane, chlorotrimethylsilane
and presumably trichloroborane. In the first case, the
proton attacks the allyl double bond to create positive
charge that is � to silicon:


R3Si��CH2��CH����CH2 � H� ��
R3Si��CH2CH�CH3


Until our preparation of a simple stable �-silyl cation,25


such species had been found uniformly to decompose
with expulsion of the silyl group. In what is probably a
bimolecular reaction, the silyl group reacts with adven-
titious nucleophiles to produce R3SiX (X being the
nucleophile) and CH2=CHCH3. The second case is the
exact analogue of the Corey reaction, in which hydride
had been replaced by allyl as the nucleofuge. There are
many examples of parallels between hydride and alkyl
groups such as allyl in nucleophilic chemistry (for
example, both hydride and alkyllithium reagents react
with carbonyl groups). For the two nucleofuges being
compared, hydride is a rather hard nucleophile and allyl a
rather soft one. Such a difference probably has no bearing
on the desired reaction, which is given by


E� � R3Si��CH2CH����CH2 ��
R3Si��CH2CH�CH2 ��E��
R3Si� � H2C����CHCH2��E �2�


Six factors operate in favor of the method now
proposed to replace the Corey reaction for the formation
of silylium ions, a method we have called ‘the allyl
leaving group approach.’32 (1) The allyl group should
extend beyond the steric compass of the mesityl methyl
groups, which we had selected as the bulky substituent.
(2) The �-silyl cation that is formed in the first step of
Eqn. (2) is known to be unstable with respect to cleavage
of the Si—C bond. (3) Moreover, in this case cleavage is
encouraged by the use of bulky R groups. Whereas
silicon is tetracoordinate in the �-silyl cation, it is
tricoordinate in the silylium ion and hence less sterically
encumbered. One reviewer referred to the process of Eqn.
(2) as a ripcord reaction, whereby the allyl ripcord is
pulled, releasing the silylium ion.33 (4) Once released, the
silylium ion is protected and stabilized by the mesityl
groups: protected by the ortho methyl groups and
stabilized by resonance delocalization of the positive
charge from silicon to the aryl rings. (5) Use of arenes as
solvent and TPFPB as anion means that the silylium ion
is released into an environment with only weak, bulky
nucleophiles. Bulkiness is important, as any nucleophile
would have to be able to navigate around the ortho
methyl groups in order to penetrate to the silicon atom.


(6) Finally, the peculiar solubility properties of the arene
solvents, possibly because they form liquid clathrates,
result in the formation of two layers. The byproduct
CH2=CHCH2—E is of low polarity and should dissolve
entirely in the upper layer, which is to be syringed off.
The reaction should therefore yield a pure solution of the
silylium ion in the remaining lower layer.


In order to implement this strategy, we needed to
synthesize an allyl-substituted silane carrying three other
bulky substituents. The target, allyltrimesitylsilane, was
unknown. Ominously, the only known trimesitylsilanes,
with one exception, carried only single atoms as the
fourth group, including the hydride, fluoride, and
chloride. The exception was the azido group, —N3. No
alkyl derivatives were known, not even methyltrimesi-
tylsilane. Although the Wurtz coupling reaction between
the allyl Grignard reaction and chlorotrimesitylsilane
failed, the reaction with allyllithium worked well.34 The
product, allyltrimesitylsilane, was obtained by Zhao in
good yield as x-ray-quality crystals. The crystal structure
indeed showed that the double bond of the allyl group
extended well beyond the ortho methyl groups, indicating
its availability to reaction with electrophiles.35


In Zhao’s first attempt to realize the reaction of Eqn.
(2) with this material, he followed the strict analogy to
the Corey reaction of Eqn. (1) and used trityl TPFPB as
the electrophile.34 Only a sluggish reaction occurred, but
a resonance of low intensity appeared seductively at �
225 after 3 days at 60°C. Because there were no reported
calculations on the 29Si chemical shifts of aryl-substi-
tuted silylium ion, we had no specific expectations for the
resonance frequency, except that it should be higher than
the observed value of ca � 100 for the solvated silylium
ions and lower than the calculated value of ca � 300 for
free trialkylsilylium ions in the gas phase. Resonance
delocalization was expected to lower the frequency by
some unspecified amount. Since trityl proved to be
relatively unreactive, we moved to a hotter electrophile,
Zhang’s solvated silylium ion, Et3Si(benzene)�. Reac-
tion occurred instantly at room temperature but resulted
in considerable decomposition. In addition to the high-
frequency resonance at � 225, several resonances were
present at ca � 50.


Having tried too cold and too hot, Zhao selected the �-
silyl cation that he had just prepared25 (Et3SiCH2CPh2


�)
as an electrophile of possibly intermediate reactivity. The
reaction of Eqn. (2) in which this material served as E�


led to a clean reaction with only a single product in the
polar layer, resonating at � 225. It should be kept in mind
that the byproduct, Et3SiCH2CPh2CH2CH=CH2, would
dissolve in the upper layer, which was syringed off prior
to analysis. Thus only one resonance appeared in the 29Si
spectrum (Fig. 2), and the 1H and 13C spectra also
contained the expected resonances. The material had all
the properties expected of trimesitylsilylium TPFPB and
was stable at room temperature for several weeks.
Reaction of the solution with tributyltin hydride produced
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trimesitylsilane as the exclusive product, in which the
weaker Sn—H bond had been replaced with the stronger
Si—H bond.


In the early days of stable carbocations, the electronic
spectrum provided a critical measure of the extent of
conjugation. The ultraviolet spectrum of trimesitylsilyl-
ium unfortunately had to be measured in benzene as
solvent. Despite the large solvent absorption at 254 nm, a
maximum was clearly observable at 304 nm and a
shoulder at 370, tailing into the visible to provide the
dark yellow color of the solution. The silylium absorp-
tions are at shorter wavelength than those of the trityl
cation at 409 and 428 nm but still indicate considerable
conjugation between the empty orbital on silicon and the
aryl groups. In contrast, crystals of solvated triethylsily-
lium TPFPB were colorless, as the ethyl groups provide
no conjugative delocalization.


The production of trimesitylsilylium TPFPB came
from a cascade of reactions carried out in a glove-box
needed for protection from atmospheric moisture. The �-
silyl cation had been prepared by the addition of the
solvated triethylsilylium cation with 1,1-diphenylethene.
The reaction sequence thus was Et3Si—H →
Et3Si(benzene)� → Et3SiCH2CPh2


� → Mes3Si�.
Although alternative electrophiles surely ought to be
found to be effective, to date Zhang’s solvated silylium
cation serves as the unique precursor to the free silylium
cation. The key reaction in turn was the Zhao-developed
allyl leaving group method.


To what extent could the silylium ion with � 225 be
considered to be free? To claim essential freedom meant
going against the computational expectations of the time.
Unfortunately, trimesitylsilylium TPFPB failed to yield
crystals (in unpublished work in collaboration with Reed
and Fackler, the corresponding halocarborane salt also
failed). Our only tool therefore was NMR. The critical
observations demonstrating complexation with solvent
for the trialkylsilylium ions were the position and solvent
dependence of the 29Si chemical shift. Thus, for example,
triethylsilylium TPFPB resonates at � 92.3 in benzene
and � 81.8 in toluene. The low frequency and variable
value of the chemical shift indicates coordination with
solvent. In contrast, trimesitylsilylium TPFPB resonates
at � 225.5 in benzene, 225.7 in benzene–toluene (1:3) and


225.6 in benzene–p-xylene (1:1). Thus aromatic solvents
appear to be non-interacting, as the resonance position is
insensitive to changes in solvent nucleophilicity. Smaller,
stronger nucleophiles, however, could react, as the
resonance position quickly moved to lower frequencies
on the addition of acetonitrile or triethylamine. Reed and
Fackler succeeded in making trimesitylsilylium from a
sample of allyltrimesitylsilane we supplied them, with
closo-7,8,9,10,11,12-Cl6-CB11H6 as the anion, and they
measured its chemical shift in benzene to be � 225.9.
Thus the cation also is insensitive to a change in anion.


In the absence of an x-ray structure to demonstrate
tricoordination, the best alternative is computation of the
observed chemical shift. These calculations were carried
out by T. Müller of the Humboldt Universität Berlin.36


They provided not only a direct measure of the 29Si
chemical shift but also important information on the
extent of conjugation between silicon and the mesityl
rings. Ab initio calculations at the B3LYP/6–31G* level
gave twist angles between the plane of the aryl ring and
the plane containing silicon and the three attached ipso
carbons of 29° for triphenylsilylium (Ph3Si�) and 48° for
trimesitylsilylium (Mes3Si�). The ortho methyl groups
thus require greater twisting within the propeller.
Calculationally, Müller also examined nonequilibrium
geometries, such as the D3h conformation in which the
aryl groups are perpendicular to the silicon plane.
Conjugation is entirely absent in this arrangement. Its
higher energy of 26.2 kcal mol�1 (at the B3LYP/6–
31G*//B3LYP/6–31G* level) serves as a measure of the
stabilization provided by the mesityl groups through
conjugation. The value is about 60% of that calculated for
the trityl (Ph3C�) cation. Müller’s GIAO/HF-calculated
29Si chemical shift for trimesitylsilylium at its equili-
brium geometry was � 230.1, very close to the observed
value of � 225.


Thus the species in solution is sufficiently free to have
a 29Si chemical shift essentially identical with that
calculated for the gas phase. Moreover, the calculated
chemical shift is insensitive to the presence of arene
solvents. Whereas the calculated chemical shift for
trimethylsilylium moved from � 361.6 to 80.4 on the
introduction of benzene at the fourth coordination site,
the analogous values for trimesitylsilylium were � 230.1


8��9�� /� (�� 960�� 4:; �6� ���/��&� 	
 ������������&� ()*)+ � ����0 �������� ��� ������	� 
�	� 1��2��� %+� 3��	 <�
=& :� (�� =�� >&������ +0 %0 $�0 ����0 �	/0 �6668 ,/,8 �  #0 �	���-�� �666 $���/�� ����/�� �	/���


Copyright  2001 John Wiley & Sons, Ltd. J. Phys. Org. Chem. 2001; 14: 370–379


378 J. B. LAMBERT, Y. ZHAO AND S. M. ZHANG







and 228.6. This insensitivity confirms the essential
absence of interaction with solvent. These results were
independently corroborated by calculations of Kraka et
al.37
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Several subsequent reviews have indicated general
acceptance that trimesitylsilylium TPFPB is a free
silylium cation.33,38 Its preparation demonstrated that
silicon can exist, even at room temperature, with
tricoordination, in strict analogy with the carbenium
ion, but extraordinary measures must be taken with
respect to solvent, anion, leaving group, substituent and
avoidance of water. Nonetheless, further progress is
possible. Isolation of crystals and solution of an x-ray
structure would provide detailed structural parameters.
To date, trimesitylsilylium TPFPB has not been isolated
in the absence of solvent.


Second, preparation of a silylium ion with alkyl
substituents would be of great interest. It would have to
be designed in such a way that the substituent is large
enough to fend off solvent and anion, small enough to
allow the preparation of the allyltrialkylsilane precursor
and possessed of no C—H bond that is close enough to
provide coordination to the silyl center. One of the
important properties of the trimesityl structure is that no
C—H bond is within bonding distance. They are all
directed in such a way that they cannot approach the
silicon atom without introduction of extreme angle
bending strain. As a result, C—H coordination observed
calculationally between methane and silyl cations (what
might be called agostic interactions when intramolecular)
is avoided. Any successful saturated substituent would
have to be similarly constituted to prohibit C—H
coordination.


The second and third free silyl cations now have been
prepared, although they are based on analogy to aromatic
ions (homocyclopropenylium, tropylium) rather than to
trialkyl or triaryl carbenium ions.39
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ABSTRACT: The mechanisms of intermolecular and intramolecular enyne [4� 2] cycloaddition reactions were
investigated in detail using high-levelab initio methods. The structures of all transition states and intermediates were
located using the MP2 method, potential energy surfaces were calculated at the MP2, MP3, MP4(SDQ), MP4(SDTQ),
CCSD and CCSD(T) theory levels and the solvent effect was studied within PCM model. Copyright 2001 John
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INTRODUCTION


Recently, a wide class of [4� 2] cycloaddition reactions
was enriched with a new example, where enynes and diynes
may be used as four-electron donors1–3. The simplest
reactions of this type are depicted in Scheme1. Intermol-
ecular reaction was not recognized as a valuable synthetic
method whereas in contrast, intramolecular [4� 2] enyne
cycloaddition (Scheme1) has found substantial application
in experimental synthesis as an efficient and general route
for ring construction of aromatic and dihydroaromatic


compounds. Various substituted enynes were shown to
undergo intramolecular cycloaddition reactions providing a
new pathway to bicyclic products.1–4


The proposed mechanism of the reaction is interesting.
The six-membered allene (1,2,4-cyclohexatriene and its
derivatives) were suggested as reaction intermediates
(Scheme1). The formation of such species was shown
experimentally using various trapping techniques.5–8


However, six-membered ring allenes have never been
isolated or directly observed, which is usually explained
on the basis of a large predicted strain energy (see
review6). An experimental enthalpy of formation of
DfH° = 105.1 kcal molÿ1 (1 kcal = 4.184 kJ) for 1,2,4-
cyclohexatriene has been reported,9 compared with
19.81 kcal molÿ1 for benzene,9 one may assume the
compound to be only a highly reactive intermediate.


The electronic structure and stability of 1,2,4-cyclo-
hexatriene are of much interest and have been studied
with different theoretical methods. AM1 semiempirical
calculations7 result in DfH° = 93.7 kcal molÿ1


(22.0 kcal molÿ1 for benzene), and recentab initio
investigations at the G2(MP2) level10 report a similar
value of DfH° = 96.2 kcal molÿ1 (21.1 kcal molÿ1 for
benzene). In both cases the energy is considerably higher
than that of benzene, in agreement with the experimental
estimation discussed above. The energetic plausibility of
cycloaddition reactions leading to allene intermediates
was investigated at the MP4//MP2 level of theory,2 and
particularly for 1,2,4-cyclohexatriene the reaction was
found to be exothermic,DG =ÿ13.4 kcal molÿ1; this
value is half thatÿ29.7 kcal molÿ1, estimated earlier.1


Scheme 1. Inter- and intramolecular [4� 2] cycloaddition
reactions
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An activationbarrierof DG≠ = 42.0kcalmolÿ1 for allene
formationhasalsobeenreported.2 Muchinterestin 1,2,4-
cyclohexatrienehas been shown in theoreticalstudies
devotedto benzeneisomersand related isomerization
processes11,12.


Althoughsomepartial dataon stability andformation
of ring-alleneintermediatesis available,to thebestof our
knowledge neither transition state structuresnor the
reaction mechanism of enyne to aromatic system
conversionhavebeenreportedat the ab initio level for
both intermolecularandintramolecular[4� 2] cycload-
dition reactions.


Herewe presentthefirst detailedab initio studyof the
mechanismof both intra- and intermolecular [4� 2]
enynecycloadditionreactionsincluding two alternative
ring allene isomerizationpathwaysin each case.DG
potentialenergysurfacesof the reactionsare presented
anddiscussedin thelight of availableexperimentaldata.
All reactantsandtransitionstateswereoptimizedat the
MP2 level of theory and energyevaluationwith high-
levelelectroncorrelationmethodsupto MP4(SDTQ)and
CCSD(T) was performed. The solvent effect was
investigatedusing the polarization continuum model
(PCM). The potentialenergysurfacesof both reactions
weretracedwith IRC calculations.


CALCULATION PROCEDURE


Thegeometriesof all reactants,intermediates,transition
statesand productswere optimized using the second-
order Møller–Plesset(MP2) method.13,14 Standard 6–
31G* and 6–311��G** basissetswere usedthrough-
out15,16. Normal coordinateanalysiswas performedfor
all stationarypoints to verify the transitionstates(one
imaginary frequency) and equilibrium structures(no
imaginary frequencies)and to calculatethe zero-point
energy correction and Gibbs free energy. The latter
values were used to construct DG potential energy
surfaces. All transition states were confirmed with
forwardandbackwardIRC calculations.17


The solvent effect was studied with the PCM
method.18–20 The MP2/6–31G* optimized geometry


wasusedto run single-pointPCM calculations,sinceit
has beenshown that the free energyhypersurfacesin
solution are very flat and reoptimization has a very
limited effect.21 This approach has been tested in
numerouscasesand providesa reliable descriptionof
the solvent effect.18–20 For a set of neutral molecules,
which includessomeof thereactantsandproductsof the
intermolecularreactionstudiedhere,themeanerrorwith
respectto experimentalsolvationenergywasfoundto be
<0.2kcalmolÿ1.21 To determine the relative free
energiesin solution for the studied potential energy
surfaces,the relative free energiesof solvation were
addedto the relativefree energiesin thegasphase.


To estimatethe accuracyof geometryoptimization,
MP2/6–31G*optimizedstructuresof theinitial reactants
and products of the intermolecular reaction were
comparedwith availableliteraturedata.22 The compari-
son revealedmeandeviationsabout 0.01Å and 1° for
bond lengths and bond angles, respectively, thus
confirminganadequategeometrydescription.


High-levelelectroncorrelationmethods,suchasMP3,
MP4(SDQ),MP4(SDTQ),23,40,41CCSDandCCSD(T)28–


31 wereappliedto theMP2 optimizedgeometry.
All MP2, MP3, MP4(SDQ)and MP4(SDTQ)calcula-


tionswereperformedusingthePC-GAMESSversion32 of
theGAMESS/USprogram.33Thecalculationswerecarried
out on a laboratory-madeIntel CPU-basedLinux cluster.
UMP2, PCM, CCSD and CCSD(T) calculations were
performedwith theGaussian9834 package.MOLDEN was
usedfor moleculargraphicsvisualization.35


RESULTS


Intermolecular [4� 2] cycloaddition reaction of
conjugated enyne and acetylene


In this sectionthepotentialenergysurfaceof the[4� 2]
cycloaddition reaction is described. Two alternative
pathwaysof alleneisomerizationareconsideredin detail.


The detailedreactionschemeis shownon Scheme2
and optimized structuresand geometryparametersare
given in Fig. 1. Energy data are summarizedlater in


Scheme 2. Mechanism of intermolecular [4� 2] cycloaddition reaction
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Table1. TheDG potentialenergysurfaceis presentedon
PES1 A (seeFig. 3).


The mechanismof the reaction will be considered
usingtheDG potentialenergysurfaceasthemostreliable
one. A separatediscussionof the energy and ZPVE
correctedenergysurfaceswill begivenin theDiscussion
section.


The cycloaddition step. The [4� 2] cycloaddition
reactionof enyneandacetylenetakesplacethroughthe
transitionstate2-TS. Normal-modeanalysisshowsthat
the structure has only one imaginary frequency of
469.7i cmÿ1; IRC calculations were carried out to
confirm that 2-TS really connectsreactants1 to product
3. Both acetyleneand enyne geometriessignificantly
perturbuponthe transitionstateformation.The carbon–
carbon triple bonds becomelonger by about 0.04Å,
while the lengthof thedoublebondincreasesby 0.03Å.
The acetyleneunit is no longer linear in the transition
state,the H—C—C bondangledecreasesfrom 180° to
148.0° and to 154.9° for H—C2—C3 and H—C3—C2,
respectively.The sametrendsareobservedin the enyne
fragment,wherethe H—C1—C6 andC1—C6—C5 bond
anglesdeviatefrom a linear form by 33.5° and 39.7°,


respectively.It shouldbe notedalsothat carbon–carbon
bondformationbetweensp-hybridizedatomsrequiresa
much shorter distance in the transition state than
betweensp–sp2 carbon atoms, C1—C2 = 2.071Å and
C3—C4 = 2.327Å.


Transition state 2-TS leads to the non-planarsix-
memberedring allene3. Themoleculecontainstwo 1,2-
cumulenedouble bondswith very close lengths,C1—
C6 = 1.337Å and C5-C6 = 1.336Å and an additional
double bond is formed betweencarbonatomsC2 and
C3. The changesin C—H bond lengthscomparedwith
the initial compounds1 are in goodagreementwith the
expectedvaluessinceall atoms,exceptC3, adopta new
hybridization.


The geometry of the C=C=C unit in non-cyclic
allenes is in most caseslinear, whereasin the six-
memberedring 3 the C5—C6—C1 angleis 131.0°. This
leads to a significant increasein strain energy and is
believedto be themain cyclic alleneinstability factor.


To reachtransitionstate2-TS an activationenergyof
39.2kcalmolÿ1 is required;thereactionis exothermicby
13.2kcalmolÿ1.


Allene isomerization through Pathway I. Experimen-


Figure 1. MP2 optimized structures of initial compounds, transition states, intermediates and products of intermolecular
reaction. Displacement vectors corresponding to imaginary frequency are shown for each transition state
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tal studies indicated an aromatic system as the final
productof thecycloadditionreaction.Theeasiestway to
form the benzene10 from the allene3 canbe a C4→C6


hydrogenshift asdenotedin Scheme2. Thecorrespond-
ing transition state 4-TS has been located and the
imaginarymodeof 1437.8icmÿ1 representsthehydrogen
shift reaction path. An activation energy of
45.6kcalmolÿ1 is neededto reachthe transition state.
Thehigh activationenergyreflectsincreasedstrainin 4-
TS, sincetheC4—C5—C6 bondanglehasto bereduced
to 93.6° comparedwith 111.9° in 3. The reaction is
endothermicby 20.3kcalmolÿ1 and,in agreementwith
the Hammond postulate, the transition state has
more product-like character: the breaking C—H
bond is significantly longer than the forming bond,
C4—H = 1.436Å andC6—H = 1.381Å.


Surprisingly,forwardIRC calculationsleadto cis, cis,
trans-1,3,5-cyclohexatriene5, ratherthan benzene,asa
final productof this step.Compound5 is not planarand
the necessaryconditionsfor aromaticelectrondelocali-
zation cannot be met. According to the geometry
parametersin 5 the six-memberedring is formed from
threesingleandthreedoublecarbon–carbonbondswith
lengths in the range 1.487–1.489and 1.372–1.373Å,
respectively.cis, cis, trans-1,3,5-cyclohexatriene5 is a
subjectof muchattentionin view of its possibleexistence
and after electronicstructureelucidationit was finally
referredasa ‘Möbiusbenzene’.36


The MP2 optimizedgeometryof 5 is shownin Fig. 1
and it agreesvery well with availableliteraturepredic-
tions36 for ‘Möbius benzene’.The non-planarbenzene
isomer may form an aromatic system through the
transition state6-TS; normal-modeanalysisgives one
imaginary frequencyof 683.3i cmÿ1. The IRC calcula-
tions confirm this isomerization step. An activation
energy of 21.2kcalmolÿ1 is required to form the
transition state 6-TS and the step is exothermic by
103.4kcalmolÿ1 relativeto 5. Suchalargeexothermicity
is not surprisingsincea conjugatedaromaticsystemis
formedfrom thehighly strainedprecursor.


Thereis someexperimentalevidencethatsuchtrans-to
cis isomerizationmay proceedthrougha diradical-type
transitionstate.Surprisingly,while trying to calculatethe


single–tripletgap,it wasfoundthatattemptsto UMP2/6–
31G* optimization of a triplet stateof 5 starting from
differentinitial geometriesled to spontaneousisomeriza-
tion of the trans double bond. Such behavior of the
systemis in excellentagreementwith thepredictedvery
shallow minima for ‘Möbius benzene’, which may
interconvertto benzenewith an extremely low barrier
of DG≠ = 0.9kcalmolÿ1 calculatedat theCASSCF(6,6)/
6–31G*//CASSCF(6,6)/3–21G level.36 We recalculated
the activation barrier at the CASSCF(6,6)/3–31G*//
CASSCF(6,6)/6–31G*level and found a value of only
DG≠ = 1.5kcalmolÿ1. Dihedral H—C1—C2—H angles
in ‘Möbius benzene’andthe conversiontransitionstate
are 179.2° and 150.6°, respectively;optimized at the
CASSCF(6,6)/6–31G*level, the anglefinally decreases
to zero in benzene.An early characterof the transition
state agrees with a relatively small barrier height.
Therefore, the energy minimum for 5 is really very
shallow and can be easily overcomeduring geometry
optimization, especially taking into account the high
exothermicityof the process.The results indicate that
isomerizationof cis, cis, trans-1,3,5-cyclohexatriene5
maytakeplacethroughadiradicalmechanismratherthan
throughthe singletstate6-TS. The activationbarrierat
the CASSCF(6,6)/6–31G*level is very small and the
barrieris negligibleat theUMP2/6–31G*levelof theory,
soit wasnot possibleto obtaintransitionstatestructures
at the latter case.


Finally, therate-determiningstageof thePathwayI is
the first 1,3-hydrogen shift leading to cis, cis,
transÿ1,3,5-cyclohexatriene,which may interconvertto
benzenewithout a noticeableactivationbarrier.


Allene isomerization through Pathway II. The alter-
nativepathwayto form benzenefrom thecyclic allene3
may proceedvia two subsequent1,2-hydrogenshifts
insteadof a single 1,3-shift describedabove.Starting
from allene3 aC4→C5 hydrogenshift occursthroughthe
transition state 7-TS with an activation energy of
31.1.kcalmolÿ1. The point on the reactionpath which
correspondsto the product8 lies 16.3kcalmolÿ1 higher
comparedwith reactant3. The hydrogenshift transition
statehasa three-memberedstructurewith very similar


Scheme 3. Mechanism of intramolecular [4� 2] cycloaddition reaction
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C4—H and C5—H bond lengths, 1.288 and 1.281Å,
respectively.The calculations show that a relatively
small activation energyis requiredto break the allene
systemandto isomerizedoublebonds.Thefinal product
of this step,compound8, containstwo doubleandfour
singlecarbon–carbonbondsanda carbenecenteron the
former allene center at C6. The compound is
4.0kcalmolÿ1 more stable than ‘Möbius benzene’5
(seePathwayI). Accordingto previousexperimentaland
theoreticalinvestigations,intramolecularrearrangements
in carbenesproceedvia the singleststate11,12,37–39and
therefore the further mechanistic considerationsare
restrictedto thesingleststateof 8.


The secondC5→C6 hydrogenshift takes place via
transition state 9-TS with an imaginary frequencyof
285.3i cmÿ1 almost without a barrier (preciserelative
MP2 energieson the surfaceare E(8) =ÿ14.230kcal
molÿ1 and E(9-TS) =ÿ14.151kcalmolÿ1, giving a
barrierof only 0.079kcalmolÿ1, which vanisheson the
free energy surface). The very small barrier reflects
internalinstability of theparentcompound8. Consistent
with the large exothermicity of this step (99.4kcal
molÿ1) the transition statehas a very early character,
C5—H = 1.140Å, C6—H = 79.8°. Benzeneis foundasa
final productof the secondhydrogenshift. A seriesof
IRC calculationsthroughthetransitionstates7-TSand9-
TS wereperformedto confirmthePathwayII from allene
3 to the reactionfinal product10.


As in the previously examinedpathway, the rate-
determining stage is the first hydrogenshift process,
which, similarly, leadsto a very unstableintermediate
compound followed by its final interconversion to
benzenealmostwithout a barrier.


Intramolecular [4� 2] cycloaddition reaction


The potential energy surface of the intramolecular
[4� 2] cycloadditionreactionwith both alleneisomer-
izationpathwaysis describedin thissection.Theprocess
representsa real chemicalsystemwith no simplifying
approximations.Geometryandenergychangesoutlined
for the model intermolecularreaction(seethe previous
section)will notberepeatedhere;themainattentionwill
bepaidinsteadto thedifferencesbetweenintermolecular
andintramolecularreactions.


The detailedreactionschemeis shownin Scheme3
and optimized structuresand geometryparametersare
given on Fig. 2. Energy data are summarizedlater in
Table3. TheDG potentialenergysurfaceis presentedon
PES1B (seeFig. 3).


Again the mechanism of the reaction will be
consideredusingtheDG potentialenergysurfaceanda
separatediscussionof the energyand ZPVE corrected
energysurfaceswill begiven later.


The cycloaddition step. The intramolecularcycloaddi-


tion reactionstartsfrom compound1 (Fig. 2) in which
acetyleneandenyneunitsareconnectedto eachothervia
the bridging —(CH2)3— fragment.The moleculemay
adoptdifferent conformationsdueto rotationaroundthe
carbon–carbonbonds;theappropriateconformationwas
foundusingbackwardIRC calculationsfrom cycloaddi-
tion transitionstate2-TS. The geometryparametersof
acetylene and enyne units are very close to those
observedin the free molecules(cf. Fig. 1); the units are
connectedvia four C—C bondswith slightly different
lengths: CSP3—CSP=1.462–1.466Å and CSP3—
CSP3 = 1.535–1.536Å.


The cycloaddition reaction takes place through the
transitionstate2-TS; normal-modeanalysisshowsone
imaginary frequency of 399.8i cmÿ1. An activation
energy of 27.9kcalmolÿ1 is required to reach 2-TS,
which is 11.3kcalmolÿ1 lower thanthemodelintermol-
ecularreactionresult. In agreementwith the tendencies
mentionedearlier, all unsaturatedC—C bondsbecome
longerin thetransitionstateandthebondanglesdecrease
significantly.Thechangesin 2-TSgeometryconcernalso
methylene groups, where the smallest bond angle
decreaseis found for C4—C5—C6, D = 5.5°, and the
largest for C5—C6—C7, D = 36.8°. In contrast to the
intermolecularmodel reaction,C—C bond information
in the intramoleculartransition state takes place with
much smallerdifferencein distancesC4—C8 = 2.127Å
and C1—C9 = 2.175Å (cf. C1—C2 = 2.017Å and C3—
C4 = 2.327Å. Fig. 1).


Transitionstate2-TS leadsto the bicyclic compound
3. Thelargerring is asix-memberedring allene,thesame
asformedin themodelintermolecularreaction;thefive-
memberedring contains all the bridging methylene
groups. The cycloaddition reaction is exothermic by
14.2kcalmolÿ1. Accordingto theIRC calculations,both
rings in 3 have non-planar conformations (see side
view).


Allene isomerization through Pathway I. A 1,3-
hydrogenshift (from C1 to C3) takesplacethroughthe
transition state 4-TS and the imaginary mode of
1451.8i cmÿ1 representsthe reactionpath.The presence
of thesecondring doesnot introducesignificantchanges
into the structure of the transition state, hence the
activation energy is almost unaffected,
DG≠ = 45.1kcalmolÿ1 (cf. DG≠ = 45.6kcalmolÿ1 for
theintermolecularprocess).Again, forwardIRC calcula-
tions from 4-TS do not leadto the aromaticsystemasa
final product of ring allene isomerizationvia the 1,3-
hydrogenshift. A substituted‘Möbiusbenzene’structure
with a transC1=C2 doublebondis formedinstead.The
formationof 5 from 3 is endothermicby 16.5kcalmolÿ1,
the appropriatevalue from the model intermolecular
processis 20.3kcalmolÿ1, suggestingsomestabilization
from thefive-memberedring.


The last isomerizationstep of Pathway I proceeds
through 6-TS and requires 21.1kcalmolÿ1 activation
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energy (cf. 21.2kcalmolÿ1 for the intermolecular
process).Aromatic systemformation is exothermicby
101.3kcalmolÿ1 compared with 5 and by
99.0kcalmolÿ1 comparedwith the initial compound1.
The IRC calculationswererun to confirm the natureof
transitionstates4-TS and6-TS.


Applying UMP2/6–31G* calculationsto the triplet
state of 5 initiates spontaneousisomerization,as was


already found for the intermolecular reaction, thus
showingvery shallowminima for 5.


Allene isomerization through Pathway II. In contrast
to isomerizationPathwayI, wheretheactivationbarriers
are almost unaffected, addition of the second ring
significantlylowersthe barrierof the 1,2-hydrogenshift
of Pathway II, DG≠ = 26.1kcalmolÿ1 (cf. DG≠ = 31.1


Figure 2. MP2 optimized structures of initial compounds, transition states, intermediates and products of intramolecular
reaction. Displacement vectors corresponding to imaginary frequency are shown for each transition state
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kcalmolÿ1 for the intermolecularprocess).The step is
endothermic by DG = 10.9kcalmolÿ1 (cf. DG = 16.3
kcalmolÿ1 for the intermolecular process).Both the
activationenergyandendothermicityof the first stepof
Pathway II are significantly reduced comparedwith
intermolecularreaction.However,since geometrypar-
ametersdo not show significantdifferences(cf. Figs 1
and 2), one may concludethat the stabilizationeffect
comesmainly from electronicfactors.


Thesecondhydrogenshift of thepathwaytakesplace
via 9-TS, for which oneimaginarymodeof 470.7i cmÿ1


wascalculated.According to the H1—C2—C3 angleof
75.1°, thetransitionstateof theintermolecularreactionis
more product-like comparedwith the intermolecular
modelreaction(H1—C2—C3 = 79.8°). In agreementwith
the Hammondpostulate,the activation energy of the
former is higher,DG≠ = 0.7kcalmolÿ1. Obviously, the
valueis sosmall that thebarriercanbeeasilyovercome
underthe reactionconditions.


TheIRC calculationsconfirmthat thefinal product10
and the ring allene 3 really are connectedvia the
transitionstates7-TS and9-TS.


Reliability evaluation of the calculations with
respect to basis set, high-level electron correla-
tion and solvent effects


Basis set effect study. To checkthe reliability of the
calculationmethodsemployed,thebasisseteffectswere
studied in more detail. The question is of particular
importance,sincethecalculationsonthemodelintermol-
ecular reactionare followed by the investigationof a
larger intramolecular chemical system, for which a
choice of an accurateand computationally adequate
methodis of vital importance.


Full geometryoptimizationof the initial compounds,
transitionstatesandproductsfor thetwo mostimportant


stepsof the intermolecularreaction,namelycycloaddi-
tion and first hydrogen shift of pathway II, were
performed at the MP2/6–311��G** level. The final
energies(Table 1) show very good agreementwith the
results obtained from MP2/6-31G* calculations.The
activation energy of the cycloaddition reaction is
23.6kcalmolÿ1 and the reaction is exothermic by
29.8kcalmolÿ1. Comparisonwith the respectivevalues
at theMP2/6–31G*level25.7and31.6kcalmolÿ1 shows
agreementwithin 10%.


The hydrogenshift throughthe transitionstate7-TS
requires27.9 and32.9kcalmolÿ1 accordingto MP2/6–
311��G** andMP2/6–31G*calculations,respectively.
Hence basis set enhancementslightly decreasesthe
barrier.An attemptof reoptimizingcompound8 at the
MP2/6–311��G** level led to a spontaneoussecond
hydrogenshift during geometryoptimization forming
benzene.The energydifferencebetween8 and 9-TS is
very small at the MP2/6–31G*level (seeearlier),hence
therearrangementis notsurprising,especiallytakinginto
accountthatbasissetenhancementmaylower thebarrier
of thehydrogenshift further.


At theMP2/6–311��G** level,benzeneformationis
112.4kcalmolÿ1 exothermic compared with initial
compound 1, which deviates from the MP2/6–31G*
valueby <5%.


Single-point MP2/6–311��G** calculations with
MP2/6–31G* optimized geometry give energy values
whicharein totalagreementwith theMP2/6–311��G**
optimized values (maximum deviation 0.1kcalmolÿ1.
This indicatedthat the basisset effect on geometryis
really very small. MP2/6–311��G**//MP2/6–31G*
calculations for the whole reaction potential energy
surface were performed (Table 1) and showed good
agreementwith those at the MP2/6–31G* level. The
largestdeviationis foundfor thehydrogenshift reaction,
where increasingbasis set quality makes the barriers
smallerby about5 kcalmolÿ1.


Table 1. Relative energy at different theory levels, ZPVE corrected energy and Gibbs free energy DG at the MP2/6±31G*//MP2/
6±31G* level of intermolecular acetylene and enyne reaction (in kcal mola)


MP2/6–31G*// MP2/6–31G*//
MP2/6–31*// MP2/6–31G* MP2/6–31G* MP2/6–311��G**// MP2/6–311��G**//


Species MP2/6–31G* �ZPVE DG MP2/6–311��G** MP2/6–31G*


1 0.0 0.0 0.0 0.0 0.0
2-TS 25.7 28.9 39.2 23.6 23.7
3 ÿ31.6 ÿ24.3 ÿ13.2 ÿ29.8 ÿ29.8
4-TS 16.8 21.1 32.4 13.7
5 ÿ10.3 ÿ3.5 7.1 ÿ10.3
6-TS 10.9 17.1 28.3 6.6
7-TS 1.3 6.7 17.9 ÿ1.9 ÿ1.8
8 ÿ14.2 ÿ7.6 3.1 ÿ ÿ14.1
9-TS ÿ14.2 ÿ8.2 2.9 ÿ14.8


10 ÿ116.3 ÿ107.5 ÿ96.3 ÿ112.4 ÿ112.4


a Absoluteenergiesfor 1 (in a.u.)for thedatafrom thefirst throughthefifth column,respectively:ÿ231.2724194,ÿ231.1857794,ÿ231.2312656,
ÿ231.4142781,ÿ231.4142535.
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Finally, it shouldbenotedthat theMP2/6–31G*level
gives fairly accurateresults in geometryand reliable
energy for the system studied. The hydrogen shift
activationbarrierstendto decreasewith basissetquality
enhancement.


High-level electron correlation calculations. MP2 is
well establishedasanaccurateandrelativelyinexpensive
computationalmethod. However, the question of the
importanceof higher order terms in the perturbation
expansion may arise in many cases. The present
investigationshowedthat higher order effects are not
negligible.To answerthe questionquantitatively,MP3,
MP4(SDQ) and MP4(SDTQ)23,40,41 calculationswere
appliedto the MP2 optimizedgeometry.In addition, a
more accuratehigh-level treatmentof electroncorrela-
tion providedwith coupledcluster theory was applied,
particularly using the coupledclustersingleanddouble
excitation method (CCSD) and the coupled cluster
method with single, double and perturbative triple
excitations[CCSD(T)].28–31The resultsarepresentedin
Table2; MP2 datais given in Table1.


Analysisof the potentialenergysurfacespresentedin
Table 2 shows that the MP3, MP4(SDQ) and CCSD
energysurfacesare very close to one another.All the
activationenergiesare reproducedwithin 1 kcalmolÿ1.
An even smaller deviation of ca 0.5kcalmolÿ1 in
reactionenergiesis found for the 3→8 and3→5 steps.
Somewhat larger differences of the order of 3–
5 kcalmolÿ1 are observedfor the 1→3 reactionenergy
andtheexothermicityof theentirereaction(1→10). This
indicatesthattheMPn energiesappearto haveconverged
with respectto increasingn.


All three methods, MP3, MP4(SDQ) and CCSD,
dramaticallyincreasethe 1→2-TS and3→4-TS activa-
tion barriers 36.0–37.3and 59.3–59.9kcalmolÿ1, re-
spectively)comparedwith thosecalculatedat the MP2
level (25.7and48.4kcalmolÿ1, respectively).Thesame
tendency,but on a smallerscale,is found for 3→7-TS


and 5→6-TS, 37.0–39.1 and 25.5–26.4kcalmolÿ1,
respectively,for the former methods,and32.9kcal/mol
and 21.2kcal/mol, respectively,for MP2 calculations.
The8→9-TS barrieris smallandis influencedonly very
slightly.


Full fourth-orderMøller–Plessetperturbationtheory,
MP4(SDTQ), and CCSD(T) calculations result in
potentialenergysurfaceswhicharesimilar to eachother,
but differ substantiallyfrom thosecomputedat theMP3,
MP4(SDQ)andCCSDlevels.The comparisonindicates
thattakinginto accounttriplet excitationsis importantfor
the system studied. The activation energies at the
MP4(SDTQ) and CCSD(T) levels are intermediate
betweenthe MP3, MP4(SDQ)andCCSDvalues,which
are higher, and the MP2 data, which are lower. It is
generallybelievedthat the MP4(SDTQ)and CCSD(T)
levelsusuallyprovidemoreaccurateresults,andthis is
probablytrue in the systemstudiedsinceboth methods
leadto thesimilar potentialenergysurfaces.Hencethese
energy surfaces should be the most reliable. MP3,
MP4(SDQ) and CCSD calculationsmay overestimate
the activation barriersby 3–10kcalmolÿ1, while MP2
may underestimatethem by approximately the same
range,3–8kcalmolÿ1. The tendencyis lessobviousin
changes in reaction energies, where the maximum
deviationdoesnot exceed5–6kcalmolÿ1. It shouldbe
mentioned that MP2 better reproducesexothermicity
calculatedat theMP4(SDTQ)andCCSD(T)levels.


It is well establishedthat to accountaccuratelyall of
thecorrelationenergy,substantialbasissetimprovement
mayberequired.In thesystemunderinvestigation,basis
setimprovementfrom 6–31G*to 6–311��G** led to a
few kcalmolÿ1 differencesfor theMP3,MP4(SDQ)and
MP4(SDTQ)energysurfaces(Table 2), thus indicating
theconvergencewith respectto thebasissetsize.


In summary,a detailedcomparisonof varioustheory
levels confirmed reasonableaccuracyof MP2/6-31G*
calculationsusedasa referencein thepresentinvestiga-
tion. MP4(SDTQ)and CCSD(T) energiesseemsto be


Table 2. Relative energies at different correlation energy levels of intermolecular acetylene and enyne reaction (in kcal molÿ1)a


X/6–31G*//MP2/6–31G* X/6–311��//MP2/6–31G*


Species X = MP3 MP4(SDQ) MP4(SDTQ) CCSD CCSD(T) MP3 MP4(SDQ) MP4(SDTQ)


1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
2-TS 36.0 37.3 28.4 37.3 31.4 35.5 37.4 27.2
3 ÿ34.8 ÿ31.5 ÿ32.8 ÿ31.5 ÿ34.2 ÿ32.2 ÿ28.8 ÿ30.5
4-TS 24.8 27.8 19.8 28.4 22.0 23.7 27.0 17.6
5 ÿ11.6 ÿ8.4 ÿ11.3 ÿ8.3 ÿ12.5 ÿ10.3 ÿ6.9 ÿ10.5
6-TS 13.9 18.0 13.2 17.2 12.9 11.0 15.4 9.8
7-TS 2.2 6.8 3.6 7.6 5.3 ÿ0.2 4.8 1.1
8 ÿ19.7 ÿ16.1 ÿ15.8 ÿ15.6 ÿ16.2 ÿ19.2 ÿ15.5 ÿ15.3
9-TS ÿ18.6 ÿ14.8 ÿ15.0 ÿ14.3 ÿ15.0 ÿ18.7 ÿ14.7 ÿ15.2


10 ÿ115.9 ÿ110.6 ÿ112.2 ÿ110.6 ÿ111.3 ÿ111.7 ÿ106.1 ÿ107.6


aAbsolute energiesfor 1(in a.u.) for X/6–31G*//MP2/6–31G*calculations:X = MP3, E =ÿ231.3015973;X = MP4(SDQ),E =ÿ231.3171007;
X = MP4(SDTQ), E =ÿ231.3531150;X = CCSD, E =ÿ231.3187159;X = CCSD(T), E = 231.3533174.For X/6–311��G**//MP2/6–31G*
calculations:X = MP3, E =ÿ231.4426974;X = MP4(SDQ),E =ÿ231.4558446;X = MP4(SDTQ),E =ÿ231.5006985.
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more accurate by 3–8kcalmolÿ1 depending on the
reaction type, and should be used wheneverpossible
from theavailablecomputationalresourcespointof view.
Owing to significant deviationsfrom the former MP3,
MP4(SDQ)andCCSDsingle-pointcalculationsareless
preferred.


Solvent effect study. Solvation may have a crucial
effect on reactionmechanisms.Significant changesin
solvationenergyuponchemicaltransformationsmay, in
certaincases,dramaticallychangethe potential energy
surfaceof a reaction.18–20 Of course,this is mostly the
casewhenchargedspeciesareinvolved,while onewould
not expect a large solvent effect in hydrocarbon
cycloadditionreactions,sincethey arenot accompanied
by significantchargedelocalization.18–20


To investigatethe solvent effect, PCM calculations
wereappliedfor all pointsof thepotentialenergysurface.
According to experimentaldata,non-catalyzedthermal
[4� 2] enynecycloadditionreactionis usually carried
out in toluenesolution.1,3 The PCM approximation18–20


wasusedto modeltoluenesurroundingand,in additionto
the former, the calculations for three other common
solventswereperformed[chloroform,dimethylsulfoxide
(DMSO) and water]. This may allow one not only to
simulate exact experimental conditions, but also to
estimateeffect of the mediumon the mechanismof the
reactionin moredetail andto makesomepredictions.


Theresultsof PCMcalculationsappliedat theMP2/6–
31G* optimizedgeometryarepresentedin Table4; gas-
phasedataaregiven in Tables1 and3.


Thesolvationeffect on thefirst 1→2-TS→3 cycload-
dition stepis very limited in all thesolventsstudied;the
activationenergybecomeslower by about1 kcalmolÿ1


andtheexothermicityof ring alleneformationincreases
by about 3 kcalmolÿ1. Varying the polarity of the
mediumdoesnot significantlychangethe solventeffect
in this stageof the reaction.


Comparisonof gas-phaseandsolvationDG surfacesof
ring allene3 conversionshowsthe largestdifferencein
the first 1,2-hydrogenshift of PathwayII (3→7-TS→8)
and 5→6-TS→10 isomerizationin PathwayI. For the
intermolecularreactionthe activationbarrierof the 1,2-
hydrogenshift changesfrom 31.1kcal/molÿ1 in the gas
phase to 28.6kcalmolÿ1 in toluene and, finally,
decreasesto 21.6kcalmolÿ1 in water.The endothermi-
city of carbene8 formationfrom allene3 alsodecreases
from 16.3kcalmolÿ1 in thegasphaseto 15.1kcalmolÿ1


in tolueneand12.6kcalmolÿ1 in water.The isomeriza-
tion activationbarrierfor 5 changesin thesamemanner,
decreasingby about7 kcalmolÿ1. The entire chemical
transformationto the final aromatic product becomes
morefavorableby 5 kcalmolÿ1 uponchangingfrom the
gasphaseto a waterenvironment.


It should be noted in conclusion that solvation by
toluene or chloroform does not lead to significant
changesin theenergysurfaceof thereaction;a valuable


solvent effect may be effected from a more polar
surroundingsuchas DMSO or water.Not surprisingly,
thepresentcalculationsdid not find a substantialsolvent
effectontherate-determining[4� 2] cycloadditionstage
of the reaction.The result is in good agreementwith
literature data.18,20 Thereforeone would not expect a
large dependenceof reaction rate on the medium,
althoughsomestepsmaybenefitfrom solvationin polar
surroundingsowing to lowered activation barriersand
increasedexothermicity.


DISCUSSION


The aboveresultsrepresentthe first computationof the
total potential energy surface of the [4� 2] enyne
cycloaddition reactionmechanism.The unique feature
of the intermolecularpotentialenergysurfacestudiedis
that it interconnectsvery interestingintermediatespecies
3, 8 and 5, which have been proposedin different
conversionand isomerizationreactions.2,6,7,9,11,12,39In


Figure 3. Top:PES 1A, intermolecular model reaction of
acetylene and enyne. Bottom: PES 1B, intramolecular
reaction. Both calculated at the MP2/6±31G* level; PCM
(toluene) MP2/6±31G* values are given in parentheses
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addition, the potential energy surface for substituted
bicyclic derivatives(intramolecularreaction)is reported
for the first time. To the best of our knowledge,the
present investigation representsa new route to the
cis,cis,trans-1,3,5-cyclohexatrienereferred as ‘Möbius
benzene’starting from the parentcyclic six-membered
allene(1,2,4-cyclohexatriene).


Thefollowing majorpointsareselectedfor discussion.
1. High-level electron correlation calculationshave


shownthatMP2mayunderestimateactivationbarriersin
the studied system by 2–6kcalmolÿ1. MP3 and
MP4(SDQ)energiesalso may not be accurateenough
andfull MP4(SDTQ)calculationsshouldbeusedinstead.
Thesameis truefor theCCSDlevel,while theCCSD(T)
energy surface agrees well with the MP4(SDTQ)
calculatedone.Nevertheless,no dramaticMP2 failures
werefound in thesystemstudiedandthemethodcanbe
acceptedasreliablequantitatively.


PCM calculationsdo not show a significant depen-
denceof the [4� 2] cycloadditionstagerateon the type
of mediain agreementwith expectationsfor hydrocarbon
reactions.The energyparametersof the cycloaddition
stageare almost unaffectedon changingfrom the gas
phaseto apolarsolventsuchaswater.Thelargestsolvent
effect of theorderof 7–10kcalmolÿ1 wasfoundfor the
first 1,2-hydrogenshift of Pathway II and the last
isomerizationstepof PathwayI.


Finally, the best potential free energy surfacesfor
intermolecular(PES 2A) and intramolecular(PES 2B)
reactionscanbeconstructedusingMP4(SDTQ)energies,
thermalcorrectionto Gibbsfreeenergycalculatedat the
MP2 level and accountingfor the solventeffect within
thePCM approach(Fig. 4). We believethat thesurfaces
representone of the most accuratedescriptionsof the
systemunderinvestigation.


2. Both intermolecularand intramolecularreactions
proceedthroughsimilar transitionstatesforming a six-
memberedallene as an intermediate. However, the
activationfree energiesfor the reactionsdiffer dramati-
cally, being11.3kcalmolÿ1 smallerfor theintermolecu-
lar cycloaddition.This is a well known advantageof
intramolecularover intermolecularreactionsandcanbe
attributed to lowered activation entropy in the former
case.As shownin Table1, for theintermolecularprocess
the deviation in MP2/6-31G* activation energy (DE≠)
and MP2/6-31G* activation free energy(DG≠) for the
first stepis 13.5kcalmolÿ1, the samedifferencefor the
intermolecularreactionis only 3.6kcalmolÿ1. Entropy
alsosignificantlychangestheexothermicityof ring allene
formation, which is DE =ÿ31.6kcalmolÿ1 andÿ21.2
kcalmolÿ1 for intermolecular and intramolecular cy-
cloaddition respectively,at the MP2/6–31G* surface.
The former value is close to the ÿ29.7kcalmolÿ1


predicted using the additivity method.1 On the free
energyMP2/6–31G*surfacebothreactionshavesimilar
exothermicity(DG =ÿ13.2andÿ14.2kcalmolÿ1), con-
sistentwith the ÿ13.4kcalmolÿ1 exothermicitycalcu-
latedwith ab initio theory.2


Thecalculatedrelativelyhighactivationbarriersagree
very well with experimental observations,1,3 which
indicate a non-catalyzedreaction in the temperature
range100–250°C andvery slow reactionat 40°C.


From the abovediscussion,two importantconsidera-
tionsdeservespecialnote.First,is thenecessityfor Gibbs
free energycalculationsto constructthe total potential
energysurfaceof the entire reaction.Next, althoughan
intermolecular cycloaddition reaction correctly repro-
duces qualitative trends, it should not be used as a
simplifiedmodelfor experimentallydevelopedintramol-
ecularsyntheticapplications.Owing to the largeactiva-
tion energyandtransitionstategeometrydifferences,an
explicit systemtreatmentis muchmorereliable.


On the MP4(SDTQ) energy surface (PES 2A) the
intermolecularcycloaddition step has DG≠ = 41.9kcal
molÿ1 andDG =ÿ14.5kcalmolÿ1 (40.4andÿ17.4kcal


Figure 4. Top: PES 2A, intermolecular model reaction of
acetylene and enyne. Bottom: PES 2B,intramolecular reac-
tion. MP4(SDTQ)/6±31G* energy and MP2/6±31G* calcu-
lated thermal correction to Gibbs free energy; PCM (toluene)
MP2/6±31G* solvent effect corrected values are given in
parentheses
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molÿ1 in toluenesurrounding);correspondingvaluesfor
the intramolecular (PES 2B) reaction are DG≠ = 30.9
kcalmolÿ1 andDG =ÿ15.3kcalmolÿ1 (28.9andÿ18.1
kcalmolÿ1 on thePCM-toluenesurface).


3. Detailedexaminationof the possibleconversionof
ring allene 3 to aromatic system 10 reveals two
alternative pathways;1,3-hydrogenshift followed by
isomerization (Pathway I) and two subsequent1,2-
hydrogenshifts (PathwayII). The activation barrier of
the1,3-hydrogenshift (3 → 4 TS) is in bothcases(inter-
andintramolecularprocesses)higherthanthatfor thefirst
1,2-hydrogenshift (3 → 7 TS). On the potentialenergy
surfaceof theintramolecularreaction4-TS is evenhigher
in energythan the cycloadditionsteptransitionstate2-
TS. PathwayII is dramaticallylessdemandingenerge-
tically andmost likely is the onethat takesplacein the
real system.


Theseresultsexplain the difficulties in isolating or
observing six-memberedallene intermediatesin the
reactions,since1,2-hydrogenshiftsrequiremushsmaller
activation energiesthan the first cycloaddition steps.
Accordingto the calculations,the [4� 2] cycloaddition
is the rate-determiningstageof the enyneto aromatic
hydrocarbonconversion.


The first 1,2-hydrogenshift of Pathway II on the
MP4(SDTQ) energy surface (PES 2A) intermolecular
cycloaddition step has DG≠ = 34.7kcalmolÿ1 and
DG = 16.0kcalmolÿ1 (32.2 and 14.8kcalmolÿ1 on the
PCM–toluenesurface); correspondingvalues for the
intramolecular reaction (PES 2B) are DG≠ = 29.9
kcalmolÿ1 andDG = 10.6kcalmolÿ1 (27.7and9.5kcal
molÿ1 on thePCM–toluenesurface).


The conclusionsdrawnconcerningthe mechanismof
ring alleneconversioncan be confirmedwith available
experimentaldata.Thermolysisof 11 givestwo bicyclic
products 14 and 15, with 58% and 17% yields,
respectively(Scheme4). The formationof both isomers
14and15wasunexpected,but canbeexplainedin terms
of PathwayII. After thefirst 1,2-hydrogenshift acarbene
intermediate13 is formed(like 8, but with a CH3 group
insteadof anH atomatC2 seeFig. 2). Thenextshift may
involve eithera hydrogenatomleadingto 14 of a methyl
group giving 15. The calculationsin the presentwork
show a very low activationbarrier for the secondshift
startingfrom carbene8 andtheprocessmayalsoinvolve
the methyl group to producethe correspondingisomer


15. Not surprisingly, the hydrogen atom as a non-
directional migrating group shifts more easily, thus
resulting in a higher yield of 14. Theseexperimental
observationswere made using flash vacuum thermo-
lysis2.


The conversionof the ring allenethrougha 1,2-shift
with subsequentcarbeneintermediategenerationis also
supportedwith otherexperimentalfindings3.


To summarize,the presentinvestigationrevealsan
appropriatering allene conversionmechanismcorrect
from bothexperimentalandtheoreticalpointsof view.


4. It will be interesting to compare ring allene
conversionpathwaysin intermolecularandintramolecu-
lar reactions,andobviouslythemaindifferencesbetween
PathwayI andPathwayII shouldalsobe outlined.The
factorscontrollingthedirectionof theconversionprocess
would include both steric and electroniccontributions.
Energy changesaccompanyingrearrangementthrough
Pathway I reflect a high steric demand, since the
formationof 4-TS requireslargeskeletalanglebending.
The non-planarstructureof the carbon ring increases
steric strain and shifts the pathway to the top of the
potential energy surface. As a result, activation and
reactionenergyparametersfor PathwayI areverysimilar
for intermolecular and intramolecular reactions, and
neither transition state geometry shows a significant
difference.


In contrastto the former,1,2-hydrogenshiftsoccurin
theplanarconformationof thecarbonskeletonof thesix-
memberedring (7-TS, 8 and 9-TS) and are not much
influencedby steric factors. Some stabilization effect
from thesecondalkyl ring maybeanadditionalsourceof
energygain.ThismakesPathwayII lower in energythan
PathwayI in all casesand the former pathwayis more
sensitiveto thepresenceof substituents.


Thus,themaindifferencesbetweenintermolecularand
intramolecular reactions are lower barriers of the
cycloadditionandthe first 1,2-hydrogenshift stagesdue
to the activation entropy contribution and alkyl ring
stabilizationeffects.


Intermolecularacetyleneandvinylacetylenecoupling
to benzenehas not been recognized as a valuable
experimentalmethod, but the intramolecular reaction
hasshownsubstantialsyntheticpotential1,3. This canbe
explainedin the light of the theoreticalstudyperformed
andsupportsthecalculationsresultsobtained.


Scheme 4. Experimental cycloaddition reaction 2
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5. Aromatic ring (10) formationfrom theinitial enyne
precursor(1) is a highly exothermicprocessby 96.3and
99.0kcalmolÿ1 (99.7and102.1kcalmolÿ1 accordingto
PCMmodelingof thetolueneenvironment)for intermol-
ecular and intramolecularcycloaddition reactions,re-
spectively,on the MP2 energysurfaceandby 92.1 and
94.6kcalmolÿ1 ontheMP4(SDTQ)energysurface(95.6
and97.7kcalmolÿ1 on thePCM–toluenesurface).Such
high exothermicityprovidesthe necessarydriving force
andrendersthechemicaltransformationirreversible.The
energy gain comes mostly from two effects: two
relatively strong carbon–carbons-bonds are formed
instead of a weak acetylenic p-bonds, and due to
aromaticstabilizationenergy.


CONCLUSIONS


This detailedexaminationof the[4�2] enynecycloaddi-
tion reactionpathwayin the light of availableexperi-
mental data allows the following conclusionsto be
drawn.


The rate-determiningstageof the reactionis the first
enyne� alkyne cycloaddition step. A non-planarsix-
memberedring alleneintermediatecanbe convertedto
an aromaticsystemstarting via either a 1,3- or a 1,2-
hydrogenshift. Thelatterpathwayhasa lower activation
energy and proceeds through intermediate carbene
generation.The calculatedenergy surface provides a
reliableexplanationof theavailableexperimentaldata.


A non-catalyzedthermal cycloadditionreactionwas
studied. Further investigations of the system under
different reaction conditions and involving substituted
substratesarethesubjectof ongoingwork.


Supplementary material


Coordinatesin xyzformatfor theoptimizedgeometriesof
all structuresareavailableat the epocwebsiteat http://
www.wiley.com/epoc.
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ABSTRACT: Previously established aggregate formation by alkyl-substituted crown ethers is considered with respect
to the solid state structure of N,N�-didodecyldiaza-18-crown-6 (7), which was determined as its NaI complex
(7�NaI�H2O). The complex forms a bilayer structure that was used as a benchmark for understanding the formation of
aggregates and their inclusion volumes. Copyright  2001 John Wiley & Sons, Ltd.


KEYWORDS: solid-state bilayer formation; dialkyl-substituted lariat ether; aggregate formation; inclusion volume.
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More than a decade ago, we initiated a study of
substituted crown ether compounds as possible amphi-
philes. Our interest in the ability of crowns to function as
amphiphiles was driven by our desire to develop a
synthetic transmembrane channel.1 Crown ethers offered
an obvious advantage as transient cation complexing
agents if they could be adapted as headgroups. At the
time this effort began, we were aware of studies
conducted in the groups of Okahara2 and Kuwamura.3


Their early efforts, focused on single-chain alkyl-
substituted azacrowns, suggested that these compounds
afforded micelles in preference to vesicles (liposomes).


Our channel design strategy,1 in which crown ethers
serve as headgroups, required that the crown’s side-chains
align with the bilayer lipids. We felt that the presence of
either twin alkyl strands or a steroid would be effective in
this application. The first channel compound we prepared
used two dodecyl chains. The first lariat ether compound
to afford stable liposomes4 incorporated a steroid side-
arm. The presence of the steroid was apparently sufficient
for these alkyl crowns to form stable liposomes in
preference to the more dynamic micellar structures. We
extended the studies to twin-tailed crowns5 and to
bolaform crown amphiphiles6 as these were the desired
functional subunits within the hydraphile channels.7


Three facts concerning the diazacrown amphiphiles
were both intriguing and perplexing. First, the vesicles
that formed from dialkyl crown monomers in aqueous
suspension were typically in the 2000–3000 Å range
almost irrespective of side-chain length. Second, aza-
crowns bearing a single steroidal side-chain afforded
stable liposomes. Alkyl-substituted azacrowns did not.
Third, remarkably short side-arms still afforded stable
aggregates when two or three of them were present on a
diaza- or triaza-18-crown-6 scaffold. In a recent colla-
borative effort, we found that apparently equivalent side-
chains did not produce stable vesicles when phenolic
hydroxyl groups were proximate to the macroring.8 In
order to gain an insight into the organization of the
crown–amphiphile aggregates, we undertook the studies
that are described here.


&*�(�%� +$� �#�)(��#'$


The compounds that are the focus of this study are 15- or
18-membered ring azacrowns of the form shown.


For the monoazacrown derivatives, Y-R1 is O. When
two chains are present, R1 = R2 and Y = N. Compound 10
is a triaza-18-crown-6 derivative similar to the structure
shown but in which three ring oxygen atoms alternate
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with N-n-hexyl groups. The compounds of interest in the
present study are recorded in Table 1.


,
����
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In all cases, vesicles were prepared in the standard way
by sonicating an aqueous suspension of the crown, which
was present in low micromolar concentration. The
vesicles were characterized by laser light scattering,
electron microscopy and dye entrapment. Not all
methods were applied to each compound but the vesicles
may be considered appropriately characterized as de-
scribed in previous papers.
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The basic subunit of the first hydraphile channel is N,N�-
didodecyldiaza-18-crown-6 (7), in which the 12-position
of one chain is attached to the ‘central relay.’ The
structure of this hydraphile channel is illustrated as
‘dodecyl channel’ and the subunit corresponding to 7 is
shown enclosed in a box. Compound 7 is also known to
form stable vesicles on its own (see Table 1). Thus, it was
hoped that an examination of the solid-state structure
would help in understanding the aggregation behavior of
monomer 7. In principle, this effort might also afford
insight into the structure of the channel itself.


The alkyl-substituted aza- and diazacrowns we have


prepared thus far are all oils or waxy solids at room
temperature. This precluded obtaining a crystal structure.
We felt, however, that it might be possible to obtain the
structure of an alkali metal complex of 7. The dodecyl
channel was extensively studied as a Na� transporter so
an ideal candidate would be 7�Na�. We have also
previously studied the aqueous aggregation behavior of 7
in the presence and absence of NaCl.5 Of course, this
structure would be intrinsically interesting in any event,
as there are relatively few dialkyldiazacrown crystal
structures extant. The availability of the structure of 7
would also permit us to make size and distance estimates
of the various molecular parameters.


A search of the Cambridge Structural Database (CSD)
revealed only a handful of alkylcrown structures. Only one
of these was an alkali metal complex. Czugler et al.
reported the structure of [15,15-bis(dodecyloxymethyl)-
16-crown-5]–isothiocyanato sodium complex in 1982.9


Soon afterwards, Weber and Sheldrick reported a clathrate
involving N,N�-didecyl-1,7,10,16-tetraoxa-4,13-diazacy-
clooctadecane tetradecakis(thiourea).10 A non-complexed
bolaform structure was reported in 1989 in which two 13-
crown-4 residues were symmetrically linked by a hexyl
chain between their 3-carbon ring units [3,3�-hexamethy-
lenebis(1,5,8,11-tetraoxacyclotridecane)].11 Recently, a
twin-chain thiacrown was reported [1,10-bis(4-n-dodecy-
loxybenzoyl)-1,10-diaza-4,7,13,16-tetrathiacyclooctade-
cane silver(I) hexafluorophosphate] in which silver cation
was bound in the center of the macroring. In this structure,
the macrocycle was canted with respect to the side-chains,
the latter of which were parallel.12


Simultaneous with our effort to obtain the structure of
7�NaI, a report appeared of the solid-state structure of
7�NaClO4.13 A number of features are similar between
the reported structure and our own despite the difference
in the salt complexed. Considerable information can be
gleaned, however, from the association of monomers
within the crystal and no related information is found in
the published report for the 7�NaClO4 structure.


%	��
 �� "�������� ��*�� �� ��+��,��(�������� 	��-� ������ ��������� (� ����� ����� �	��������


No. Ring Chain Unimodal (Å) Ref.


1 Aza-15-crown-5 CH2CO-cholestanyl 340 � 130 4
2 Aza-15-crown-5 CH2CO-cholesteryl 350 � 110 4
3 Aza-18-crown-6 CH2CO-cholestanyl 180 � 60 4
4 Aza-18-crown-6 Tetradecyl (119)a 5
5 Diaza-18-crown-6 Butyl 2350 � 860 5
6 Diaza-18-crown-6 Nonyl 4550 � 1300 5
7 Diaza-18-crown-6 Dodecyl 2970 � 710 5
8 Diaza-18-crown-6 Tetradecyl 2510 � 800 5
9 Diaza-18-crown-6 Octadecyl 2200a 5


10 Triaza-18-crown-6 Hexyl 2850 � 690 5
11 Bis(aza-15-crown-5) Dodecamethylene 1960 � 620 6
12 Bis(diaza-18-crown-6) Dodecamethylene 1200b 6


a Standard deviation is broad.
b Standard deviation is �30%.
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Solid 7�NaI�H2O crystallized from acetone–ethyl
acetate (1:1, v/v). The complex was obtained as colorless
crystals melting at 63–64°C. The monomeric complex is
shown schematically in Fig. 1(a) and as an ORTEP plot in
Fig. 1(b) Figure 1(c) shows a similar view in the CPK
metaphor. A ‘top view’ is shown in Fig. 1(d). The large
sphere at the left in each structure is iodide anion.
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The key features of the 7�Na��H2O monomer structure
are as follows. The complexed cation is located in the
crown macroring and Na� is formally seven-coordinate.
It is bound by the four macroring oxygens, the two
nitrogens and a water molecule. The sodium cation
resides approximately at the center of the macrocycle,
although the latter is slightly ‘puckered.’ Such a
macroring deformation is often observed in 18-crown-6
complexes of sodium ion, the ionic diameter of which is
smaller than the crown’s cavity when the ring is flat. One
donor group moves out of the plane in the puckered
macroring, leaving the remaining five heteroatoms to
contract to the appropriate Na�—O distance of �2.5 Å.


Despite the apparent asymmetry of the macroring, the
four Na�—O distances are similar to each other
(2.53 � 0.1 Å), as are the Na�—N distances (2.85
� 0.02 Å). The seventh contact occurs between the
cation and water; the Na�—Owater distance is 2.35 Å.
The van der Waals radius for a seven-coordinate Na� is
1.12 Å.14


The reported structure of 7�NaClO4 shows similar
puckering but the Na�—O distances for the macroring
donors are all in the range 2.37–2.45 Å. The Na�—N
distances are likewise shorter, being 2.76 and 2.81 Å. A
longer Na�—O distance, 2.47 Å, is observed for the
Na�–perchlorate oxygen contact. These distances sug-
gest that the cation is effectively six-coordinate and that
perchlorate interacts only weakly.


The two alkyl chains of 7�NaI�H2O are aligned with
each other and are canted with respect to the mean plane
of the macrocycle by approximately 30°. Although the
chain axes are nearly perfectly aligned, the planes
containing the extended chains of carbon atoms are
offset (angle � 120°, see below and Fig. 5). End views of
the chain alignment are shown in Fig. 2 in both the tube
(left) and CPK metaphors. The dark circle at the top of
each CPK model corresponds to the macroring nitrogen
atom. From the latter, it appears that the chains are
oriented to accommodate the packing of the hydrogen
atoms. Thus, the line of hydrogens on one chain bisects
the hydrogens of the adjacent chain (it appears from Fig.
1 in Ref. 9 that the alkyl chains of 7�NaClO4 are similarly
offset, but no data are provided). The overall length of
each alkyl chain is identical (see Fig. 1): the N � C
distance from the macroring nitrogen to each methyl
terminus is 15.3 Å.


The pseudo-apical water molecule serves as a donor
and is, in turn, H-bonded to the iodide counterion. The O
� � �I� distance is 3.58 Å and the O—H� � �I� angle is
172.6°. As noted above, the reported macroring to
sodium donor group distances in the 7�NaClO4 structure
are shorter (see above) than we observe. The seventh
coordination site is occupied by a perchlorate oxygen
atom. The perchlorate anion is thus in direct contact with
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sodium rather than H-bonded to a molecule of water as in
the present case. The mean cavity radius15 reported for
the perchlorate complex is 1.10 Å, which is similar to but
slightly smaller than the 1.20 Å that we observe for
7�NaI�H2O.
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The parallel chains of 7 align to form a closely packed
bilayer structure (see Fig. 3). Longitudinally, the chains
are deeply interdigitated such that the overall bilayer
thickness is 18.7 Å. The distance (Na � Na = 18.7 Å) is a
measure from sodium in one layer of complexes to the
sodium bound in the interdigitated complex layer.
Indeed, the interpenetration of the monomers is such
that the methyl termini of the dodecyl chains are in
contact with the bottom of the opposite macrocycle’s
headgroup. The figure shows both tube (top) and CPK
representations of one stratum of the bilayer.


The closeness of the fit is apparently permitted in part
by the fact that the side-chains are slanted with respect to
the macroring plane. The chains are about 30° off a
perpendicular to the macroring plane. This arrangement
leaves little physical space between the chains and the
headgroups fit compactly together at the interfaces.
Figure 4 shows representations of the chains viewed
from above. The dark spheres apparent at the top in both
the tube and CPK representations are the macroring
nitrogen atoms. The packing of the hydrogen atoms along
the chains is especially clear in the top row of the CPK
representation.


The headgroup packing arrangement is shown in
Fig. 5. The crowns are viewed from above. Four
macrocycles are arranged in a parallelogram having an
acute angle of 59.1° and an obtuse angle of 120.9°.
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The sides of the parallelogram are 10.6 and 9.7 Å, as
measured using ring-bound Na� as the approximate
center of each macrocycle. The macrocyclic rings are
essentially coplanar, although slightly puckered (see
above). The water molecules coordinated to Na�


protrude almost perpendicularly to the approximate
headgroup plane.


%�
�
���	� ������
	�����


An empirical model16 was developed by Ninham and co-
workers17–19 to predict aggregate type based on the steric
relationship of headgroup and sidearm size. A so-called
surfactant parameter, V/LA, was proposed (A is head-
group surface area, V and L are the volume and length of
the side-chains). A value 0.5 � V/AL � 1 predicts
vesicles and V/LA �0.5 predicts micelle formation.


Simple formulas have been developed that can be
applied to calculate the volume (V) and length (L) of an
unbranched alkyl chain: V = (27.4 � 26.9n) Å3 (= 350.2
Å3 for n = 12) and L = (1.5 � 1.265n) Å (= 16.7 Å for
n = 12). The volume is doubled when two identical chains
are present. Other approaches afford different results. For
example, the volume calculated by Spartan (v. 5.0)
(Wavefunction, Irvine, CA, USA20) for two 12-carbon
alkyl chains (2 � 246.3 Å) is 492.6 Å3. Clearly, this is
only about 70% of the volume calculated by the above-
specified (empirical) formula. Estimating the headgroup
area presents an additional challenge. Measurements of
CPK molecular models suggest a value of 78.5 Å2 as the
headgroup area of 18-crown-6. The Spartan-calculated
value for the headgroup’s solvent exposed (one side)
surface is 156.8 Å2.


A further means for obtaining these molecular par-
ameters is to use the solid-state structure of 7. Using the
crystallographic coordinates for 7�NaI�H2O and the
program X-Seed,21 we measured the cross-ring H—H
distances directly. The measurements were limited to
those hydrogen atoms as nearly opposite to each other as
possible that were pseudo-equatorial. Six values were
measured: 7.44, 7.88, 7.94, 8.16, 8.20 and 8.30 Å. The
radius corresponds to half the average of these values:
3.99 Å. The area, A = �r2, calculated using this radius is
50.1 Å2.


���	�
 	
	 �� 	 �	"�
�� �� ��
 ��������	�
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A final, alternative approach for assessing area was
undertaken as follows. Using the crystal structure
coordinates, X-Seed was used to ‘grow’ a stratum of
the membrane [see Fig. 5(b)]. Each side of the fragment
consisted of 10 monomers, resulting in a block
(7�NaI�H2O)10 � (7�NaI�H2O)10 on a side. The block’s
dimensions were measured to be 94.7 � 103.1 Å. The
angle between these two sides was 120.9°. The surface
area of this block can be calculated by multiplying the
base (B) by the height (H). The height (H) of the fragment
was calculated from the trigonometric relationship
sin(59.1°) = H/94.7; H = 81.3 Å. The product B � H
(103.1 � 81.3 Å) gives an area of 8382 Å2 for the block.
The fragment contains 100 monomers, so the surface area
of each monomer is 83.8 Å2. The values estimated by
these various methods are given in Table 2.


The surfactant parameter V/LA is an excellent tool but
it is empirically derived and its extensibility is therefore
limited. A consideration of steric relationships in
amphiphiles is a valid approach in an effort to understand
aggregation. Moreover, the exercise remains useful as a
caveat for the application of simple models and modeling
programs in understanding supramolecular forces.


���	��� 	-	��/� 	��������



If the headgroup network of azacrown vesicles formed in
aqueous solution is organized by hydrogen bonds and
water bridge interactions,22 then the chain length should
not be an important determinant of vesicular size.
Previous work bears on this point. It was found that
bolaamphiphiles formed from two aza-15-crown-5
(�15N � C12 � N15�, 11) or two aza-18-crown-6
(�18N � C12 � N18�, 12) headgroups separated by
12-carbon spacers formed stable lipid monolayers.6 Light
scattering revealed that their aggregate sizes were 1960
and 1200 Å, respectively despite the identity of chain
length. Of course, bolaform monolayer lipid membranes
that form in aqueous solution cannot be compared
directly with the solid-state bilayers discussed here, but
the structures and the aggregates they form are clearly
influenced by similar forces.


%	��
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Method V (Å3)b L (Å)b A (Å2) V/LA


Ninham and co-workers,17–19 700 16.7 78.5 0.53
From structure using Spartan 493 16 156.8 0.20
From monomer using X-Seed 395 16 50.1 0.49
From 10 � 10 block using X-Seed 395 16 83.8 0.29


a Previously reported data for 7 are from Ref. 4.
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In the discussion that follows, we attempt to derive
information about azacrown aggregates from previous
data obtained in aqueous suspension and the solid-state
data reported here. We recognize that liposome and solid-
state bilayer membranes formed from 7 almost certainly
differ in some respects. Still, the fact that a stable
membrane forms from 7 in solution and the solid-state
structure of 7�NaI�H2O shows a close-packed bilayer is
suggestive. We have therefore used the crystal structure
of 7�NaI�H2O as a model for the organization of the
liposomes.


Previous studies show that 7 and related amphiphiles
form bilayer vesicles that are 2000–3000 Å when
sonicated in aqueous suspension. The solid-state struc-
ture of 7�NaI�H2O shows that the membrane thickness is
18.7 Å and the exposed surface area of the headgroup is
83.8 Å2. The bilayer thickness, chain interdigitation and
headgroup packing observed in the solid state all seem
reasonable if applied to vesicular aggregates. Of course,
water and any hydrogen bonding it contributes would be
lacking in the solid state.


We compare data obtained from vesicles formed from
8 with the solid-state data reported here for 7. Compound
8 has two 14-methylene chains rather than the 12-carbon
chains in 7. In a previous study,5 we used dye entrapment
(methylene blue, [8] = 5 mM, sample size = 10 ml) to
verify the presence of an internal compartment in these
aggregates. Aggregates formed from 8 entrapped dye to
the extent of 13 � 4%, which corresponds to a volume in
this case of �1.3 ml. We assumed that vesicles formed
from 7 would show an inclusion volume similar to that
observed for vesicles formed from 8. Calculations of the
entrapped volume were done using 3000 Å as the
diameter of the vesicles, 18.7 Å as the thickness of the
membrane and 83.8 Å2 as the exposed surface area of one
headgroup.


The surface area and volume of the vesicle were
estimated using the formulas 4�r2 and 4�r3/3, respec-
tively. Thus, the value of the external surface area is
2.83 � 107 Å2 and the internal surface area is 2.76 � 107


Å2. Dividing these values by the surface area of a single
headgroup (83.8 Å2) gives the total number of amphi-
philes in the outer (3.38 � 105) and inner leaflets
(3.29 � 105) of the vesicle. The total number of
amphiphiles in a single vesicle then is 6.67 � 105. The
sample contained 5 � 10�5 (0.005 M � 0.01 l) mol, and
the total number of amphiphiles in the sample,
3.01 � 1019, was determined by multiplying 5 � 10�5


times 6.022 � 1023. The total number of vesicles in the
sample is the total number of amphiphiles (3.01 � 1019)
divided by the number of amphiphiles in one vesicle
(6.67 � 105) = 4.51 � 1013 vesicles. The internal volume
of a single vesicle is calculated to be 1.36 � 1010 Å3,
using the formula 4�r3/3 and a radius of 1500 Å. The


entrapped volume is then the internal volume of one
vesicle (1.36 � 1010 Å3) times the total number of
vesicles (4.51 � 1013) = 6.1 � 1023 Å3.


The experimental value obtained from the dye
entrapment study was �1.3 � 0.4 ml. Applying the same
error, 0.61 � 0.4 ml places the two values in the same
experimental range. Therefore, the calculation approxi-
mates the experimental value to a remarkable degree.
Moreover, the fact that the vesicles exist as a distribution
of sizes was not taken into account as the distribution is
itself a calculated value. A further variable is the
curvature of the vesicles, which is not exactly mimicked
by the planar bilayer structure of (7)n. Thus, the similarity
between the observed and calculated values is striking
given the inherent geometric differences in the planar
structure observed in the crystal structure and the
spherical structures that are present in solution. A final
consideration is that water must permeate the liposomes
and there is no way to take this into account using the
solid state bilayer structure of 7.


9�
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In a recent collaborative effort with Bradshaw and co-
workers, we experimentally assessed the ability of
compounds 13 and 14 to form vesicles.8 The success of
7, which has twin dodecyl chains, suggested that 13 and
14 would also form stable aggregates. The hydroxyl
groups were expected to lend additional efficacy to the
headgroup function. Despite these optimistic expecta-
tions, prolonged sonication of 13–15 resulted in aggre-
gates that precipitated within 30–45 min after sonication
ceased. This is in sharp contrast to aggregates that formed
from the alkyl substituted crowns, some of which
persisted for weeks.


We have previously postulated that protonated nitro-
gen on the macrocycles is critical to organizing the
aggregates that form from aqueous suspension.23 Several
experiments were undertaken in an effort to understand
the association of monomers in the aggregates that were
observed. For example, fourfold isotonic dilution of ag-
gregates formed from azacrown amphiphiles (bolaamphi-
philes, in this case)6 did not change the observed
hydrodynamic radius. Similar results were observed for
eightfold dilution. Cooling from 20 to 10°C an aqueous
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suspension of vesicles prepared from crown ether
bolaamphiphiles likewise had no effect on the hydro-
dynamic diameters. Evans and co-workers24 demon-
strated that temperature increases enhance the thermal
motion of vesicular counterions, which causes surfactant
headgroups to dissociate to a greater extent. Dissociation
of the counteranions reduces their ability to share
headgroup charge. The resulting increase in local
curvature of the vesicular surface decreases aggregate
size, ultimately lysing the aggregates (presumably to
micelles). Above 25°C, the critical micelle concentration
(cmc) of charged surfactants normally increases with
rising temperature,25,26 so the concentration of free
surfactant tends also to increase. Heating to 35°C or
higher led to apparent irreversible vesicular fusion and/or
the formation of large, multilamellar organizates. Similar
studies conducted under acidic conditions (pH = 2)
showed little change in aggregate size from 20 to 40°C.


It is interesting to compare the recent structure of N,N�-
bis(4-n-dodecyloxybenzoyl)-4,13-diaza-1,7,10,16-tetra-
thiacyclooctadecane silver(I) hexafluorophosphate (16)
with the structure of 7. This compound is related to 7 in
that it is a diaza-18-crown-6 derivative having twin tails.
It is related to 13 and 14 because benzene rings are an
integral part of the tail and are present near the macroring
‘headgroup.’ Clearly, the presence of amide links and
sulfur atoms in the macroring of 16 distinguish it from 7.
Moreover, it is a silver complex rather than a sodium
complex. Still, 7 is clearly related in a number of ways to
16 and the latter’s interesting features bear discussion.


Silver cation in 16�AgPF6 is bound essentially by the
four sulfur atoms. The Ag—S distances are 2.47, 2.68,
2.49, and 2.65 Å (S1–S4, respectively). Contacts between
macroring nitrogen and silver, normally a very important
interaction, are 3.45 and 3.64 Å. Of course, as amides,
these nitrogen atoms are expected to be poor donors. The
carbonyl groups do not compensate, however, being 3.39
and 4.45 Å distant. Unlike the 7�Na� complexes, the
alkyl chains are parallel and their ‘zig-zag’ axes are
aligned. This is apparent in Fig. 6, which shows the
arrangement of the alkyl chains and the orientation of the
methylene group hydrogen atoms.


Like 7�NaI�H2O, the alkyl tails of 16�AgPF6 inter-
digitate but the resulting structure appears less a bilayer
than an offset stack. This is apparent in figure 7, which
shows two pairs of interdigitated complexes. The tails of


16 are longer than in 7, being 20–21 Å in the former case
and only �16 Å in the latter. The cation–cation
separation, by which we estimated the bilayer thickness
(see above), is 36.8 (Ag � Ag in 16�Ag�) rather than
18.7 Å (Na � Na in 7�Na�).


The similarities observed in these structures reinforce
the hypothesis that the solid state and vesicular
organizations of alkylcrown amphiphiles are related.
There is an obvious difference in the extent to which the
side-chains of 7 and 16 interdigitate, leading to a
significant difference in membrane thickness. Still, the
side-chains of either compound pack in parallel axes in
bilayers rather than any of the other arrangements one
might easily envisage.


Previous evidence suggested that a hydrogen-bonded
network of protonated macrocycles may define the 2000–
3000 Å aggregate size typically observed for these
systems. Protonation may also contribute to vesicle
stability. Compounds 13 and 14 appear to possess all of
the elements present in 5–10 required for assembly but
fail to form the expected, stable liposomes. The
instability of aggregates formed from 13 and 14 may be
due to the formation of competing, intramolecular
hydrogen bonds between the phenolic hydroxyl group
and the macroring nitrogen. Such an intramolecular H-
bond would preclude the formation of the postulated
intermolecular H-bond network discussed above. Indeed,
exactly this type of intramolecular H-bond formation has
been observed in the solid-state structure of N,N�-bis-
(o-hydroxybenzyl)diaza-18-crown-6 (15) and further
inferred from solution studies.27 Alternately, headgroups
may be bridged by water molecules across the nitrogen
and oxygen macroring donors. Such bridges would help
to stabilize the two-dimensional array of headgroups.
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The recently reported solid-state structure of 15 is
shown in Fig. 8.28 The alkyl substituents that would be
present in compounds 13 and 14 are indicated in Fig. 8 as
circles labeled R1 and R2. In the solid state, the side-arms
are positioned above and below the macrocycle. The
proximity of the hydroxyl groups to the macroring
nitrogens allows for the formation of an intramolecular
hydrogen bond that rigidifies the system and reduces the
ability of the macrocycle to bind alkali metal cations. The
observed O� � �N distance is 2.77 Å and the O—H� � �N
angle is 145.4°.


In summary, previous studies suggested that an H-bond
network organizes liposomes formed from diazacrown
amphiphiles. Phenolic amphiphiles 13 and 14 do not form
stable liposomes even though they appear to possess the
structural elements required to do so. The solid-state
structure and solution studies of 15 show clear evidence


that intramolecular hydrogen bonds form between the
phenolic hydroxyl groups and the adjacent macroring
nitrogen atoms. Because the lone pair electrons on
nitrogen are involved in intramolecular H-bonds, they
cannot form the intermolecular network that we believe is
required for liposome formation. Thus, aggregates form
transiently from 13 and 14 but quickly lose their structure.


)'$)�(�#'$�


The solid-state structure of 7 has proved to be both
revealing and useful in understanding the formation of a
bilayer structure from diaza-18-crown-6 compounds.
Inferential evidence clearly supports the formation of a
hydrogen bond network that contributes to the stability of
aggregates formed from alkyl-substituted diaza-18-
crown-6 derivatives. When competing H-bonds (viz. 13
and 14) can form as in the known structure of 15,
aggregate formation is suppressed. The solid-state
structure of 7�NaI�H2O does not show the putative H-
bond network. Indeed, the N � N distance measured in
the solid-state structure is 5.44 Å — too long for any
reasonable H-bond. Of course, protonation would not be
expected in a crystal obtained from organic solvents and
dominated by the formation of a sodium complex. Even
so, the bilayer formation, side-chain packing and head-
group organization in this structure are revealing and the
observations generally comport with data obtained by a
variety of other methods.


*:9*&#;*$%+�



������ 5 The preparation of 7 has been described
previously.5
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��������*����� �� 2�.�/�0'1 Compound 7 (15 mg) and
an equivalent amount of NaI were dissolved in 2 ml of
acetone–ethyl acetate (1:1, v/v) at ambient temperature.
Slow evaporation of the solvent over several weeks
afforded colorless crystals suitable for x-ray analysis. The
complex was isolated as colorless crystals (m.p. 63–
64°C).


9,��� 	�������������� Intensity data for all crystals
reported here were collected at 173(1) K on a Bruker
SMART CCD diffractometer (� scan mode, Mo K�
radiation, � = 0.7107 Å). Data were corrected for
absorption using the program SADABS.27 Structure
solution was carried out by direct methods and structure
refinement was accomplished with the SHELX-97 soft-
ware29 using the X-Seed22 interface. Direct methods
yielded all non-hydrogen atoms of the asymmetric unit.
These atoms were refined anisotropically (full-matrix
least-squares method on F2). Hydrogen atoms were
placed in calculated positions with their isotropic thermal
parameters riding on those of their parent atoms. The
figures were prepared with X-Seed and POV-Ray.30



������ ���� ��� 5�.�/�0'1 M = 766.88; colorless
parallelepiped, 0.45 � 0.25 � 0.10 mm; triclinic, P � 1;
a = 9.6900(13) Å, b = 10.0245(13) Å, c = 23.993(3) Å,
� = 83.597(2)°, � = 80.638(2)°, � = 64.900(2)°; Z = 2;
V = 2080.1(5) Å3; Dc = 1.224 g/cm3; 2�max = 54.32°, 16
695 reflections collected, 8991 unique [R(int) = 0.0242];
final G0F = 0.954, R1 = 0.0331, �R2 = 0.0798, R indices
based on 7383 reflections with I�2�(I), � = 0.818 mm�1,
minimum transmission factor = 0.7097.



������ ����	���� �� ���"��4� Coordinates for the
previously reported structure12 were obtained from the
Cambridge Structural Database (ZAQYUL) and ana-
lyzed using X-Seed.21
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ABSTRACT: The Menschutkin reactions of 3,4-methylenedioxybenzyl and 3,4-dimethoxybenzyl bromides and also
p-methoxybenzyl bromide with Y-substituted pyridines were kinetically studied for a range of amine concentration in
acetonitrile. The strongly activated benzyl bromides showed a significant positive intercept in the plot of the pseudo-
first-order rate constants against the concentrations of nucleophiles, while less activated benzyl bromides did not give
such significant intercepts. The rate data for respective substrates were fitted to the equationkobs= k1� k2[Nu]. The
first-order rate constant,k1, is unaffected by the nature of the nucleophile, whereas the second-order rate constant,k2,
increased with increasing nucleophilicity. This was ascribed to the simultaneous occurrence ofSN1 andSN2 reactions
without an intermediate mechanism. These results are taken as evidence for the duality ofSN1 andSN2 mechanisms in
the Menschutkin reaction in the non-solvolyzing solvent acetonitrile. Copyright 2001 John Wiley & Sons, Ltd.


KEYWORDS: Menschutkin reaction; benzyl bromides; duality of SN1–SN2 mechanisms


INTRODUCTION


The solvolytic and nucleophilic substitution reactions of
benzylic substrates with nucleophiles have long been a
target of world-wide studies.1-6 Various sophisticated
mechanisms other than the classical IngoldSN1 andSN2
mechanisms1 were proposed for displacement reactions
in the so-called borderline case.3,5-7 Especially the
mechanistic transition fromSN2 to SN1 in the displace-
ment reaction has still been the subject of considerable
controversy. Sneen proposed a unification of theSN1 and
SN2 mechanisms in which all nucleophilic substitutions
involve the formation of ion pairs.6 Bentley and co-
workers proposed the concept of continuous spectrum of
SN1–SN2 mechanisms, involving a continuity of solvo-
lytic mechanisms fromSN1, viaSN2 (intermediate), to the
conventionalSN2 mechanism.7


We have been also involved in the investigations by
means of the substituent effect analysis on the mechan-
ism of the Menschutkin reactions of benzylic systems
with various nucleophiles.8–19 In previous studies on the
Menschutkin reaction of Z-substituted benzyl X-benze-
nesulfonates with Y-substitutedN, N-dimethylanilines in
acetone or acetonitrile,8,10,13,14 the substituent effect


analysis in terms of the correlation interaction coeffi-
cients, rij , led to the conclusion that the reaction
proceeded through theSN2 mechanism in which the
transition state coordinate moved to the tight-loose
direction with benzyl Z-substituents and to the early-late
direction with nucleophile Y-substituents.10,11a


During the course of our continuing studies, we in the
IFOC laboratory found the surprising fact in the above
Menschutkin reaction of benzyl tosylates15 that the
strongly activated benzyl tosylates showed a significant
positive intercept in the plot of the pseudo-first-order rate
constants against the concentrations of nucleophiles,
while less activated benzyl tosylates did not give such
significant intercepts. This was ascribed to the simulta-
neous and independent occurrence ofSN1 and SN2
reactions without an intermediate mechanism in non-
solvolyzing solvents. These results led to the conclusion
of the duality of displacement mechanism, theSN1 and
SN2 mechanisms, in the borderline region.


Later, we extended our substituent effect studies on
reaction mechanisms to the Menschutkin reactions of
substituted benzyl bromides with substituted pyridines
and the related nucleophiles in aprotic solvents. Here also
the concurrentSN1 mechanism will be the case.
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Katritzky and co-workers5 studied extensively the
substitution reactionsof N-alkyl- and -aralkyl-2,4, 6-
triphenylpyridinium salts with neutral amine nucleo-
philes in non-polarsolvents.They also found that the
substitutionreactionsof theN- (m, p-substitutedbenzyl)
salts with neutral amine nucleophiles in non-polar
solvents occurred by a competition mechanism of
concurrentfirst- andsecond-ordersubstitutionreactions.
Through detaileddiscussionswith ProfessorKatritzky,
the authorsarrived at the commonconsensusin their
opinion on the generalityof the competitiveoccurrence
of the concurrentSN1 andSN2 mechanisms.Our special
interestwasthereforestronglyfocusedon the duality of
displacementmechanisms,in theborderlineregion.


In thepresentstudy,in orderto ascertaintheduality of
SN1 andSN2 mechanisms,we undertookprecisekinetic
studies on the reactionsof strongly activated benzyl
bromides1–3 with pyridinesin acetonitrile,basedon a
detailed analysis of the dependenceof rate on the
concentrationof nucleophiles.


RESULTS AND DISCUSSION


The apparentrateconstantskobs weredeterminedunder
the pseudo-first-orderconditions at the concentration
(0.0005M) of substitutedbenzylbromideswith various
concentrationsof Y-substitutedpyridines(0.01–0.3M).
Apparentsecond-orderrateconstants(k2*) werederived
in the usual manner by dividing kobs by nucleophile
concentrations:


kobs� k�2�Nu� �2�


In Table 1 are summarizedthe rate constantsfor the
reactionsin acetonitrileat 50°C of p-methoxybenzyl(1),
3,4-dimethoxybenzyl (2) andpiperonyl (3,4-methylene-
dioxybenzyl)(3) bromideswith thenucleophilepyridine
(Y = H). The plots of the pseudo-first-order rate con-
stants,kobs, versusnucleophileconcentrationsfor these
substratesareillustratedin Fig. 1, in which thereseemto


bedetectablenon-zerointerceptsatzeroconcentrationof
thenucleophile.


Apparent second-orderrate constantsk2* are not a
constantof the substratebromide for varying pyridine
concentrationsbut decreasewith increasing pyridine
concentrationto approacha constantvalue at higher
concentrationsasshownin Tables1 and2.


The apparentrate constantskobs for 2 and 3 with a
series of Y-substituted pyridines all exhibit linear
relationsagainstnucleophileconcentrationswith differ-
ent slopes(k2*) significantly dependingon the nucleo-


Table 1. Pseudo-®rst-order rate constants (kobs) for the reactions of strongly activated benzyl bromides 1, 2 and 3 with
unsubstituted pyridine in acetonitrile at 50°Ca


p-MeO (1) 3,4-(MeO)2 (2) 4-OCH2O-3 (3)


[Nu] (mol 1ÿ1) 105kobs (sÿ1) 104k2* (lmolÿ1sÿ1) 105kobs (sÿ1) 104k2* (lmolÿ1 sÿ1) 105kobs (sÿ1) 104k2* (lmolÿ1sÿ1)


0.01 17.01 170.1 20.3 203 13.18 131.8
0.03 48.8 162.6 53.0 176.6 37.2 123.9
0.05 80.2 160.4 84.7 169.4 61.8 123.6
0.10 158.9 158.9 162 161.9 119.7 119.7
0.15 235 156.6 242 161.0 180 120.2
0.20 309 154.6 318 158.8 238 119.1
0.25 383 153.1 396 158.3 296 118.5
0.30 455 151.8 472 157.4 353 117.7
0.35 528 151.0


a k2* valueswereevaluatedusingEqn.(2); k2* = kobs/[Nu].


Figure 1. Plots of pseudo-®rst-order rate constants (kobs) vs
pyridine concentrations for the reactions of strongly acti-
vated benzyl bromides, 1, 2 and 3, with unsubstituted
pyridine in acetonitrile at 50°C
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philicity of Y-substitutedpyridines, i.e. Y: 4-NH2 4
3-NH2 4 4-Me4 H 4 3-Cl (Table2).


In Fig. 2, kobs values for 2 are plotted against the
concentrationsof a seriesof substitutedpyridines.The
kobs vs [Nu] plots are all linear with different slopes
characteristicof Y-pyridines, and all the linear plots
convergeto anidenticalpositiveinterceptat [Nu] = 0. In
practice,asshownin Fig. 3, theY = 3-Cl andalsoY = H
runs should give a more accuratekobs value of the
intercept,becauseof distinctly lower slopesof their kobs


vs [Nu] plots.
Theslopesof thelinearplotsshouldcorrespondto the


second-orderrate constants,k2, for the bimolecular
reactionsof the respectivebromidewith pyridines,and
theinterceptis independentof thenucleophilesandtheir
concentrations,that is, zeroth order in the nucleophile
andfirst orderin thesubstrate(bromide).


These kinetic results can be fitted into a kinetic
equationasthe sumof zero-andfirst-ordertermsto the
nucleophileconcentration[Nu]:


kobs� k1� k2�Nu� �3�


The k2 and k1 values for the reactionsof benzyl


bromideswith pyridinesare determinedfrom the slope
andinterceptof the linear plot of kobs versusconcentra-
tion of pyridineswith Eqn. (3), asshownin Table3. In
thelastcolumnin Table3 aregiventhecompositions(%)
of the unimolecularreaction in the overall reactionat
[Y-pyridine] = 0.1 M derivedbasedon Eqn.(3).


In the reactionof lessactivatedbenzylbromides17 of
which the substituentsZ are lesselectron-donatingthan
p-Me, the reactionwasaccuratelyfirst-orderin pyridine
concentrationfollowing the second-orderkineticsof the
equation


kobs� k2�Nu� �4�


Experimentally, the plots of pseudo-first-orderrate
constantskobs vs [Nu] werefound to be preciselylinear
andall to passthroughtheorigin within theexperimental
uncertainty, as generally observed for typical SN2
displacementreactions.It is thereforeremarkablethat
thestronglyelectron-donatingbromides1–3 appearedto
give significant positive interceptsin the kobs vs [Nu]
plots,suggestinga competitionof unimolecularreaction.
Theirk2 valuesexhibit asignificantdependenceuponthe
nucleophilicity of pyridines and the electron-donating


Table 2. Pseudo-®rst-order rate constants (kobs) for the reactions of benzyl bromides 2 and 3 with Y-substituted pyridines in
acetonitrile at 50°Ca


4-OCH2O-3 (3) 3,4-(MeO)2 (2)


PyridineY [Nu] (mol 1ÿ1) 105kobs (sÿ1) 104k2* (lmolÿ1sÿ1) 105kobs (sÿ1) 104k2* (lmolÿ1sÿ1)


4-NH2 0.01 164.4 1644 197.6 1976
0.03 478 1593 574 1913
0.05 791 1582 948 1895
0.08 1280 1600 1520 1900
0.10 1590 1590 1900 1900


3-NH2 0.01 51.2 512.1 68.7 687
0.03 149.0 497 197.2 657
0.05 244 487 322 644
0.10 483 483 631 631
0.15 729 486 940 626
0.20 977 489 1250 625
0.25 1210 484 1570 628
0.30 1450 483 1890 630


4-Me 0.01 22.8 228 33.1 331
0.03 65.6 219 88.4 295
0.05 107.4 215 142.5 285
0.10 212 212 277 277
0.15 312 208 413 275
0.20 418 209 548 274
0.25 528 211 682 273
0.30 626 209 822 274


3-Cl 0.01 3.76 37.6 7.77 77.7
0.03 6.49 21.6 12.94 43.1
0.05 9.79 19.6 17.92 35.8
0.10 16.82 16.8 29.8 29.8
0.15 23.9 15.9 41.6 27.8
0.20 30.9 15.5 53.7 26.9
0.25 38.5 15.4 65.4 26.2
0.30 45.9 15.3 77.0 25.7


a k2* valueswereevaluatedusingEqn.(2); k2* = kobs/ [Nu].
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ability of substituentsZ. Thefirst-orderrateconstant,k1,
remainsa constantirrespectiveof nucleophilesand is
zerothorder in the nucleophile,convergingto the same
interceptat [Nu] = 0 asshownin Figs2 and3.


In the Menschutkin reactions of relevant benzylic
precursors,assummarizedin Table4, thecompetitionof
the unimolecularmechanism(SN1 reaction)appearedto
bemoreimportantin thereactionsof thebenzyltosylates
than in the correspondingbromides,15 and the unimol-


ecularmechanismis evenmoresignificantfor secondary
benzylic systems.16 In the caseof 1-phenylethylbro-
mides, the unimoleculark1 term was observedfor the
whole rangeof electron-donatingsubstituentssz


+� 0.16


The kinetic Eqn. (3) is compatiblewith the simulta-
neousand competitiveoccurrenceof independentSN1
and SN2 processes,and the overall reaction can be
depictedby themechanisticScheme1.


Both the unimolecularandbimolecularrateconstants
k1 and k2 should show different susceptibilitiesto the


Figure 2. Plots of pseudo-®rst-order rate constants (kobs) vs
nucleophile concentrations for the reactions of 3,4-di-
methoxybenzyl bromide with Y-substituted pyridines in
acetonitrile at 50°C


Table 3. First-order (k1) and second-order (k2) rate constants for the reactions of Z-substituted benzyl bromides with Y-pyridines
in acetonitrile at 50°C


Z Y na Rb Slope104k2 (lmolÿ1sÿ1) Intercept,105k1 (sÿ1) 100k1/(0.1k2� k1)
c


4-OCH2O-3 (3) 4-NH2 5 0.9999 1587 2.6 0.2
3-NH2 8 0.9999 484 2.6 0.5
4-Me 8 0.9999 208 2.6 1.2


H 8 0.9999 117.4 2.5 2.1
3-Cl 8 0.9999 14.46 2.3 13.8


p-MeO (1) H 9 0.9999 150.4 5.6 3.6
3,4-(MeO)2 (2) 4-NH2 5 0.9999 1891 6.5 0.3


3-NH2 8 0.9999 625 6.4 1.0
4-Me 8 0.9999 272 6.4 2.3


H 8 0.9999 155.7 6.2 3.9
3-Cl 8 0.9999 23.8 5.8 19.5


a Thenumberof data.
b Correlationcoefficient.
c Percentreactionby SN1 routeat [Y-pyridine] = 0.1 M.


Figure 3. Dependence of kobs on concentrations of 3-chloro-
and unsubstituted pyridines in the Menschutkin reactions of
benzyl bromides, 2 and 3, in acetonitrile at 50°C
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benzyl Z-substituentsreflectingthe natureof two com-
peting mechanisticprocesses.For the benzyl Z-substi-
tuent effects, the resonance-enhancedscales� appears
perhapsto beappropriate.Theapparents� valuesfor p-
methoxyand3,4-methylenedioxygroupswereavailable
from thesolvolysisof 1-phenylethylchlorides,by means
of theYukawa–Tsunoequation:20


log�k=k0� � ���0� r���R� �5�


In the solvolysis of 1-phenylethyl chlorides, the
apparents� values at r = 1.14 were given as ÿ0.923
for p-MeO andÿ0.845 for 3,4-methylenedioxysubsti-
tuents; the difference(s1


� ÿ s3
�) should be constantat


ÿ0.078irrespectiveof minor changesin the r parameter
of the system (Y. Tsuno and M. Fujio, unpublished
work). Thes� valueof 3,4-dimethoxysubstituentin the
presentsystemappearsto beslightly morenegativethan
thevaluefor thep-methoxygroup;this is reasonablefor
thes�-type reactionsin aproticacetonitrilesolution.


Hence the unimolecular reaction of which the
reactivity differenceof log (k1)1/(k1)3 = 0.40 between1


and3 givesar� valueof ca.ÿ5, for thedifferenceÿ0.08
in s� for 1 and3. On the otherhand,the corresponding
reactivity difference log (k2)1/(k2)3� 0.1 for this s�


rangegivesa smallr� of ÿ1 andalsoa lowerr valueof
ÿ0.5 for electron-withdrawingsubstituentsfrom pre-
viously reporteddata.17


The r� value of ÿ5 for the unimolecularreactionis
comparable to those for typical SN1 solvolyses of
benzylic substrates.The curved s� plot with smaller
varyingr� for the bimolecularreactionis characteristic
of the SN2 mechanism, involving the tight–loose
coordinateshift of thetransitionstatewith Z-substituents.


The ionizing power of the solvent will render it
possibleto distinguishbetweentheunimolecularSN1 and
the bimolecularSN2 mechanisms.The apparentkobs for
3,4-dimethoxybenzyl bromide(2) with pyridineincreases
with increasingcontentof TFEin therange0–5%(v/v) in
binaryacetonitrile–2,2,2-trifluoroethanol(TFE) mixtures
at 50°C (Table5). In Fig. 4, theplot of log kobs vs [Nu]
for 2 in neat acetonitrilesolution movesupwardsin a


Table 4. First-order (k1) and second-order (k2) rate constants for the Menschutkin reactions of benzylic substrates


Nucleophile Slope, Intercept,
Substrate Z Nua andsolventb 104k2 (lmolÿ1 sÿ1) 105k1 (sÿ1) 100k1/(0.1k2� k1)


c


Benzylbromide p-MeOd Py, AN 150.4 5.6 3.6
p-MeOe Py, AN 68.8 52


Benzyl tosylatese p-MeS DMA, AN 137 203 60
p-MeO DMA, AN 330f 1700f


1-Phenylethylbromidese,g p-MeO Py, AN 282 1660 85
H Py, AN 0.554 0.03 5.5


1-Phenylethyltosylatee,h H Py, AN 4.53 10.8 70
H DMA, AN 7.98 10.7 58


a Nucleophiles,Nu; Py= pyridine; DMA = N, N-dimethylaniline.
b Solvent;AN = acetonitrile.
c Percentreactionby SN1 routeat [Y-pyridine] = 0.1 M.
d At 50°C.
e At 35°C.
f Estimatedby meansof the Yukawa-Tsunocorrelationsfor thek1 andk2 processes;Ref. 15.
g Ref. 16.
h Y. TsunoandM. Fujio, unpublishedwork datatakenfrom C. Lim, PhD Dissertation,KyushuUniversity,Fukuoka,1998.


Scheme 1


Table 5. Pseudo-®rst-order rate constants (kobs) for the
reactions of 3,4-dimethoxybenzyl bromide with pyridine in
TFE±acetonitrile mixtures at 50°C


105kobs/(s
ÿ1)


[Pyridine] (mol 1ÿ1) 2% (v/v) TFE 5% (v/v) TFE


0.01 30.0 54.6
0.03 63.1 89.8
0.05 93.8 120.6
0.10 173.7 197.5
0.15 253 279
0.20 328 357
0.25 405 434
0.30 485 511
105k1 (sÿ1) 16.1 41.4
104k2 (l molÿ1 sÿ1) 156.2 157.1
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parallelmannerwith increasingTFE contentin solvent;
the increasingTFE content brings about higher inter-
cepts,i.e. enhancedk1 values,without a changein the
slopeof theplot, i.e.nochangein k2. Theseresultsimply
that the unimolecular processshould have a highly
carbocationictransitionstate(mostplausiblyreferredto
as an SN1 mechanism)but the bimolecularprocessan
essentiallyneutral or unchargedtransition state (SN2
mechanism).Essentiallythesamesolventeffecthasbeen
observedin the reactionof 1-phenylethylarenesulfona-
tes.21


TheSN1 mechanismcanbeevidencedby thedetection
of the return (kÿ1) processfrom the intermediateto the
reactant.In theMenschutkinreactionof benzyltosylate,
the 18O scrambling of the alkoxy oxygen within the
sulfonyl-Olabeledtosylates-S(18O)2 wasdetectedwith or
without N,N-dimethylanilines in acetonitrile.22 These
findings provide strong support for the concurrentk1


ionizationprocessof anSN1 mechanism.
We have taken the present results as convincing


evidencefor theoccurrenceof simultaneousSN1 andSN2
mechanismsbut againstthe mechanismwith a single
processinvolving either a common intermediateor a
transition state, in the reaction of activated benzyl
bromideswith amines.


For the so-called SN1 mechanism, the apparent


reactionrateconstantkSN1* canbeexpressedby


kSN1* � k1k02�Nu�=�kÿ1 � k02�Nu�� �6�


Hence,whenk'2 [Nu]� kÿ1, Eqn.(6) shouldbereduced
to the simple unimolecularrate equation,whereasEqn.
(6) correspondsto the bimolecularrate equation[Eqn.
(4)] whenkÿ1� k'2 [Nu]. Thisconstitutesthebasisof the
Sneenunified ion-pair mergedmechanism6 of nucleo-
philic substitution.Nevertheless,whereasthis merged
mechanismmay describeeither the SN1 or the SN2
mechanism in terms of whether kÿ1� k'2 [Nu] or
kÿ1� k'2 [Nu], it doesnot interpretthe concurrentSN1
andSN2 mechanisms,i.e. Eqn.(3).


Thepresentresultsarenot compatiblewith theSneen
mergedmechanism,6 and the simplest schemeof the
whole reactionshouldbe describedby Eqn. (3) or Eqn.
(7) with kÿ1� k'2 [Nu]:


kobs� k1� k2�Nu�
� k1k


0
2�Nu�=�kÿ1� k02�Nu�� � k2�Nu� �7�


Both termsareexactly referredto the classicalSN1 and
SN2 mechanismsby the Ingold definition.1 We believe
that the results provide evidence for the duality of
mechanismsat leastfor highly activatedbenzylbromides
evenin thepresenceof agoodnucleophilein acetonitrile.
However,if kÿ1� k'2 [Nu], theSN1 mechanismdoesnot
competewith the SN2 mechanismfrom this simplest
Scheme1.


According to the Winstein ion-pair scheme(Scheme
2),3 when kÿ1� k'2 [Nu], the SN1 mechanismshould
operateat the secondcarbocation(or the final ion pair)
intermediate,of which the foregoing transition stateis
essentiallyrate determining.Provided kÿC� kn [Nu],
kobs canbegivenby a kinetic equation:


kobs� �k2� K1k
0
2��Nu� � K1kc �8�


where K1 = k1/kÿ1. The form of the equationdoesnot
dependon the number of intervening ion-pair inter-
mediates;thetermK1k'2 [Nu] maybereplacedby thesum
of terms[Nu]�(K1k2)i. Thus the SN1 and SN2 mechan-
isms remain distinct from their molecularity (or the
kinetic order)in thepresentreaction.


The Bentley-Schleyerconceptof a continuousspec-
trum of SN1–SN2 mechanisms7 involves the SN2 (inter-


Figure 4. Plots of pseudo-®rst-order rate constants (kobs) vs
nucleophile concentrations for the reactions of 3,4-di-
methoxybenzyl bromide with pyridine in TFE±acetonitrile
mixtures at 50°C


Scheme 2
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mediate)mechanism,given by the term K1k'2 [Nu] in
Eqn. (8), which may correspondto the Sneen SN2
mechanism.Whereaswe seea continuousseriesof SN2
mechanismsof varying tightnessfor the bimolecular
process on changing the Z substituents, the SN2
(intermediate)shouldbe the loosest(most dissociative)
limit of the SN2 transition state. Nevertheless,this
mechanismis still discernible from the unimolecular
ionizationmechanism,eventhoughit closelyresembles
in structurethetransitionstateof theSN1 mechanism.15,16


Katritzky and co-workers’amineexchangeof benzyl-
2,4,6-triphenylpyridiniumion is virtually an identity reac-
tion, which is conceivablyan idealsystemto bedescribed
by a continuousspectrumof SN2 mechanismsof varying
tightness.5 The competitionof the unimolecularreaction
mustbehighly enhanced.Thebulky leavinggroupshould
enhancethe dissociationbut retard the SN2 reactionby
steric hindranceto the approachingnucleophile.In addi-
tion, the aprotic solventshouldbe favorablefor the SN2
mechanismbut not unfavorablefor theSN1 mechanismof
the positively charged(or almostneutral)leavinggroups.
Nevertheless,thedualityof SN1–SN2 mechanismsis in fact
independentof thedifferentnaturesof the leavinggroups.
Furthermore,the reactionsof p-methoxybenzylbromide
(1) with pyridines or with thiourea in aqueousacetone
solutionwerealsofound to proceedby simultaneousSN1
and SN2 mechanisms.23 The simultaneousoccurrenceof
independentSN1 and SN2 mechanismsis believedto be
fairly generalandnot specificto the presentMenschutkin
systemin aproticsolvents.


Finally, the natureof the Menschutkinreaction as a
typical bimolecularmechanismcan also be most clearly
demonstratedby thesubstituenteffectsof nucleophiles by
meansof theBrønsted-typeor theHammett-typerelation-
ships.4aThery valuesin thelog k2 vssry relationship19 for
thenucleophilesubstituenteffectsof thesebromides2 and
3 (in Tables1 and 2) are ÿ1.85 andÿ1.98. Thesery


valuesrefer to theBrønsted-typeb values,0.25and0.27.
The magnitudes of these ry and b values are very
compatiblewith the bimolecularprocessof the dissocia-
tive SN2 mechanism.11 Detaileddiscussionon this point
will be reported, including full data for electron-with-
drawingZ-benzylsubstrates,in separatepapers.


EXPERIMENTAL


Materials. Purificationof acetonitrilehasbeendescribed
previously.15,17Pyridinesarecommerciallyavailableand
were further purified by distillation or recrystallization
before use. Benzyl bromideswere preparedfrom the
correspondingbenzyl alcohols commercially available
by brominationwith hydrobromicacid.


Thetypical methodfor preparingpiperonylbromideis
asfollows: HBr gasin 47%HBr solutionwasaddedusing
a connectedglasstubeto 10ml of anetherealsolutionof
piperonylalcohol(0.015mol, 2.28g),with stirringbelow


0°C for severalhours.The productwas extractedwith
diethyl ether, washedtwice, treatedwith 10% K2CO3


solution and then distilled underreducedpressure.The
crudepiperonylbromidewaspurifiedby recrystallization
from diethyl ether-hexane;m.p. 48°C (lit.24 49°C); 1H
NMR (CDCl3), � 4.71 (s, 2H, CH2), 6.13 (s, 2H,
—OCH2O—), 6.90–7.24 (m, 3H, aromatic). p-MeO
derivative; liquid; 1H NMR (CDCl3), � 3.79 (s, 3H,
CH3O), 4.61(s, 2H, CH2), 6.83–7.49(m, 4H, aromatic).
3,4-(MeO)2 derivative; m.p. 39–41°C; 1H NMR
(CDCl3), � 4.04 (s, 6H, (CH3O)2), 4.62 (s, 2H, CH2),
7.14–7.48(m, 3H, aromatic).


Kinetic measurements. Thereactionratesof substituted
benzyl bromideswith pyridine in acetonitrile at 50°C
were measuredusing a conductimetric method15 by
following the conductancechangesof the quaternary
pyridinium saltsformedin thereactionasshownin Eqn.
(1).


All kinetic runs were carried out under the pseudo-
first-orderconditionswith initial concentrationsof 0.01–
0.30M pyridine,which are20–600timeslargerthanthe
initial concentration(0.0005M) of the substrate,benzyl
bromides.


Thesecond-andfirst-orderrateconstantsk2 andk1 in
Eqn.(3) weredeterminedby theleast- squaresmethodas
the slopeand interceptof the plot of pseudo-first-order
rate constantskobs vs [Nu]; correlation coefficientsR
>0.9999.
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ABSTRACT: The thermochemistry of c-C5H4 (3B1), c-C5H5
. and c-C5H6 was investigated at the G2M(RCC,MP2)


level. The heat of formation (DHo
f,298), ionization potential (IP), electron affinity (EA) and proton affinity (PA) are


respectively, 125.1, 204.4, 42.5 and 230.7 kcal molÿ1 for c-C5H4 (3B1), 63.5, 195.2, 44.9 and 197.2 kcal molÿ1 for
c-C5H5


. and 32.1, 199.9, 26.0 and 195.2 kcal molÿ1 for c-C5H6. The computed values for the last two molecules are in
excellent agreement with available experimental data, with the errors of�1 and�2 kcal molÿ1 for the heat of
formation and the other parameters, respectively. In addition, the heat of formation of c-C5H4


.ÿ is evaluated as
82.0 kcal molÿ1, about 10 kcal molÿ1 higher than the experimental value. This leads to the suggestion that the
experimentalDHo


f,298(c-C5H4
.ÿ) value needs to be re-examined. Copyright 2001 John Wiley & Sons, Ltd.


KEYWORDS: ab initio calculations; G2M method; thermochemistry; cyclopentadienyl radical; cyclopentadieny-
lidene; 1,3-cyclopentadiene


INTRODUCTION


As important intermediate species in oxidation reactions
of benzene and toluene at high temperature, three
cyclopentadiene hydrocarbons, cyclopentadienylidene
(c-C5H4), the cyclopentadienyl radical (c-C5H5


.) and
1,3-cyclopentadiene (c-C5H6), have been the subjects of
numerous experimental and theoretical studies.1–7 While
the cyclopentadienyl radical is an important ligand in
many inorganic complexes, cyclopentadienylidene, the
second organic ring (the first one is c-C3H2), is assumed
to exist in interstellar space.2


The lowest energy geometric configurations of c-C5H6,
c-C5H5


. and c-C5H4 haveC2v symmetry and their ground
electronic states are1A1,


2B1 and3B1, respectively. These
facts are well established by both theoretical calculations
and experiment.


The thermochemical parameters of c-C5H6 and
c-C5H5


., including the heat of formation (DHo
f,298),


ionization potential (IP), electron affinity (EA) and


proton affinity (PA), are well known, but the thermo-
chemical parameters of c-C5H4 remain controversial. A
large discrepancy between the reported experimental and
theoretical results for the heat of formation of c-C5H4


(3B1) exists. In early theoretical studies, Glukhovtsevet
al.3 and later Bolfillet al.1 reportedDHo


f,298(c-C5H4) as
119.4 and 119.5 kcal molÿ1, respectively (1 kcal =
4.184 kJ). These values were based on semi-empirical
calculations at the MNDO level. In a more recent
computational study, Wang and Brezinsky,5 using a
higher theoretical level, the G2(MP2,SVP) and
G2(B3LYP/MP2,SVP) methods and Eqn. (1), arrived at
a value of 125.2 kcal molÿ1. The reported value of
125.2 kcal molÿ1 is similar to those in Refs 1 and 3 (a
difference of ca. 5.5 kcal molÿ1) but varies greatly from
the experimentally obtained value of 112.3� 4.7 kcal
molÿ1.4


cÿC5H4�3B1� � 6CH4!: CH2�3B1� � 3C2H6� 2C2H4


�1�


These differences might be attributed to either the
accuracy of the level of theory used or the experimental
heat of formation of c-C5H4


.ÿ of 71.9� 3.6 kcal molÿ1


chosen as the reference by McDonaldet al.4 is uncertain.
DHo


f,298(c-C5H4
.ÿ) was derived fromPA(c-C5H4


.ÿ) =
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378.2� 2.4kcalmolÿ1, DHo
f,298(c-C5H5


.) = 60.9� 1.2
kcalmolÿ1 andDHo


f,298(H
�) = 367.2kcalmolÿ1.


Consideringthe large discrepancyand importanceof
accuratedatafor thesereferencespecies,in thisstudywe
setout to re-examinethethermochemicalparametersfor
cyclopentadienylidene (c-C5H4), cyclopentadienylradi-
cal (c-C5H5


.) and 1,3-cyclopentadiene(c-C5H6) using
ourG2M(RCC,MP2)method.Thecalculatedparameters
for c-C5H5


. and c-C5H6 were comparedwith available
experimentalresultsin orderto checktheaccuracyof our
theoreticalmethod.The heatof formation of c-C5H4


.ÿ


was also re-computed,basedon five different working
reactions.Finally, dissociationenergiesfor the C—H
bondin the title specieswerealsoinvestigated.


COMPUTATIONAL METHODS


All calculations were performed using the
G2M(RCC,MP2)method,8 a variantof theG2 method.9


This methodgivesan approximationto the RCCSD(T)/
6–311�G(3df,2p) energiesand includes the empirical
‘higher levelcorrection’alsousedin G2.9 It usesB3LYP/
6–311G(d,p)optimizedgeometriesandZPE corrections
(thermal correctionsin this paper) and substitutesthe
QCISD(T)/6–311G(d,p) calculation of the original G2
schemeby therestrictedcoupledcluster10 RCCSD(T)/6–
311G(d,p)calculation.It shouldbe mentionedthat the
G2M methodcan be also applied using MP2/6–31G*
geometriesand frequencies,8 but the accuracyexpected
in this caseis similar or slightly worsethanwith B3LYP
geometries.The total energy in G2M(RCC,MP2) is
computedasfollows:


E�G2M�RCC;MP2�� � E�MP2=6ÿ311�G�3df; 2p��
� E�RCCSD�T�=6ÿ311G�d; p��
ÿ E�MP2=6ÿ311G�d; p��
��E�HLC�
� TC�B3LYP=6ÿ311G�d; p��


�2�


with the ‘higher level correction,’


�E�HLC� � ÿ5:25n� ÿ 0:19n� �3�


where na and nb are the numbersof a and b valence
electrons,respectively.It is known that the expected
accuracy of this computationalschemeis within 1–
2 kcalmolÿ1.8,9 When necessary,the Gaussian-3(G3)
theory which is based on MP2/6–31G* optimized
geometries11 and the CCSD(T)/6–311�G(3df,2p) level
were also usedto test the accuracyof our calculations.
TheGaussian9812 andabinitio MOLPRO9813programs
wereemployedfor thecalculations.


RESULTS AND DISCUSSION


Optimized geometriesof various speciesare shown in
Fig. 1. Calculatedtotal energiesandexperimentalheats
of formation of the referencespeciesare presentedin
Table 1. Table 2 summarizesthe heatsof formation of
c-C5H4 (3B1), c-C5H5


., c-C5H6 andc-C5H4
.ÿ calculated


by employingten, three,six and five different working
reactions, respectively. Table 3 summarizes other
thermochemicalparametersof c-C5H4 (3B1), c-C5H5


.


and c-C5H6 such as IP, EA and PA. Where possible,
computedvalues are comparedwith available experi-
mental data. Table 4 shows the results for heats of
formation of c-C5H4


.�, c-C5H5
� (1A1), c-C5H5


� (3A'1),
c-C5H5


ÿ, c- C5H6
.� andc-C5H6


.ÿ. Thecalculatedresult
for c-C5H5


ÿ is usedfor comparisonwith theexperimental
valuein orderto havea furthercheckof theaccuracyof
ourmethod.Finally, Table5 summarizesthedissociation
energiesof C-H bondsin c-C5H5


� (1A1), c-C5H5
� (3A'1),


c-C5H5
ÿ, c-C5H6, c-C5H6


.� andc-C5H6
.ÿ.


As seenin Table2, thevaluesfor theheatof formation


Figure 1. B3LYP/6±311G(d,p) optimized geometries of
various cyclopentadiene hydrocarbons. Bond lengths are in
AÊ and bond angles in degrees
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of c-C5H4 (3B1) computedby using10 differentworking
reactions(4)–(13)areinternallyconsistent;with anerror
barof ca.0.9kcalmolÿ1. Thesmallestandlargestvalues
are obtainedfrom reactions(5) and (7), respectively.
Reaction(5) is an isomerizationand the result is based
uponthe heatof formationof spiropentadiene(c-C5H4),
calculatedin ourpreviouspaper,14 150.5� 2 kcalmolÿ1.
This valuewasalsoobtainedfrom 27 different working
reactionsat the G2M(RCC,MP2) level. Thus, similar
errorbarsof �2 kcalmolÿ1 canbeexpectedfor DHf


o,298


of c-C5H4 (3B1) obtainedfrom reaction(5). Reaction(7)
is not isodesmic.Although two C=C doublebondsare
conserved,a cycle and a lone-pair are changedinto a


C�C triple bond.Thiscanexplainwhy thelargestvalue
is obtained. Reaction (4) was used by Wang and
Brezinsky.5 An interestingpoint comesfrom reaction
(4) from which a value of 125.4kcalmolÿ1 is derived.
This is in good agreementwith reported value of
125.2kcalmolÿ1 (see Ref. 5) derived at the
G2(B3LYP,MP2,SVP)level. Taking the averageof the
computedvaluesasourbestestimate,thestandardheatof
formation of c-C5H4 (3B1) can thus be proposedas
125.1kcalmolÿ1, with a probable error of �1 kcal
molÿ1. This valueis in excellentagreementwith that of
Wang and Brezinsky,5 but still differs from the experi-
mentallydeterminedvalue.4 As mentionedabove,these


Table 1. Calculated total energies (in hartrees), thermal corrections (in kcal molÿ1) and experimental heats of formation
(in kcal molÿ1) of various CnHn species


Species MP2/6–311G(d,p)
CCSD(T)/


6–311G(d,p)
MP2/


6–311�G(3df,2p) TCa
G2M


(RCC,MP2) DHo
f,298


b


H� 0 0 0 0 0 365.7c


H. ÿ0.49981 ÿ0.49981 ÿ0.49981 0.0 ÿ0.50000 52.10
H2 ÿ1.16025 ÿ1.16834 ÿ1.16273 7.80 ÿ1.16383 0.00
:CH2 (1A1) ÿ39.00441 ÿ39.03472 ÿ39.02810 12.12 ÿ39.05542 102.7d


:CH2 (3B1) ÿ39.03306 ÿ39.05464 ÿ39.05229 12.57 ÿ39.06510 93.8d


ÿ.CH2 ÿ39.01215 ÿ39.03653 ÿ39.06564 11.00 ÿ39.08900 78.3� 2.0
.CH3 ÿ39.70724 ÿ39.73223 ÿ39.73133 20.48 ÿ39.74019 34.82
�CH3 ÿ39.35618 ÿ39.38112 ÿ39.37505 21.35 ÿ39.38229 261.71
ÿCH3 ÿ39.67027 ÿ39.69498 ÿ39.72702 19.18 ÿ39.74292 33.10� 0.9
CH4 ÿ40.37923 ÿ40.40583 ÿ40.40564 29.78 ÿ40.40654 ÿ17.89
C2H2 ÿ77.11071 ÿ77.13879 ÿ77.15662 18.70 ÿ77.18210 54.19
C2H4 ÿ78.34416 ÿ78.38371 ÿ78.39332 33.79 ÿ78.41166 12.54
C2H5


ÿ ÿ78.86356 ÿ78.90640 ÿ78.93809 37.63 ÿ78.95904 34.3� 2.1
C2H6 ÿ79.57087 ÿ79.61568 ÿ79.62018 48.86 ÿ79.62521 ÿ20.04
H3C—C�CH ÿ116.31358 ÿ116.35866 ÿ116.38457 37.30 ÿ116.41373 44.32
c-C3H4 ÿ116.27582 ÿ116.32172 ÿ116.34677 37.10 ÿ116.37707 66.2e


H2C=CHCH3 ÿ117.54350 ÿ117.60019 ÿ117.61677 52.35 ÿ117.63899 4.88
c-C3H6 ÿ117.53652 ÿ117.58926 ÿ117.60887 52.93 ÿ117.62622 12.74
C3H8 ÿ118.76598 ÿ118.82858 ÿ118.83892 67.48 ÿ118.84838 ÿ25.02
H2C=CH—CH=CH2 ÿ155.52226 ÿ155.59031 ÿ155.61933 56.12 ÿ155.65779 26.00
c-C5H4 (D2d,


1A1) ÿ192.17037 ÿ192.23418 ÿ192.28730 43.11 ÿ192.34769 150.5� 2f


c-C5H4(C2v,
3B1) ÿ192.20308 ÿ192.28665 ÿ192.31664 44.41 ÿ192.38966


c-C5H4 (C1,
1A) ÿ192.20219 ÿ192.27187 ÿ192.31942 44.26 ÿ192.38385


c-C5H4
.ÿ (C2v,


2A1) ÿ192.26286 ÿ192.32629 ÿ192.39804 43.48 ÿ192.45765
c-C5H4


.� (C2v,
2B2) ÿ191.88578 ÿ191.96903 ÿ191.99087 44.14 ÿ192.06381


c-C5H5
. (C2v,


2B1) ÿ192.88364 ÿ192.96786 ÿ193.00129 51.73 ÿ193.06854 63.6� 1.0g


c-C5H5
� (C2v,


1A1) ÿ192.58586 ÿ192.66094 ÿ192.69669 52.60 ÿ192.75323
c-C5H5


� (D5h,
3A'1) ÿ192.60328 ÿ192.67204 ÿ192.71287 53.05 ÿ192.75731


c-C5H5
ÿ (D5h,


1A'1) ÿ192.95218 ÿ193.01279 ÿ193.09086 51.39 ÿ193.14029
c-C5H6 (C2v,


1A1) ÿ193.53597 ÿ193.60871 ÿ193.65441 60.44 ÿ193.70155 32.1� 0.4e


c-C5H6
.� (C2v,


2A2) ÿ193.22252 ÿ193.30279 ÿ193.33332 60.40 ÿ193.38281
c-C5H6


.ÿ (Cs,
2A') ÿ193.46148 ÿ193.53881 ÿ193.60175 56.26 ÿ193.66033


c-C5H6
.ÿ (C2v,


2B1) ÿ193.46129 ÿ193.53855 ÿ193.60149 55.57 ÿ193.66110
c-C5H7


� (C2v,
1A1) A ÿ193.81554 ÿ193.89699 ÿ193.92888 65.80 ÿ193.97619


c-C5H7
� (C2v,


1A1) B ÿ193.85922 ÿ193.93735 ÿ193.97194 67.88 ÿ194.01262


aIncluding zero-pointenergyandthermalcorrectionat 298K usingunscaledfrequencies.
bExperimentalvaluesaretakenfrom Ref. 16, unlessmentionedotherwise.
cDerivedfrom theH� � eÿ → H. reactionandDHo


f,298(H
.)exp = 52.10kcalmolÿ1 from Ref. 16.


dExperimentalvaluefrom Ref. 17.
eExperimentalvaluefrom Ref. 18.
fTheoreticalvaluefrom Ref. 14.
gExperimentalvaluefrom Ref. 19.
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discrepanciescan be due to the use of insufficiently
accurate theoretical level or the uncertainty of the
DHo


f,298(c-C5H4
.ÿ) valueof 71.9� 3.6kcalmolÿ1.


In orderto testtheaccuracyof our method,theheatof
formationof c-C5H4 (3B1) wasalsocalculatedusingthe
G3 and CCSD(T)/6–311�G(3df,2p) methods. Based
upon the computed atomization energy, a value of
124.6kcalmolÿ1 for the heat of formation of c-C5H4


(3B1) wasderivedusingtheG3method.Anothervalueof
124.8kcalmolÿ1 was computed at the CCSD(T)/6–
311�G(3df,2p)level basedon the working reaction(4).
These values agree well with 125.1�1 kcalmolÿ1


obtainedat theG2M level.
We alsotestedour methodby calculationsof heatsof


formation of similar molecules and comparison of


obtainedvalueswith availableexperimentaldata. 1,3-
Cyclopentadiene(c-C5H6) and cyclopentadienylradical
(c-C5H5


.) werechosenasthebestexamplesbecausethey
have geometriessimilar to that of c-C5H4 and their
available experimentaldata are well established.The
heatsof formationof c-C5H6 andc-C5H5


. werecomputed
by usingthreeandsix different working reactions(14)–
(16) and (17)–(22), respectively (see Table 2). The
calculatedvaluesareinternallyconsistent,with errorsof
only 0.1and0.4kcalmolÿ1. Our bestvaluestakenasthe
averageof computed values are 32.1 and 63.5kcal
molÿ1. Heatsof formationfor c-C5H6 andc-C5H5


. were
also calculatedusing the G3 methodand the valuesof
32.7 and 63.9kcalmolÿ1, respectively,were obtained.
The resultsarein excellentagreementwith all available


Table 2. Calculated heats of formation (in kcal molÿ1) for cyclopentadienylidene (c-C5H4,C2v,
3B1), 1,3-cyclopentadiene (c-


C5H6, C2v,
1A1), cyclopentadienyl radical (c-C5H5


.,C2v,
2B1) and cyclopentadienylidene radical anion (c-C5H4


.ÿ, C2v,
2A1) from


energies (DHr,298 in kcal molÿ1) of different working reactions by the G2M(RCC,MP2) method


Reaction
No. Reaction DHo


r,298 DHo
f,298 DHo


f,298 exp.


(4) c-C5H4 (3B1)� 6CH4 → :CH2 (3B1)� 3C2H6� 2C2H4 40.71 125.4
(5) c-C5H4 (3B1) → c-C5H4 (Spiropentadiene)a 26.34 124.2
(6) c-C5H4 (3B1)� CH4 → C4H6(1,3-but.)� C2H2 ÿ27.41 125.5
(7) c-C5H4 (3B1)� C2H6 → C4H6 (1,3-but.)� HC�C-CH3 ÿ35.55 125.9
(8) c-C5H4 (3B1)� C3H8 → 2C4H6 (1,3-but.) ÿ48.65 125.7
(9) c-C5H4 (3B1)� C2H6 → C4H6 (1,3-but.)� :CH2(


3B1)� C2H2 68.95 125.1
(10) c-C5H4 (3B1)� C3H8 → C4H6 (1,3-but.)� :CH2(


3B1)� HC�C—CH3 63.65 125.5
(11) c-C5H4 (3B1)� C3H8 → C4H6 (1,3-but.)� :CH2(


3B1)� c-C3H4 86.65 124.4
(12) c-C5H4 (3B1)� C3H8� H2 → C4H6 (1,3-but.)� :CH2(


3B1)� c-C3H6 33.11 124.5
(13) c-C5H4 (3B1)� C3H8� H2 → C4H6 (1,3-but.)� :CH2(


3B1)� nÿC3H6 25.10 124.6
Average= 1/N�(DHo


f,298)i with N = 10 125.1
Error= [Max(DHo


f,298)ÿMin(DHo
f,298)]/2 0.9


(14) c-C5H6� CH4 → C4H6 (1,3-but.)� C2H4 24.25 32.2
(15) c-C5H6� C2H6 → C4H6 (1,3-but.)� c-C3H6 26.83 32.0 32.1� 0.4c


(16) c-C5H6� C2H6 → C4H6 (1,3-but.)� n-C3H6 18.81 32.1 31.89d


Average= 1/N�(DHo
f,298)i with N = 3 32.1 33.2e


Error= [Max(DHo
f,298)ÿMin(DHo


f,298)]/2 0.1
(17) c-C5H5


.� CH4 → c-C5H6
b� .CH3 20.92 63.9


(18) c-C5H5
.� H. → c-C5H6


b ÿ83.46 63.4
(19) c-C5H5


.� C2H6 → C4H6 (1,3-but.)� .CH3� C2H2 71.33 63.7 60.9� 1.2f


(20) c-C5H5
.� C2H6� H2 → C4H6 (1,3-but.)� .CH3� C2H4 30.08 63.3 63� 2g


(21) c-C5H5
.� C3H8� H2 → C4H6 (1,3-but.)� .CH3� n-C3H6 27.47 63.3 63.2h


(22) c-C5H5
.� C3H8� H2 → C4H6 (1,3-but.)� .CH3� c-C3H6 35.49 63.1 63.6� 1.0f


Average= 1/N�(DHo
f,298)i with N = 6 63.5


Error= [Max(DHo
f,298)ÿMin(DHo


f,298)]/2 0.4
(23) c-C5H4


.ÿ � CH4 → c-C5H6
b� CH2


.ÿ 46.21 82.1
(24) c-C5H4


.ÿ � CH4 → c-C5H5
. b� CH3


ÿ 33.09 81.4
(25) c-C5H4


.ÿ � C2H6ÿ c-C5H5
.� C2H5


ÿ 34.68 83.1
(26) c-C5H4


.ÿ eÿ → c-C5H4 (3B1)
b 42.54 82.5


(27) c-C5H4
.ÿ � H� → c-C5H5


. ÿ383.35 81.1
Average= 1/N�(DHo


f,298)i with N = 5 82.0
Error= [Max(DHo


f,298)ÿMin(DHo
f,298)]/2 1.0


aDHo
f,298(spiropentadiene)=150.5� 2 kcalmolÿ1 from Ref. 14.


bHeatsof formationof c-C5H4 (3B1), c-C5H5
. andc-C5H6 are125.1,63.5and32.1kcalmolÿ1, respectively,takenfrom thepreviouscalculations.


cFromRef. 18.
dFromRef. 20.
eFromRef. 21.
fFromRef. 19.
gFromRef. 22.
hFromRef. 23.
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experimentaldatafrom Refs.18–23.The discrepancies
between calculated and experimental values are
<0.5kcalmolÿ1, which lies within the error range of
theexperimentaldata.


In order to check our supposition further, we
reinvestigatedthe DHo


f,298(c-C5H4
.ÿ) value of 71.9�


3.6 kcalmolÿ1. Recently,DHo
f,298(c-C5H4


.ÿ) was esti-
matedas83kcalmolÿ1 by WangandBrezinsky,5 based
on the atomizationenergyat the G2(B3LYP,MP2,SVP)
level. This value looks reasonablesince basedon it,
DHo


f,298 of c-C5H4 (3B1) can be obtained as
125kcalmolÿ1. However, the result derived from
atomizationenergy might not be accurate.Therefore,
we recalculatedthe heat of formation of c-C5H4


.ÿ


employing five different working reactions(seeTable
2). Thevaluesobtainedareinternallyconsistent,with an
approximateerror of 1 kcalmolÿ1. The largestvalue is
derived from the isodesmic reaction (25) and the
referenceDHo


f,298(C2H5
ÿ) value16 of 34.3kcalmolÿ1


with a fairly largepossibleerrorof �2.1kcalmolÿ1. The
smallest value is obtained from the PA of c-C5H4


.ÿ


[reaction(27)], whichwasusedby McDonaldet al.4 The


PA(c-C5H4
.ÿ) valueof 383.4kcalmolÿ1 computedby us


attheG2M(RCC,MP2)level is about5 kcalmolÿ1 higher
thanthat reportedby McDonaldet al.,4 378.2� 2.4kcal
molÿ1. In orderto checkPA(c-C5H4


.ÿ) further,we used
severalhigher theoretical levels such as CCSD(T)/6–
311�G(3df,2p), CCSD(T)/6–311��G(3df,2p) and
CCSD(T)/aug-cc-pVTZ and obtained the values of
383.5,383.6 and 383.9kcalmolÿ1, respectively.These
resultsareconsistentandagreewith theG2M(RCC,MP2)
value within 0.6kcalmolÿ1, i.e., within the expected
error range of the G2M(RCC,MP2) method,
�2 kcalmolÿ1. Takingtheaverageof thefive calculated
valuesasourbestestimate,thestandardheatof formation
of c-C5H4


.ÿ can thus be proposedas 82.0kcalmolÿ1,
with a possibleerror of �1.5kcalmolÿ1. This value is
about10kcal molÿ1 higherthanthatusedby McDonald
et al.4 The disagreementbetweenthe calculatedand
experimental values of 10kcalmolÿ1 leads to the
suggestionthat theseexperimentaldataneedsto be re-
examined.


Next, it was also of interest to compute the other
thermochemicalparameters,IP, EA and PA, of c-C5H4


Table 3. Calculated ionization potentials (IP in kcal molÿ1), electron af®nities (EA in kcal molÿ1) and proton af®nities (PA in
kcal molÿ1) for cyclopentadienylidene (c-C5H4, C2v,


3B1), cyclopentadienyl radical (c-C5H5
., C2v,


2B1) and 1,3-cyclopentadiene
(c-C5H6, C2v,


1A1)


Species Parameter ReactionNo. Reaction Calculatedresult Experimentaldata


c-C5H4 (C2v,
3B1) IP (28) c-C5H4 → c-C5H4


.� � eÿ 204.4
EA (29) c-C5H4


.ÿ → c-C5H4� e 42.5
PA (30) c-C5H5


� (1A1) → c-C5H4� H� 228.1
(31) c-C5H5


� (3A'1) → c-C5H4� H� 230.7
c-C5H5


. (C2v,
2B1) IP (32) c-C5H5


. → c-C5H5
� (1A1)� eÿ 197.7 197.39a


(33) c-C5H5
. → c-C5H5


� (3A'1)� e 195.2 193.93b


200.39� 2.31c


EA (34) c-C5H5
ÿ → c-C5H5


.� e 44.9 40.82� 2.54d


41.19� 0.46e


41.25� 1.08f


42.41� 0.69g


<50.73� 6.92h


PA (35) c-C5H6
.� → c-C5H5


.� H� 197.2 198.7k


194.63l


c-C5H6 (C2v,
1A1) IP (36) c-C5H6 → c-C5H6


.� � eÿ 199.9 197.62� 0.23m


197.85� 0.23n


207.54o


EA (37) c-C5H6
.ÿ → c-C5H6� eÿ 26.0


PA (38) c-C5H7
�(A) → c-C5H6� H� 172.3


(39) c-C5H7
�(B) → c-C5H6� H� 195.2 196.4k


aFromRef. 24.
bFromRef. 25.
cFromRef. 26.
dFromRef. 27.
eFromRef. 28.
fFromRef. 4.
gFromRef. 29.
hFromRef. 30.
kFromRef. 31.
lFromRef. 32.
mFromRef. 33.
nFromRef. 34.
oFromRef. 35.
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(3B1), c-C5H5
. andc-C5H6 (seeTable3). Thecalculated


valuesof c-C5H5
. andc-C5H6 arein goodagreementwith


the availableexperimentaldata from Refs 23–34.The
discrepanciesare 1–2kcalmolÿ1 and the largestone is
about 2 kcalmolÿ1 for the EA(c-C5H5


.) value. The
values obtainedfor IP, EA and PA are, respectively,
204.4,42.5and230.7kcalmolÿ1 for c-C5H4 (3B1), 197.7,
44.9 and 197.2kcalmolÿ1 for c-C5H5


. and 199.9,26.0
and195.2kcalmolÿ1 for c-C5H6 with a possibleerrorof
�2 kcalmolÿ1.


Next we calculatedheatsof formation for charged


speciesof c-C5H4, c-C5H5
. and c-C5H6 (seeTable 4).


The heats of formation of c-C5H4
.�, c-C5H5


� (1A1),
c-C5H5


� (3A'1), c-C5H5
ÿ, c-C5H6


.� and c-C5H6
.ÿ were


computedusing three, two, two, four, three and four
different working reactions, respectively.The values
obtained are internally consistent.Our best estimates
takenastheaverageare329.9,264.0,260.0,18.8,231.5
and56.2kcalmolÿ1 for c-C5H4


.�, c-C5H5
� (1A'1), c-C5H5


�


(3A'1), c-C5H5
ÿ, c-C5H6


.� and c-C5H6
.ÿ, respectively.


The DHo
f,298(c-C5H5


ÿ) value of 18.8kcalmolÿ1 is in
excellent agreementwith available experimentaldata.


Table 5. Calculated C*ÐH bond dissociation energies (in kcal molÿ1) for c-C5H5
., c-C5H5


�,c-C5H5
ÿ, c-C5H6, c-C5H6


.� and
c-C5H6


.ÿ


ReactionNo. Reaction Enthalpyof reaction Reference


(58) c-C5H5
. → c-C5H4 (3B1)� H. 112.3


(59) c-C5H5
� (1A1) → c-C5H4


.� � H. 118.9
(60) c-C5H5


� (3A'1) → c-C5H4
.� � H. 121.4


(61) c-C5H5
ÿ → c-C5H4


.ÿ � H. 114.6
(62) c-C5H6 → c-C5H5


.� H. 83.5 83.6a, 82.56b


(63) c-C5H6
.� → c-C5H5


� (1A1)� H. 81.3
(64) c-C5H6


.� → c-C5H5
� (3A'1)� H. 78.8


(65) c-C5H6
.ÿ → c-C5H5


ÿ � H. 12.6


aTakenfrom Ref. 36.
bFromRef. 6f.


Table 4. Table 4. Calculated heats of formation (in kcal molÿ1) for c-C5H4
., c-C5H5


� (1A1), c-C5H5
� (3A'1), c-C5H5


ÿ, c-C5H6
. and


c-C5H6
.


Species
Reaction


No. Reaction
Enthalpyof


reaction
Calculated


result
Experimental


data


c-C5H4
.� (C2v,


2B2) (40) c-C5H4
.� � CH4 → c-C5H5


.� CH3
� 12.25 330.8


(41) c-C5H4
.� � H2 → c-C5H5


.� H� 99.83 329.4
(42) c-C5H4


.� � eÿ → c-C5H4(
3B1) ÿ204.35 329.4


Average= (1/N)�(DHo
f,298)i with N = 3 329.9


c-C5H5
� (C2v,


1A1) (43) c-C5H5
�(1A1)� CH4 → c-C5H6� CH3


� 47.65 264.0
(44) c-C5H5


� (1A1)� :CH2 (3B1) → c-C5H4 (3B1)� CH3
� 29.10 263.9


Average= (1/N)�(DHo
f,298)i with N = 2 264.0


c-C5H5
� (D5h,


3A'1) (45) c-C5H5
� (3A'1) → c-C5H4 (3B1)� H� 230.71 260.1 260.9a


(46) c-C5H5
� (3A'1)� CH3


ÿ → c-C5H4 (3B1)� CH4 ÿ185.72 259.8 251.5b


Average= (1/N)�(DHo
f,298)i with N = 2 260.0


c-C5H5
ÿ (D5h,


1A'1) (47) c-C5H5
ÿ � H� → c-C5H6 ÿ352.20 18.6


(48) c-C5H5
ÿ → c-C5H5


.� eÿ 44.91 18.6 19.0� 2.0c


(49) c-C5H5
ÿ � CH4 → c-C5H6� CH3


ÿ 64.23 18.8 19.5� 2.4d


(50) c-C5H5
ÿ � CH3


. → c-C5H6� CH2
.ÿ 56.43 19.1


Average= (1/N)�(DHo
f,298)i with N = 4 18.8


c-C5H6
.� (C2v,


2A2) (51) c-C5H6
.� � eÿ → c-C5H6 ÿ199.90 232.0


(52) c-C5H6
.� � :CH2(


1A1) → c-C5H5
.� CH3


� ÿ7.91 230.4
(53) c-C5H6


.� → c-C5H5
.� H� 197.20 232.0


Average= (1/N�(DHo
f,298)i with N = 3 231.5


c-C5H6
.ÿ (Cs,


2A') (54) c-C5H6
.ÿ → c-C5H6� eÿ ÿ25.98 58.1


(55) c-C5H6
.ÿ → c-C5H4


.ÿ � H2 24.38 57.7
(56) c-C5H6


.ÿ � CH3
� → c-C5H5


.� CH4 ÿ271.38 55.2
(57) c-C5H6


.ÿ � :CH2 (1A1) → c-C5H5
.� CH3


ÿ ÿ60.06 53.9
Average= (1/N)�(DHo


f,298)i with N = 4 56.2


aTakenfrom Ref. 7.
bFromRef. 33.
cFromRef. 27.
dFromRef. 30.


Copyright  2001JohnWiley & Sons,Ltd. J. Phys.Org. Chem.2001;14: 131–138


136 T. L. NGUYEN, T. N. LE AND A. M. MEBEL







The differencebetweenthe calculatedandexperimental
resultsis <1 kcalmolÿ1, which lies in theerror rangeof
the experimentalvalue, �2 kcalmolÿ1. The DHo


f,298


(c-C5H5
�, D5h,


3A'1) valueof 260.0kcalmolÿ1 is in good
agreementwith that recentlyreportedby Glukhovtsevet
al.,7 260.7kcalmolÿ1, but it is about 8.5kcalmolÿ1


higherthanin experiment.As suggestedby Glukhovtsev
et al.,7 this experimental estimate needs to be re-
examined.It is worth mentioningthat the symmetryof
c-C5H6


.ÿ is Cs in the groundelectronicstate.The C2v


structureof c-C5H6
.ÿ is a transitionstate,which hasone


imaginary frequencyboth at the B3LYP/6–311G(d,p)
andMP2/6–311G(d,p)levels of theory.The vibrational
modewith imaginaryfrequencyin the transitionstateis
therotationof CH2 outof themolecularplane.Hencethe
C2v geometrycorrespondsto a transitionstatebetween
two degenerateCs isomers.However,the energyof the
C2v structureis�0.5kcalmolÿ1 lower thanthatof theCs


geometryat the CCSD(T)/6–311G(d,p),MP2/6–311�G
(3df,2p) and G2M(RCC,MP2) levels, respectively,
mainly owing to the thermal correction.This leadsto
the suggestion that the geometry of c-C5H6


.ÿ is
effectively C2v symmetric.


In orderto evaluatethestrengthsof C*—H bondsand
to study the effect of the number of p-electronson
stabilizationof theC*—H bonds(seeFig. 1), theC*—H
dissociationenergiesfor c-C5H5


., c-C5H5
� (1A1), c-C5H5


�


(3A'1), c-C5H5
ÿ, c-C5H6, c-C5H6


.�, c-C5H6
.ÿ were


computed (see Table 5). The values obtained were
112.3, 118.9, 121.4, 114.6, 83.5, 81.3, 78.8 and
12.6kcalmolÿ1, respectively.TheC*—H bonddissocia-
tion energyin c-C5H6 is 83.5kcal molÿ1, which is in
good agreementwith the previously calculated6f and
experimental36 values. All values for the neutral and
charged c-C5H5


. species vary in the range of
�9 kcalmolÿ1 and those for neutral and charged
c-C5H6 vary in the rangeof �4 kcalmolÿ1, exceptfor
c-C5H6


.. These results show that the change in the
numberof p-electronsin the ring by �1 hasa moderate
effectonthestrengthof theC*—H bond,unlessaromatic
stabilizationoccursafterbreakingtheC*—H bond.This
is the casefor the C*—H bond in c-C5H6


.ÿ, which is
foundto beveryweak.Theresultcanbeattributedto the
strong aromatic stabilization37 of c-C5H5


ÿ(D5h,
1A'1),


which hassix p-electrons,ascomparedwith c-C5H6
.ÿ,


which has five p-electrons. In other cases,after H-
splittingthenumberof p-electronseitherdoesnotchange
[c-C5H5


ÿ (6p) → c-C5H4
.ÿ (6p); c- C5H5


. (5p) →
c-C5H4,


3B1 (5p); c-C5H5
� (4p) → c-C5H4


.� (4p)] or the
changedoesnot lead to a large aromaticstabilization
[c-C5H6 (4p) → c-C5H5


. (5p) and c-C5H6
.� (3p) →


c-C5H5
� (4p)].


Finally, it wasalsoof interestto comparethesinglet–
triplet separationgapof cyclopentadienylidenewith that
of methylene (:CH2). The values obtained were 6.1
and 3.7kcalmolÿ1 for :CH2 and c-C5H4 at the
G2M(RCC,MP2) level, respectively. The former,


6.1kcalmolÿ1 is about3 kcalmolÿ1 lower than that in
experiment,9.0kcalmolÿ1.17 However, if the ‘higher
level correction’ is not includedin the G2M(RCC,MP2)
method,the computedvalueswill be 9.3 and 6.8kcal
molÿ1 for :CH2 andc-C5H4, respectively.The valuefor
:CH2 is in goodagreementwith that in theexperiment17


andthetheoreticalvaluederivedby Nguyenetal.15 at the
CCSD(T)/6–311��G(3df,2p) level, 9.6kcalmolÿ1.
Since the singlet–triplet splitting is sensitive to the
theoreticalmethod,werecalculatedthisvaluefor c-C5H4


at the CCSD(T)/6–311�G(3df,2p) level and obtained
7.7kcalmolÿ1, fairly closeto theG2M(RCC,MP2)result
without HLC. Thesinglet–tripletsplitting of c-C5H4 can
bealsoderivedusingthe following isodesmicreaction:


c-C5H4�3B1� � CH2�1A1� ! c-C5H4�1A� � CH2�3B1�
�6�


Onthebasisof heatof this reactionandtheexperimental
singlet–triplet splitting of 9.0kcalmolÿ1 for CH2, the
singlet–triplet separationenergiesof 6.6 and 7.0kcal
molÿ1 for c-C5H4 areobtainedat theG2M andCCSD(T)/
6–311�G(3df,2p)levels,respectively.We canconclude
that the singlet–tripletsplitting in c-C5H4 is expectedto
be7.0� 1.0kcalmolÿ1. Thus,thesinglet–tripletsepara-
tion gapof c-C5H4 is about2.0kcalmolÿ1 lowerthanthat
of :CH2 and four p-electronsin the ring have a small
effect on thesinglet–tripletsplitting.


CONCLUSIONS


The thermochemical parameters of c-C5H4 (3B1),
c-C5H5


. and c-C5H6 were investigated at the
G2M(RCC,MP2)level. The valuesobtainedfor the last
two molecules are in excellent agreementwith the
available experimental data, with errors of �1 and
�2 kcalmolÿ1 for the heat of formation and the other
parameters,respectively.The presenttheoreticalstudy
suggestsa heatof formation, ionization potential,elec-
tron affinity andprotonaffinity of 125.1,204.4,42.5and
230.7kcalmolÿ1, respectively,for c-C5H4 (3B1), with the
samepossibleerrorsas thosefor c-C5H5


. and c-C5H6.
The heat of formation of c-C5H4


.ÿ was evaluatedas
82.0kcalmolÿ1, about 10kcalmolÿ1 higher than in
experiment. This leads to the suggestion that the
experimentalDHo


f,298(c-C5H4
.ÿ) value needsto be re-


examined.


Acknowledgements


Thiswork wassupportedby AcademiaSinicaandin part
by the National ScienceCouncil of ROC under Grant
NSC8902113-M-001-069.T.L.N. andT.N.L. aregrate-
ful to IAMS for visiting fellowship.


Copyright  2001JohnWiley & Sons,Ltd. J. Phys.Org. Chem.2001;14: 131–138


THERMOCHEMISTRY OF CYCLOPENTADIENES 137







References


1. Bofill JM, Bru N, FarrasJ, Olivella S, SoleA, VilarrasaJ. J. Am.
Chem.Soc. 1988;110: 3740–3746.


2. Collins CL, Davy RD, SchaeferHFIII. Chem.Phys.Lett. 1990;
171: 259–264.


3. GlukhovtsevMN, Simkin BY, Minkin VI. Zh. Org. Khim. 1987;
23: 1021–1028.


4. McDonaldRN,BianchinaEJJr,TungCC.J.Am.Chem.Soc.1991;
113: 7115–7121.


5. WangH, BrezinskyK. J. Phys.Chem.A 1998;102: 1530–1541.
6. (a)BairdMS,DunkinIR, HackerN, PoliakoffM, TurnerJJ.J. Am.


Chem.Soc.1981;103: 5190–5195;(b) ReindlB, SchleyerPVR.J.
Comput.Chem. 1998; 19: 1402–1420;(c) Rienstra-KiracofeJC,
GrahamDE, SchaeferHF III. Mol. Phys. 1998;94: 767–787;(d)
Lewars E. J. Mol. Struct. (Theochem)1998; 423: 173–188;(e)
GogoneaV, SchleyerPvR,SchreinerPR.Angew.Chem.Int. Ed.
Engl. 1998; 37: 1945–1948;(f) BacskayGB, Martoprawiro M,
Mackie JC.Chem.Phys.Lett. 1998;290: 391–398.


7. GlukhovtsevMN, BachRD, Laiter S. J. Phys.Chem.1996;100:
10952–10955.


8. Mebel AM, MorokumaK, Lin MC. J. Chem.Phys.1995; 103:
7414–7421.


9. (a) CurtissLA, RaghavachariK, TrucksGW, PopleJA. J. Chem.
Phys.1991;94: 7221–7230;(b) PopleJA,Head-GordonM, FoxD,
CurtissLA. J. Chem.Phys.1989;90: 5622–5629;(c) CurtissLA,
JonesC, TrucksGW, RaghavachariK, PopleJA. J. Chem.Phys.
1990;93: 2537–2545.


10. (a) PurvisGD, Bartlett RJ.J. Chem.Phys. 1982;76: 1910–1918;
(b) HampelC, PetersonKA, WernerH-J.Chem.Phys.Lett. 1992;
190: 1–12;(c) KnowlesPJ,HampelC, Werner H-J. Chem.Phys.
1994;99: 5219–5227;(d) DeeganMJO,KnowlesPJ.Chem.Phys.
Lett. 1994;227: 321–326.


11. CurtissLA, RaghavachariK, RedfernPC,RassolovV, PopleJA.J.
Chem.Phys. 1998;109: 7764–7776.


12. Frisch MJ, Trucks GW, SchlegelHB, ScuseriaGE, Robb MA,
CheesemanJR, ZakrzewskiVG, MontgomeryJA Jr, Stratmann
RE, BurantJC,DapprichS, Millam JM, DanielsAD, Kudin KN,
Strain MC, FarkasO, TomasiJ, BaroneV, CossiM, Cammi R,
Mennucci B, Pomelli C, Adamo C, Clifford S, Ochterski J,
PeterssonGA, Ayala PY, Cui Q, Morokuma K, Malick DK,
RabuckAD, RaghavachariK, ForesmanJB, Cioslowski J, Ortiz
JV, StefanovBB, Liu G, LiashenkoA, PiskorzP, Komaromi I,
GompertsR, Martin RL, Fox DJ, Keith T, Al-Laham MA, Peng
CY, NanayakkaraA, GonzalezC, ChallacombeM, Gill PMW,
JohnsonB, ChenW, Wong MW, AndresJL, GonzalezC, Head-
GordonM, ReplogleES, PopleJA. Gaussian98, RevisionA.5.
Gaussian:Pittsburgh,PA, 1998.


13. WernerH-J andKnowlesPJ,Almlöf J, Amos RD, DeeganMJO,
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ABSTRACT: Amphiphilic poly(amidoamine) (PAMAM) dendrimers were synthesized having an average of 7–46
hydrophobic chains of varying lengths (C10–C14) attached to the periphery of 64 amine groups. The synthesis was
performed in three steps: (1) protection of a desired number of amines with BOC groups; (2) reaction of the remaining
amine groups with long-chain acid chlorides; and (3) deprotection from the BOC groups to produce the amphiphilic
dendrimers as HCl salts. The behavior of the dendrimers in aqueous media was examined by pulse-gradient spin-echo
(FT-PGSE) NMR and dynamic light scattering. Self-diffusion data on dendrimers with 22 or fewer chains, along with
dynamic light scattering on concentrations of �16 wt%, gave no indication of dendrimer–dendrimer self-assembly
via hydrocarbon chains exposed on the dendrimer surface. It is concluded that dendrimers with 7–22 chains, each
having 10–14 carbons, behave as unimolecular entities with chains coiled largely within the dendrimer periphery.
Only when the number of chains becomes very large (ca �34) are chains forced externally where they can promote
hydrophobically induced self-assembly. Monomeric dendrimers possessing the full range of functional polarity have
great potential in enzyme modeling. Copyright  2001 John Wiley & Sons, Ltd.


KEYWORDS: dendrimers; amphiphilic dendrimers; self-assembly; Fourier transform pulse-gradient spin-echo NMR
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Following the initial synthesis of molecules with
dendritic architectures in the late 1970s,1 many different
structural classes of dendrimers have been constructed,
including poly(amidoamine) (PAMAM) dendrimers,2,3


poly(propyleneimine) dendrimers,4 polyether dendri-
mers5 and various metallodendrimers.6,7 Supramolecular
compounds with dendritic formats are also known and
include iptycenes8 and hydra-amphiphiles.9 Poly-
(amidoamine) and poly(propyleneimine) dendrimers
were among the first to be synthesized in large quantities
and become available commercially.


Tomalia and co-workers, the developers of PAMAM
dendrimers, reported a synthesis of a hydrophobically
modified PAMAM dendrimers and their properties at the
air–water interface.10 Each amine group of the PAMAM
dendrimers had been derivatized with a long-chain
epoxide, thus converting the hydrophilic PAMAM
dendrimers into hydrophobic substances. These com-
pounds were capable of transporting copper(II) sulfate
from an aqueous solution into an organic phase. The


authors proposed two models for the behavior of
amphiphilic PAMAM dendrimers at the air–water inter-
face. One model considers the dendrimers to be flexible
molecules capable of placing their hydrophilic interior in
contact with aqueous subphase and extending their chains
into the air above the air–water interface. The second
model views the dendrimers as ‘hydrophobic spheroids’
floating on the water surface. The authors concluded that
‘it is difficult to tell which of these models is the most
probable. Perhaps there is a transition from the first
model which may be operable for the lower generations
to the floating hydrophobic spheroid model for the more
congested higher generations.’


Another group headed by Meijer investigated the self-
assembly of the hydrophobically modified poly(pro-
pyleneimine) dendrimers in which all the amine groups
were modified with palmitoyl chains.11 They observed
the formation of small spherical aggregates (20 –200 nm
in diameter) which, based on x-ray diffraction data and
osmotic experiments, were thought to be vesicular in
nature. Once again the results reflect a significant
flexibility of the dendrimers which allows the hydro-
phobic moieties to form a region resembling a parallel-
packed bilayer, while the dendritic interior is redirected
externally toward the water.


Research into amphiphilic dendrimers has been
progressing at a rapid rate. Important contributions to
the area include the synthesis and investigation of
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unimolecular dendritic micelles based on a neopentyl
core,12 glucose-persubstituted (PAMAM) dendrimers,13


carbosilane dendrimers,14 poly(propyleneimine) dendri-
mers with both octyl and triethylenoxy methyl ether
chain termini15 and polyether amphiphilic dendrimers,16


among others.17–22


This paper describes (a) the synthesis of amphiphilic
PAMAM dendrimers with controlled degrees of surface
hydrophobicity and (b) the behavior of such dendrimers
in aqueous solutions as studied by means of pulse-
gradient spin-echo (FT-PGSE) NMR and dynamic light
scattering (DLS). A schematic diagram of the target
amphiphilic dendrimers is shown.


It should be noted that the drawing represents an
‘idealized’ picture of the amphiphilic dendrimer because,
as we shall see, the true state of the hydrophobic chains in
water is far different from the one portrayed.


�,$*-($ ��� �'$+*$$')�


Despite considerable research on hydrophobically mod-
ified dendrimers, there are few reports, to the best of our


knowledge, about the effect of partial modification of the
terminal functionalities with long hydrophobic chains on
the behavior in solution.23–27 Meijer’s group attempted to
modify only a finite number of terminal amine groups of
poly(propyleneimine) with long hydrophobic chains, but
this led to two products only: fully reacted dendrimer and
totally unmodified dendrimer.28 (similar ‘all or nothing’
substitution was also noticed with calixarenes).29 On the
other hand, Tomalia and co-workers alluded to unpub-
lished results10 where PAMAM dendrimers modified with
epoxyalkanes do not reveal an ‘all or nothing’ behavior
(L. T. Piehler and D. A. Tomalia, unpublished results).


We chose commercially available (Aldrich) poly(ami-
doamine) (PAMAM) dendrimers of the fourth generation
with 64 terminal primary amine groups (MW�14 215).
Attempts to synthesize the amphiphilic PAMAM den-
drimers with various degrees of terminal substitution in
one step using long-chain acid chlorides proved fruitless.
Similar to the results of Meijer’s group, we isolated only
a mixture of the unsubstituted product and the fully
substituted product. In order to circumvent these
difficulties, we developed a three-stage procedure as
shown in Scheme 1.


The first step allowed us to obtain dendrimers with
controlled amounts of BOC protecting groups on the
surface. Total substitution, in this case, did not take place.
We note in this regard that when Meijer’s group
derivatized dendrimers with pivaloyl chloride instead of
palmitoyl chloride, the ‘all or nothing’ effect did not
apply, and partially acylated material was formed.28 We
assume that the BOC groups distributed themselves
randomly among the excess dendrimer amine groups.
The resulting BOC-protected dendrimers, in contrast to
unmodified dendrimers, were soluble in organic solvents
such as chloroform and dichloromethane. The combined
second and third steps involve the reaction of the BOC-
protected dendrimers with a slight excess of long-chain
acid chlorides followed by deprotection with HCl–MeOH
to produce the desired dendrimers in moderate to
excellent (37–100%) isolated yields as HCl salts.
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Based on the above procedure, we were able to prepare
modified dendrimers with various degrees of substitution.
Nine amphiphilic dendrimers were synthesized which,
for brevity, are symbolized as P-0, P-C10(9), P-C10(23),
P-C12(7), P-C12(16), P-C12(34), P-C12(46), P-C14(8) and
P-C14(22), where P-0 stands for the HCl salt of
unmodified PAMAM dendrimer with zero chains and,
e.g., P-C10(9) has nine decanoic (C10) residues on the
dendrimer surface. The average number of chains, which
agreed well with the reaction stoichiometries, was
determined by integrating the NMR proton signals from
the dendrimer nucleus and the alkyl chains. Matrix-
assisted laser desorption/ionization time-of-flight mass
spectrometric (MALDI-TOFMS) data, also used to
obtain the number of chains per dendrimer molecule,
agreed fairly well with the NMR-based values. It should
be emphasized that the cited ‘number of chains’
represents in fact a distribution. Although broadened
MALDI peaks made it impossible to define this
distribution, dendrimers with, for example, 10 chains
greater or fewer than an average of 22 are no doubt
present at low levels.


Our dendrimers are colorless hygroscopic powders that
are soluble in water and methanol [except for P-C12(46),
which is insoluble in water but soluble in chloroform,
producing a gel-like solution]. Most dendrimers gave
clear aqueous solutions with stable foams upon shaking,
indicating the surface-active nature of the compounds.
P-C12(34) solutions are slightly turbid owing to the
presence of larger aggregates, as confirmed by DLS (see
discussion below).


The principal question that engaged our curiosity
concerned the effect of the multiple aliphatic chains on
properties in the aqueous media. Would the chains face
outward forcing a hydrophobically based self-assembly,
or would the chains hide themselves inside the dendrimer
interior? The answer to this question should, of course,
depend on the degree of substitution. Various techniques
including NMR (self-diffusion PGSE) and DLS were
applied to the problem.


PGSE NMR is a powerful technique which allowed us
to monitor the translational diffusion of molecules in
solution. Reviews have been written on the subject (for
reviews on FT-PGSE, see Ref. 30); suffice it to say here
that with sufficient care one can extract reliable diffusion
coefficients and that these parameters reflect the mol-
ecular aggregation state. Data on the self-diffusion of
amphiphilic dendrimers as a function of their chain
content and concentration are provided in Fig. 1.


The graphs reveal that the diffusion coefficients of the
dendrimers depend upon the number of hydrophobic
chains. For example, the three compounds P-C12(7), P-
C12(16), and P-C12(34) with 7, 16 and 34 C12 chains,
respectively, have diffusion coefficients at 2 wt%
dendrimer of 4.8 � 10�11, 4.1 � 10�11 and 2.8 � 10�11


m2 s�1, respectively. A similar sequence was found for
the C10 and C14 derivatives. However, as seen, the


changes in diffusion with substitution are modest, and
none of the values for the dendrimer derivatives differ by
more than a factor of two from that of the parent
dendrimer (4.8 � 10�11 m2 s�1). If the chains were in fact
inducing self-assembly, much larger differences in
diffusion would have been expected as the number of
chains was varied from 7 to 34. A lack of self-assembly is
also evident from a comparison of two dendrimers with
the same number of chains but with differing lengths such
as P-C10(23) and P-C14(22). Their diffusion coefficients
differ by less than a factor of two despite the fact that the
latter possesses 78 additional carbons. Thus, the picture
painted by Fig. 1 is one of a monomeric species whose
diffusion at the relatively high concentrations slowly
decreases owing to particle–particle interactions.


Self-diffusion PGSE NMR experiments allowed us to
calculate the diameters of the aggregates from the
diffusion coefficients using the Stokes–Einstein equation,
d = kT/3��D, where d = diameter of a spherical particle
(cm), k = Boltzmann�s constant (1.38 � 10�16 erg K�1),
T = temperature (K), � = diluent viscosity (P) and
D = diffusion coefficient (cm2 s�1). Since the diameters
were calculated at low concentrations (0.2 wt%), the
viscosity was assumed to be that of pure water. The
calculations showed that the diameters of all dendrimers,
except that of P-C14(22) and P-C12(34), are 8 � 2 nm.
This value also applies to the parent unsubstituted
dendrimer, indicating that substitution has little effect
on the dendrimer size. Only P-C14(22) and P-C12(34)
show an increase in diameter (12 � 2 nm). This could
result from a minor expansion of the dendrimer or,
alternatively, from a small fraction of aggregated
dendrimer contributing to the diffusion properties.


The theoretical maximum diameter of unmodified
dendrimer is ca 6 nm.2,3 We presume that the larger value
obtained from the diffusion data relates in part to the
cationic nitrogens which electrostatically repel each other
and swell the polymer. Moreover, the periphery of the
dendrimers is replete with counterions and water of
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hydration, all of which contribute to the dendrimer size
(and to the diffusion properties) over and above that
calculated from simple geometric considerations alone.


DLS was also used to obtain information on dendrimer
aggregation. By this means it could be shown that at ca 4–
8 wt% all water-soluble dendrimers, except the most
highly substituted one, P-C12(34), have hydrodynamic
diameters less than 10 nm (the limit of our instrument).
Thus, the FT-PGSE and DLS results agree: no dendrimer
aggregation occurs even when there are as many as 22
chains of 14 carbons each speckling the dendrimer
surface. Consistent with this notion is the fact that
aqueous solutions of P-C14(22) remain fluid at concen-
trations up to 16 wt%. Moreover, significant broadening
of alkyl chain protons in the NMR spectra, indicative of
aggregation, was not observed in the 0–16 wt%
concentration range.


How can we explain the reluctance of highly
hydrophobized dendrimers to self-assemble via chain–
chain contact or, possibly, via contact between external
hydrophobic patches? We seek refuge, as have others in
the past, in dendrimer flexibility.10,11 The situation may
be distantly reminiscent of the polyether copolymers of
Fréchet and co-workers, which change their shape
significantly depending upon the solvent.17,20 In our
case, conformational changes are induced by hydrocar-
bon substitution rather than solvation effects. Apparently,
up to 22 C14 chains can be housed by a dendrimer without
the chains being flagrantly exposed to the surface where
they can interact hydrophobically with chains of another
dendrimer. This hydrocarbon ‘absorption’ process can


only occur if the hydrophilic dendrimer groups readjust
themselves to accommodate hydrocarbon chains which,
conceivably, assist the process by ‘curling up’ as they are
likely to do in aqueous media. In order to judge whether
this is a reasonable model, we performed the simple
arithmetic calculations below.


The parent PAMAM dendrimer used in our work has
(a) 64 terminal primary ammonium groups, (b) 62 tertiary
ammonium groups and (c) 124 amide groups. When 22
C14 groups are placed on the dendrimer via amide groups,
the compound now has (a) 42 terminal primary
ammonium groups, (b) 62 tertiary ammonium groups,
(c) 146 amide groups and (d) 286 methyl � methylene
carbons from the chains. This means, therefore, that in P-
C14(22) there are only about three carbons for each
protonated ammonium group, and there are only two
carbons for each amide group. In this light it is hardly
surprising that P-C14(22) is water soluble. It is also not
surprising that internal space is available to accommodate
the chains. Figure 2, showing one of the 16 dendrons of
the parent PAMAM dendrimer, helps clarify the point.
Each dendron must encompass, and protect from the
external bulk solvent, an average of 1.4 chains.
Surrounding this number of carbons would not seem to
be an insurmountable task.


Of course, we do not have a precise molecular picture
of our dendrimer in water. We do not know, for example,
if chain–chain contact within the dendrimer is a possible
route to reducing unfavorable chain–water interactions.
We also do not know if in fact hydrocarbon is, to some
extent, exposed to the bulk water, and only the
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electrostatic repulsion among the ammonium groups
prevents aggregation. We do know, however, that our
dendrimers remain monomeric, similar to many proteins
which also are water soluble and monomeric despite
large regions of hydrophobicity. Here again hydrophilic
functionalities manage to encase the hydrophobic regions
and impart solubility.


Despite the reasonableness of the above model, we
were, admittedly, surprised and pleased that a single
molecule can solubilize hundreds of methylenes in water.
One would expect these carbons to change dramatically
the properties of the dendrimer, e.g. the binding ability
toward hydrophobic guests. Indeed, our results suggest
the possibility of designing non-colloidal enzyme-like
models that combine high-capacity hydrophobic binding
with catalytic functionalities, and therein may lie the
most useful ramifications of this research.


Ultimately, of course, one can overtax the hydro-
philicity of the dendrimer. When the number of chains
becomes large (�34 chains), self-assembly does indeed
occur. At still larger numbers of chains (46), the
dendrimer fails to dissolve in water. It is interesting in
this regard that P-C12(46) can be sonicated in water to
produce large aggregates 50–700 nm in diameter accord-
ing to DLS. When such a suspension was passed through
a 100 nm filter, the 50–700 nm size distribution persisted.
Obviously, the dendrimer aggregates were able to
disassemble, pass through the filter and then reassemble.
The nature of the aggregates was not explored in detail
because, as mentioned, the dendrimers with 22 or fewer
chains incorporate a full range of functional polarity and
yet remain water soluble and monomeric; such molecules
are more attractive from the point of view of enzyme
modeling, a continuing interest of ours.31,32


,.!,�'�,�(�-


/����
�� 1H NMR and 13C NMR spectra were acquired
on a Varian Inova 400 (400 MHz 1H, 100 MHz 13C)
spectrometer in D2O (4.80 ppm, 1H) as an internal
reference and with CH3OH in D2O (49.15 ppm, 13C) as
an external reference. Data are reported in the following
order: chemical shifts are given (�); multiplicities are
indicated by br (broadened) and m (multiplet); integra-
tion is provided. MALDI-TOFMS was performed by the
Microchemical Facility of Emory University School of
Medicine. Analytical thin-layer chromatography (TLC)
was performed on Merck silica gel plates with an F-254
indicator; visualization was accomplished with iodine
and UV irradiation. Solvents used as reaction media were
dried under 4 Å molecular sieves and titrated for water
content prior to use with a Fisher Coulomatic K-F titrator.
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Experiments for measuring self-diffusion were per-


formed on a Varian Inova 600 spectrometer equipped
with a Z-gradient probe and a PFG amplifier. Self-
diffusion coefficients were determined based on a
procedure which was first developed by Stejskal and
Tanner33 and later summarized by various authors.30 The
basic spin-echo sequence 90°–�–180° originally devel-
oped by Hahn34 consists of two r.f. pulses (a 90° pulse
followed by a 180° pulse) and two gradient pulses (one
before and one after the 180° degree pulse). Owing to
molecule self-diffusion during the gradient pulses, the
spins were not able to refocus perfectly, leading to
reduced echo attenuation which can be expressed as
follows:


ln�A�A0	 
 ��2D�2G2��� ��3	


where G = pulsed field gradient strength (G cm�1),
� = length of the field gradient pulse (ms), D = diffusion
coefficient, � = time between the start of the first gradient
pulse and the second gradient pulse, A0 = echo attenua-
tion without field gradient and A = echo attenuation with
field gradient. The self-diffusion coefficients were
determined from the slope of ln (A/A0) vs G2 while
keeping � (60 ms) constant with � = 62 ms. Signals from
dendrimer protons were generally used for determining
diffusion coefficients, although alkyl chain protons gave
identical results. Absolute values of D were determined
on a reference sample (10 mol% H2O–D2O) for which the
diffusion coefficient is known.35 Values of self-diffusion
coefficients obtained for water and cyclooctane were
found to be 2.3 � 10�9 and 0.53 � 10�9 m2 s�1,
respectively, at 25°C. In the case of slow diffusion
(�10�10 m2 s�1), longer gradients were required (� = 40–
60 ms) and a secondary calibration standard was
developed (10 mol% ethylene glycol–ethylene glycol-
d4) for which the self-diffusion coefficient (D) was
determined as 9.2 � 10�11 m2 s�1 at 25°C. All standards
were stored in NMR tubes sealed with Parafilm, to avoid
any water contamination. Shigemi NMR tubes supplied
by Shigemi were used for all diffusion measurements,
allowing excellent reproducibility (�5%). Samples were
equilibrated for 40 min prior to measurements to allow
for temperature equilibration. The volume of the samples
in D2O was ca 150 �l. Internal deuterium lock was used
for field/frequency stabilization.


���
��	 ���� �	
������� 0�-$1� DLS measurements
were performed on an N4 PLUS Coulter particle sizer.
Measurements were taken at a 90° angle and were
repeated 3–4 times (30 min each run).


$�
����� �
����
��� Starburst (PAMAM) dendrimer
(Generation 4, 10 wt% solution in CH3OH, contains 64
surface primary amino groups, FW = 14 215), BOC-ON
[2-(tert-butoxycarbonyloxyimino)-2-phenylacetonitrile],
myristoyl chloride, decanoyl chloride and lauroyl
chloride were purchased from Aldrich, triethylamine
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and methanol from Fisher and Sephadex G-10 and
lypophilic Sephadex LH-20 from Sigma. All reagents
were used without further purification.


/����
� ���	����� ��� �� �������� �� 
�������	
����������� ���� )* Synthesis of BOC-protected den-
drimers [P � (BOC)n] with n-number of amines protected
with BOC groups. A solution of Starburst (PAMAM)
dendrimer (Generation 4, 10 wt% solution in CH3OH,
10 g, 0.07 mmol, 1.0 equiv.) and triethylamine
(1.5n � 0.07 mmol, 1.5n equiv.) was stirred at room
temperature under an open atmosphere. A solution of
BOC-ON (n � 0.07 mmol, n equiv.) in methanol (ca
30 ml) was added dropwise over 30 min at room
temperature. The reaction was complete within 5–
10 min after the addition, as monitored by the disap-
pearance of the BOC-ON TLC spot [UV visualization,
hexane–ethyl acetate (2:1) as eluent] with Rf = 0.7 and
the appearance of a new spot with Rf = 0.5; the reaction
was stirred for an additional 2–3 h at room temperature.
The reaction mixture was concentrated by rotary
evaporation and the resulting green oil was subjected to
size exclusion chromatography using Sephadex LH-20 as
a stationary phase (50 g of Sephadex were used for
column preparation) and methanol as eluent. Fractions 1–
7 were collected (60 ml total volume, dendrimer eluting
first), methanol was removed with the rotary evaporator
and the residue was dried under vacuum to give
compounds of the general formula P-(BOC)n in 80–
90% overall yield as colorless, hygroscopic powders. The
purity of BOC-substituted dendrimers was evaluated by
TLC (as well as NMR): (a) by the absence of spots with
Rf = 0.5 and 0.7 [UV, hexane–ethyl acetate (2:1)] and (b)
by the absence of the Et3N spot with Rf = 0.3 [I2,
methanol–acetic acid (20:1)]. Dendrimers have Rf = 0.
The resulting dendrimers are soluble in chloroform, in
contrast to unsubstituted dendrimers, which are insoluble.
The number of BOC groups (n) can be determined by 1H
NMR (CDCl3) assuming that the dendrimer protons
appear as a multiplet from 2.2 to 3.4 ppm [number of
protons = 996 � 2(64 � n)] and the signal from the BOC
group appears at 1.4 ppm (number of protons = 9n).
Knowing n, it is possible to calculate the molecular
weight of the partially protected dendrimers.


����� )) �	" )))* Reaction of BOC-protected dendrimers
[P � (BOC)n] with acid chlorides followed by the
cleavage of BOC groups. P-(BOC)n obtained in the first
step was dissolved in 30 ml of dry CHCl3 and the solution
was stirred under argon at room temperature. Dry
triethylamine [1.3 � (64 � n) equiv.] was added and the
reaction mixture was cooled to 0°C. A solution of an
appropriate long-chain acid chloride [1.1 � (64 � n)
equiv.] in 10 ml of dry CHCl3 was added dropwise over
20–30 min. After the addition was complete, the reaction
mixture was stirred for 4 h at room temperature under
argon. Methanol (5 ml) was added and the reaction


mixture was stirred for an additional 1 h, after which the
solvents were evaporated with the rotary evaporator
followed by drying in vacuo. The resulting solid was
washed with Et2O (3 � 100 ml) and filtered, then
dissolved in 10 ml of methanol followed by a quick (2
min) addition of 30 ml of approximately 1 M HCl–
CH3OH solution (prepared by bubbling HCl gas in
methanolic solution) under vigorous stirring at room
temperature. After stirring for 30 min, the solution was
evaporated, washed with Et2O (3 � 100 mL), then with a
large amount of CHCl3 (5 � 300 ml) [washing with
chloroform was not performed in the case of P-C12(46)
because of its solubility in CHCl3], followed by filtration
and drying under vacuum. The resulting solid was further
purified by size exclusion chromatography using 50 g of
Sephadex LH-20 as a stationary phase and methanol as
eluent [in the case of P-C12(46), chloroform was used as
eluent, because the compound was only partially soluble
in methanol]. Fractions 1–7 were collected (60 ml total
volume, dendrimer eluting first) and methanol was
removed with the rotary evaporator. The residue was
dried under vacuum to give compounds of the general
formula P-CN(M) as HCl salts in 37–100% overall yields
as colorless, very hygroscopic powders that are soluble in
water and methanol [with the exception of P-C12(46),
which is insoluble in H2O but is soluble in CHCl3]. The
purity of the modified dendrimers can also be checked by
TLC (as well as NMR) by the absence of an Et3N–HCl
(Et3N) spot with Rf = 0.3 [I2, methanol–acetic acid
(20:1)]. Amphiphilic dendrimers have Rf = 0.


The number of chains can be determined by 1H NMR
assuming that the dendrimer protons appear as a multiplet
from ca 2.0 to 3.7 ppm (number of protons = 996
� 2(64 � M), where M is the number of chains) and that
the long-chain protons appear as a set of signals from ca
0.5 to 2.2 ppm. Knowing M, it is then possible to
calculate the molecular weight of the obtained amphi-
philic dendrimers (without HCl). The final number of
chains was estimated using MALDI-TOFMS and NMR
data.


����������� !#� +,�� ���� 
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�0* Yield, 100%;
1H NMR (400 MHz, D2O, 25°C), � = 2.80–3.75 (br m);
13C NMR (100 MHz, D2O, 25°C), � = 173.2, 172.8,
172.5, 172.4, 172.3, 52.6, 52.4, 52.3, 50.3, 50.0, 49.8,
49.5, 39.8, 39.7, 39.5, 37.4, 34.9, 34.7, 29.6, 29.5, 29.2;
MALDI-TOFMS, MW = 14 300 (literature MW = 14
215).


!#���+10* Yield (overall), 62%; 1H NMR (400 MHz,
D2O, 25°C), � = 2.75–3.75 (br m, 1110H), 2.20–2.28 (br
m, 14H), 1.50–1.62 (br m, 14H), 1.20–1.32 (br m, 112H),
0.82–0.90 (br m, 21H); number of chains determined by
NMR = 7 [calculated MW = 15 490 (without HCl)]; 13C
NMR (100 MHz, D2O, 25°C), � = 173.1, 172.7, 172.5,
172.3, 52.4, 52.3, 50.2, 50.0, 49.9, 47.2, 39.6, 39.3, 39.1,
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38.9, 37.3, 36.5, 34.8, 34.7, 32.3, 30.1, 29.5, 29.2, 26.2,
23.1, 14.4; MALDI-TOFMS, MW = 15 360 (calculated
number of chains = 6).


!#���+�(0* Yield (overall), 55%; 1H NMR (400 MHz,
D2O, 25°C), � = 2.50–3.65 (br m, 1092 H), 1.98–2.10 (br
m, 32H), 1.30–1.45 (br m, 2H), 0.95–1.25 (br m, 256H),
0.60–0.71 (br m, 48H); number of chains determined by
NMR = 16 [calculated MW = 17 130 (without HCl)]; 13C
NMR (100 MHz, D2O, 25°C), � = 176.3, 173.2, 172.9,
172.7, 172.4, 52.4, 50.1, 49.8, 39.7, 39.6, 39.2, 37.3, 36.5,
34.9, 32.4, 30.2, 29.9, 29.3, 26.2, 23.1, 14.4; MALDI-
TOFMS, MW = 16 850 (calculated number of chains =
15).


!#���+�20* Yield (overall), 66%; 1H NMR (400 MHz,
D2O, 25°C), � = 2.50–3.75 (br m, 1048H), 2.15–2.30 (br
m, 76H), 1.30–1.50 (br m, 76H), 1.10–1.40 (br m, 608H),
0.75–0.90 (br m, 114H); number of chains determined by
NMR = 38 [calculated MW = 21 100 (without HCl)]; 13C
NMR (100 MHz, D2O, 25°C), � = 176.2, 173.2, 172.9,
172.7, 172.4, 52.3, 50.1, 49.3, 39.5, 39.2, 37.3, 36.6, 34.8,
32.5, 30.2, 30.1, 29.3, 23.1, 14.4; MALDI-TOFMS,
MW = 19 700 (calculated number of chains = 30).


!#���+2(0* Yield (overall), 37% [the yield was dimin-
ished because of poor separation on the Sephadex column
(LH-20, CHCl3 eluent), possibly on account of unsatis-
factory packing of the gel due to the high density of
chloroform]; 1H NMR (400 MHz, CDCl3, 25°C),
� = 2.60–4.40 (br m, 1026H), 2.10–2.15 (br m, 98H),
1.55–1.65 (br m, 98H), 1.05–1.20 (br m, 784H), 0.85–
0.90 (br m, 147H); number of chains determined by
NMR = 49 [calculated MW = 23 100 (without HCl)];
MALDI-TOFMS, MW = 21 600 (calculated number of
chains = 41).


!#���+30* Yield (overall) 65%; 1H NMR (400 MHz, D2O,
25°C), � = 2.75–3.80 (br m, 1106H), 2.15–2.30 (br m,
18H), 1.50–1.63 (br m, 18H), 1.20–1.37 (br m, 108H),
0.80–0.91 (br m, 27H); number of chains determined by
NMR = 9 [calculated MW = 15 600 (without HCl)]; 13C
NMR (100 MHz, D2O, 25°C), � = 173.2, 173.1, 172.8,
172.5, 172.4, 52.4, 52.3, 50.2, 49.9, 39.6, 39.3, 39.1, 38.8,
37.3, 36.4, 34.8, 32.3, 31.7, 29.6, 29.2, 28.7, 25.9, 23.1,
22.6, 14.4, 14.1; MALDI-TOFMS, MW = 15 800 (calcu-
lated number of chains = 10).


!#���+��0* Yield 46%; 1H NMR (400 MHz, D2O, 25°C),
� = 2.50–3.80 (br m, 1076H), 2.15–2.30 (br m, 48H),
1.50–1.63 (br m, 48H), 1.20–1.37 (br m, 288H), 0.80–
0.91 (br m, 72H); number of chains determined by
NMR = 24 [calculated MW = 17 900 (without HCl)]; 13C
NMR (100 MHz, D2O, 25°C), � = 176.4, 173.1, 173.0,
172.7, 172.2, 52.4, 50.1, 49.8, 39.7, 39.5, 39.3, 39.1, 37.3,
36.5, 34.8, 32.4, 29.6, 29.2, 26.2, 23.1, 14.3; MALDI-


TOFMS, MW = 17 500 (calculated number of chains
= 21).


!#��2+40* Yield 52%; 1H NMR (400 MHz, D2O, 25°C),
� = 2.75–3.70 (br m, 1106H), 2.18–2.28 (br m, 18H),
1.50–1.60 (br m, 18H), 1.19–1.31 (br m, 180H), 0.80–
0.90 (br m, 27H); number of chains determined by
NMR = 9 [calculated MW = 16 100 (without HCl)]; 13C
NMR (100 MHz, D2O, 25°C), � = 173.2, 172.9, 172.6,
172.1, 52.4, 52.2, 50.1, 49.8, 39.7, 39.6, 39.3, 39.1, 38.9,
37.3, 36.5, 34.8, 32.4, 30.2, 29.7, 29.3, 26.2, 23.1, 14.4;
MALDI-TOFMS, MW = 15 430 (calculated number of
chains = 6).


!#��2+��0* Yield, 51%; 1H NMR (400 MHz, D2O, 25°C),
� = 2.75–3.75 (br m, 1080H), 2.18–2.28 (br m, 48H),
1.50–1.65 (br m, 48H), 1.20–1.35 (br m, 480H), 0.78–
0.90 (br m, 72H); number of chains determined by
NMR = 24 [calculated MW = 19 250 (without HCl)]; 13C
NMR (100 MHz, D2O, 25°C), � = 176.2, 173.1, 172.9,
172.7, 172.0, 52.4, 50.2, 49.4, 39.7, 39.6, 39.4, 38.9, 37.3,
36.6, 34.8, 32.5, 30.5, 30.1, 29.6, 29.2, 26.3, 23.2, 14.4;
MALDI-TOFMS, MW = 18 400 (calculated number of
chains = 20).
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ABSTRACT: Fragmentations of cyclobutoxychlorocarbene (13, kfrag = 7.1 � 105 s�1) and cyclopropylmethoxy-
chlorocarbene (14, kfrag = 7.6 � 105 s�1) in MeCN proceed to tight and distinct [R� OC Cl�] ion pairs, which collapse
to different distributions of cyclopropylcarbinyl, cyclobutyl and allylcarbinyl chlorides. B3LYP/6–31G* calculations
support these conclusions, affording computed fragmentation activation energies of 6.4 (13) and 3.0 (14) kcal mol�1.
Copyright  2001 John Wiley & Sons, Ltd.
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The mechanistic interrelation of the cyclopropylcarbinyl
(1) and cyclobutyl (2) cations is a classical triumph of
early physical organic chemistry.1 When either carbo-
cation is in a ‘free’ state and a polar solvent (e.g. as
generated from the alkyldiazonium cations produced by


the aqueous nitrous acid deaminations of the correspond-
ing amines), rapid 1,2-C shift rearrangements intercon-
vert 1 and 2, and ‘scramble’ labeled carbon atoms within
each carbocation.1 Nitrous acid deamination of either
cyclopropycarbinylamine or cyclobutylamine leads to
cyclopropylmethanol (3), cyclobutanol (4) and 3-butenol
(5);1b a typical distribution is 52:44:4.1c,2


When, however, the cyclopropylmethyldiazonium
cation is generated in a moderately polar solvent as part
of an ion pair (e.g. RN2


� �O2CR�), rapid anion capture of
the successor alkyl cation is facilitated, leading to a
product mixture rich in the cyclopropylmethyl ester. For


example, reaction of cyclopropyldiazomethane with
ethereal benzoic acid affords the benzoate esters of 3, 4
and 5 in the distribution 79.2:13.6:7.2.2 The cyclopropyl-
to-cyclobutyl ratio, which is �1.2 in the nitrous acid
deamination reactions, increases to �5.8 in the ion pair
process.


We found that fragmentations of alkoxychlorocar-
benes3 lead to ion pairs that resemble those of
deaminative processes.4 Momentarily neglecting product
‘memory effects’ due to cis or trans ROCCl precursors3


(memory effects due to precursor geometry are known for
nitrogen-separated ion pairs5), we can represent typical
carbene-derived and diazonium-derived ion pairs as 6
and 7, respectively. The similarity is apparent, even to the
isoelectronic character of the CO and N2 ‘leaving
groups.’ When cyclopropylmethoxychlorocarbene frag-
ments in MeCN at 23°C, the distribution of cyclopropyl-


carbinyl chloride (8), cyclobutyl chloride (9) and 4-
chloro-1-butene (10) is 78:15:7 (cyclopropylcarbinyl:


cyclobutyl = 5.2).6 This closely resembles the distribu-
tion of the esters formed from cyclopropyldiazomethane
and benzoic acid in diethyl ether2 (see above), suggesting
that ion pairs 6 and 7 (R = cyclopropylcarbinyl) are good
overall representations of the initial intermediates in
these processes.


In our earlier work,6 however, we neither determined
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the rate constant for the fragmentation of cyclopropyl-
methoxychlorocarbene nor compared its kinetics and
product distributions with analogous data for cyclobu-
toxychlorocarbene. Here, we provide these results, in
addition to computational studies of these carbene
fragmentations, enabling us to refine our mechanistic
portrait of these reactions.
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Cyclobutanol (4) was converted to the cyclobutyl
isouronium triflate (11) by reaction with cyanamide and
trifluoromethanesulfonic acid.7 Graham oxidation8 of 11
with hypochlorite then afforded 3-cyclobutoxy-3-chloro-
diazirine (12), which was purified by chromatography


(silica gel/pentane). The pentane solvent was removed
evaporatively and replaced with either MeCN or 1,2-
dichloroethane (DCE) for kinetic and product studies.
UV maxima were observed for 12 at 352 and 367 nm
(pentane), 354 and 368 nm (MeCN) and 353 and 367 nm
(DCE).


Photolysis (� � 320 nm) of diazirine 12 (A�max
= 1.0)


in MeCN or DCE generated cyclobutoxychlorocarbene
(13), which fragmented to yield chlorides 8–10. These
products were identified by gas chromatography–mass
spectrometry (GC–MS) and GC comparisons with authen-
tic materials,6 while product distributions were ascertained
by capillary GC analysis. The same products were formed
from diazirine generated cyclopropylmethoxychlorocar-
bene (14).6 Table 1 gives the product distributions from
the fragmentations of carbenes 13 and 14.


When 13 and 14 were generated by diazirine photolysis
in ethanol, or ethanol–MeCN mixtures, ethers 156 and 166


(with traces of 17) formed in addition to chlorides 8–10.
Product distributions for the fragmentations of 13 and 14
in 100% ethanol are also given in Table 1.


In Fig. 1, we depict the relative yields of chlorides 8–
10 and ethers 15 and 16 as a function of the mole fraction
of ethanol in MeCN for the fragmentation of 13. The
yield of cyclobutyl chloride (9) decreases smoothly,
whereas that of the corresponding ether (16) increases,
with increasing ethanol. Cyclopropylcarbinyl chloride (8)
and the analogous ether (15) present a similar profile.
Remarkably, the cyclopropylmethyl-to-cyclobutyl ratios,
8:9 and 15:16, remain reasonably constant at 1.4–1.6 for
RCl and 0.66–0.96 for ROEt over the range of ethanol
mole fractions, suggesting that the origins of the
chlorides and ethers lie in distinct ion pairs.
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Product distribution (%)


Carbene Solvent 8 9 10 8:9b 15 16 15:16b


13 MeCN 55.3 34.3 10.3 1.6
DCE 64.5 29.8 5.6 2.2
EtOH 37.4 23.9 8.5 1.6 12.9 17.4 0.74


14 MeCN 73.3 17.1 9.6 4.3
MeCNc 78 15 7 5.2
EtOH 41.0 5.5 2.1 7.4 29.1 22.3 1.3


a Diazirine precursors were photolyzed at 25°C; product percentages refer to the total product.
b Ratio of cyclopropylcarbinyl to cyclobutyl product.
c Thermal generation of 14 at 25°C; from Ref. 6.
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Moreover, the ion pair(s) involved in the fragmenta-
tions of carbene 13 must be, at least in part, distinct from
those arising from carbene 14. In the latter case (Table 1),
the 8:9 ratio of 4.3–7.4 is very much weighted toward
cyclopropylmethyl chloride, whereas from carbene 13,
8:9 is only 1.6–2.2, depending on solvent. Put another
way, the 8:9 ratios ‘remember’ their origins: from the
cyclopropylmethyl precursor (14), chloride mixtures rich
in 8 result; from the cyclobutyl precursor (13), larger
(although not dominant) yields of 9 are obtained.


Just as the 8:9 ratio in MeCN (4.3–5.2) from 14, via 6,
resembles that obtained (5.6) from the ethereal cyclo-
propylmethyldiazonium benzoate ion pair (7),2,6 the 8:9
ratio found here for the fragmentation of carbene 13 (1.6
in MeCN) is similar to that observed (1.3) for the
analogous ester products formed from cyclobutyldiazo-
nium p-phenylazobenzoate ion pairs in 98% toluene –2%
ethanol.9 The analogy between the ion pairs arising from
carbene fragmentation and those from deaminative
reactions is thereby strengthened.


We also note the persistence of RCl products in the
fragmentations of either 13 or 14, even in pure ethanol.
Figure 2 traces the ROEt-to-RCl product ratios as a
function of ethanol mole fraction in MeCN for fragmen-
tations of carbene 13. Analogous correlations have been
published for the fragmentations of 146 and benzyloxy-
chlorocarbene.6,10 At 100% ethanol, the RCl:ROEt ratios
are 2.3 from 13 and 0.94 from 14 (Table 1). Ion pairs 6,
with chloride counterions, therefore persist in ethanol
and, when R is initially cyclobutyl, account for about
two-thirds of the product mixture. When R is initially


cyclopropylcarbinyl, ion pairs 6 give rise to slightly less
than half of the products. In both instances, ethers 15 and
16 comprise the balance of the product mixtures.


The ether product ratios (15:16) in Table 1 reveal only
small precursor memory effects and are much closer to
1.0 whether they stem from carbene 13 or 14. These
15:16 distributions approach the cyclopropylcarbinyl-to-
cyclobutyl ratios obtained from the ‘free’ cations formed
in nitrous acid deamination reactions (1.1–1.3).1,2


Clearly, the ultimate ionic precursors of chlorides 8 and
9 differ from those of ethers 15 and 16.


Interconversion of cations 1 and 2 within ion pairs 6 is
in competition with ion pair collapse, solvolysis by
ethanol and diversion to ion pairs in which �OEt replaces
Cl�. The dynamics of these processes are complex and
governed by only small enthalpy and entropy differences
between the different species. An additional complication
concerns the geometry of ion pair 6, which may initially
arise as cis-6 or trans-6,3,6 depending on the geometry of


the precursor ROCCl [where rotation around the central
O—C bond is opposed by �15–18 kcal mol�1 (1 kcal
= 4.184 kJ) due to partial double bond character].11


We have speculated3,6 that cis-6, in which CO does not
‘insulate’ R� from Cl�, may be largely responsible for
the RCl product formed by ion pair return in ethanol,
whereas trans-6, in which CO is interposed between R�


and Cl�, may be more readily intercepted by ethanol,
mainly affording ROEt. No direct test of this idea is
available.


/#$*%#)"


Although rate constants for the decompositions of most
alkyldiazonium cations are unknown because of their
exceedingly facile fragmentation,12 rate constants for the
fragmentation of ROCCl can be measured by laser flash
photolysis (LFP).3,13


Absolute rate constants for the fragmentations of
carbenes 13 and 14 were determined by LFP14 using the
pyridine ylide methodology.15 For example, LFP at
351 nm and 25°C of diazirine 12 in MeCN or DCE
(A � 1.0 at �max) in the presence of pyridine produced an
absorbance at 412 nm due to ylide 18. In MeCN,


correlation of the apparent rate constants for ylide
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formation, kobs (1.10–2.15 � 106 s�1), vs pyridine
concentration (1.65–7.42 M) was linear (seven points,
r = 0.994) with a slope of 1.59 � 105 l mol�1 s�1 and a y-
intercept of 7.14 � 105 s�1. The former value is the
second-order rate constant for ylide formation from
carbene 13 and pyridine, whereas the latter value can be
equated with kfrag for 13 → 6 (R = cyclobutyl) because
the product studies show that only fragmentation
products arise from cyclobutoxychlorocarbene.


Kinetic data for the fragmentations of 13 and 14 in
both MeCN and DCE are given in Table 2. There is some
indication of a solvent effect between DCE (� = 10.7) and
the more polar MeCN (� = 36.6); kfrag is 2.2 (13) to 8.8
(14) times smaller in DCE than in MeCN.16 However, the
important observation is the similarity of kfrag for 13 and
14, which fragment in, e.g., MeCN at 7 � 105–8 � 105


s�1.
In contrast, in acetolysis reactions, cyclopropylcar-


binyl tosylate is considerably more reactive than
cyclobutyl tosylate: the respective enthalpies of activa-
tion are 16.7 (Ref. 17) and 30 (Ref. 18) kcal mol�1, with
corresponding rate constants at 50°C of �2.4 � 10�3 s�1


(extrapolated from the 25°C data17) and 3.4 �
10�5 s�1,18 respectively. This rate differential arises
mainly because the solvolysis of the cyclopropylcarbinyl
tosylate is strongly assisted by formation of the
‘bisected’ cyclopropylmethyl cation, where electron
donation from the strained ring’s proximal p-rich �-
bonds efficiently stabilizes the developing carbocation.1a


Fragmentations of carbenes 13 and 14, however,
proceed through early transition states and over low
activation barriers, where there is relatively little call for
the potential electronic stabilization available in the
cyclopropyl ring of 14. Attempts to measure Ea for the
fragmentation of 13 in MeCN (�20 to 30°C) gave kfrag


values that showed little temperature dependence, and
scattered about a nearly horizontal (Ea � 0) correlation
line. Scatter was also observed for kfrag of 14 below 15°C.
In our experience, these abortive Arrhenius correlations
imply low activation energies (Ea �3–4 kcal mol�1).
Indeed, computed Eas for the fragmentations of 13 and 14
are 6.4 and 3.0 kcal mol�1, respectively, in MeCN (see
below).


Although the low activation energies and concomitant
early transition states for the fragmentations of 13 and 14
suppress differences in kfrag, we note that the cyclobu-


toxychlorocarbene fragmentation rate constant is about
twice that for benzyloxychlorocarbene (�4 �
105 s�1),13,16 and �10 times greater than kfrag for cyclo-
pentoxychlorocarbene (�8 � 104 s�1) (L. A. Johnson
and R. A. Moss, unpublished work). Small residual elec-
tronic stabilizations may therefore operate even in the
‘early’ fragmentation transition states of 13 and 14.


)&�+(%�%#&$� "%('#*"


In analogy with our previous computational studies of
alkoxyhalocarbene fragmentation,11a we computed
ground-state and fragmentation transition states (TS)
for (cis) carbenes 13 and 14. All structures were fully
optimized by analytical gradient methods at the B3LYP/
6–31G* level using the Gaussian94 suite of programs
(the optimization used Gaussian94 Revision B.1 and
default convergence criteria19 and DFT calculations used
Becke’s three-parameter hybrid method using the LYP
correlation functional20). Computed (unscaled) gas-phase
energies were corrected for thermal effects at 298.15 K
and for zero-point energy differences. Normal coordinate
analyses confirmed the nature of the ground-and transi-
tion-state structures. To simulate the MeCN solvent
(� = 36.64) in which the fragmentations were studied, we
employed the SCI-PCM computational model, with full
geometry optimization.


The computed ground and transition states for
carbenes 13 and 14 (both in MeCN) appear in Figs 3
and 4, respectively. In each TS, the C—Cl and (alkyl)
C—O bonds are in the process of breaking: C—Cl
distances increase from 1.93 to 2.46 Å (13) and from 1.94
to 2.33 Å (14), while parallel increases occur for C—O
distances: from 1.50 to 1.92 Å (13) and from 1.52 to
1.85 Å (14). Simultaneously, the (carbene) C—O bonds
of 13 and 14 contract from 1.25–1.26 to 1.18–1.19 Å, en
route to the C�O bond length of 1.128 Å.


Another point deserves mention: the close proximities
of the nascent chloride anions and C(��) in the transition
states (3.37 Å for 13 and 3.36 Å for 14) point toward the
subsequent formation of (cis) ion pairs 6. Indeed, intrinsic


%���� 0� ���� �	������� 
	� ���%��� 
���������	��


kfrag (s�1)b


Carbene MeCN DCE


13 7.1 � 105 3.2 � 105


14 7.6 � 105 8.6 � 104


a At 25°C.
b Errors, 10–15%.
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reactivity coordinate (irc) calculations were carried out
starting from the transition states of Figs 3 and 4. With
the cyclopropylcarbinyl system in MeCN (Fig. 4), the
energy and structure evolved in two directions: backward
toward ground-state carbene 14, and forward toward the
ion pair shown in Fig. 5(left), which displays the
geometry associated with the ‘bisected’ form of the
cyclopropylcarbinyl cation.1a Note that the C—Cl
separation in this ion pair is 3.48 Å, not very different
from the 3.36 Å separation in the corresponding transi-
tion state (Fig. 4). In contrast, the C—O and C(car-
bene)—Cl separations of the ion pair (2.60 and 2.94 Å,
respectively) greatly increase, relative to the analogous
separations in the fragmentation transition state (1.85 Å
and 2.33 Å, respectively). Interestingly, the energy of the
ion pair–CO assemblage is computed to be
�4.4 kcal mol�1 lower than that of carbene 14. Thus, in
MeCN, we calculate that cyclopropylmethoxychlorocar-
bene exothermically fragments to an ion pair, with the
latter separated from the carbene by a barrier of only
3.0 kcal mol�1.


An irc treatment of the transition state for the
fragmentation of 13 (Fig. 3) proceeded only to the
ground-state geometry when the calculation was carried
out in simulated MeCN. In vacuum, the irc led backward
to the ground state and forward to the ion pair–CO
assemblage shown in Fig. 5(right), where the carbon
framework corresponds to that computed for the
bicyclobutonium ion. The geometries computed for the
ion pairs in Fig. 5 closely correspond to those computed


by Koch et al.21a Small differences can be attributed to
the presence of the counterion and carbon monoxide.21b


As in the fragmentation of 14, so too with 13, the
cyclobutyl C—O and C(carbene)—Cl separations con-
tinually increase (in vacuo) from ground state to
transition state to ion pair (for 13 the interatomic
distances are given for gas-phase ground state, transition
state and ion pair), from 1.48 to 2.16 to 2.77 Å for C—O
and 1.89 to 2.64 to 3.28 for C—Cl. The CO molecule is
clearly departing. The behavior of the cyclobutyl C—Cl
separation, however, is different, contracting from
3.10 Å in the transition state21b to 3.05 Å in the ion pair
(Fig. 5). This contraction must, in part, reflect the absence
of polar solvent in the calculation, making the C(��)—
Cl(��) interaction even more important than it is in the
cyclopropylcarbinyl system (see above), where MeCN is
simulated, and stabilizes the ion pair {in the gas phase,
the ‘bicyclobutonium’ chloride ion pair is 5.7 kcal mol�1


higher in energy than the carbene (13) from which it
derives. No doubt, in MeCN, the ion pair would be
significantly lower in energy. Note that the activation
energy for the fragmentation of 13 is computed to be
much lower in MeCN (6.4 kcal mol�1) than in vacuo
(20.3 kcal mol�1), largely due to preferential stabilization
of the polar transition state (Fig. 3) by MeCN. [The
parallel computed reduction in Ea induced by solvation
in the fragmentation of 14 is 17.8 (vacuum) vs
3.0 kcal mol�1 (MeCN)]}. In this latter case, the
C(��)—Cl(��) distance increases slightly (from 3.36 to
3.48 Å) on going from the transition state to the ion pair
(see above).


Clearly, the alkyl groups of carbenes 13 and 14 retain
distinctive characters in their fragmentation transition
states (Figs 3 and 4), and in the ion pairs that result from
the fragmentations (Fig. 5).


Activation energies were obtained for the fragmenta-
tions of 13 and 14 in MeCN as differences between the
computed transition-state and ground-state energies;
we obtained Ea = 6.4 (13) and 3.0 (14) kcal mol�1. A
small residue of the substantial acetolysis ��H‡
between cyclopropylcarbinyl and cyclobutyl tosylates
(�13 kcal mol�1, see above) is apparent in the computed
Eas; �Ea � 3.4 kcal mol�1 in favor of 14. However, the
computed Eas are fairly low, consistent with the observed
rapid fragmentation rates of the carbenes (Table 2), and
with the ‘early’ transition states depicted in Figs 3 and 4.
The Eas computed for the fragmentations of 13 and 14 in
MeCN are bracketed by those calculated for the other
(cis) ROCCl in MeOH,11 including Me2CHOCCl
(8.0 kcal mol�1) and PhCH2OCCl (1.4 kcal mol�1).


)&$) ("#&$"


Fragmentations of cyclobutoxychlorocarbene (13) and
cyclopropylmethoxychlorocarbene (14) in MeCN gen-
erate distinct ion pairs consisting of an alkyl cation,
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carbon monoxide and a chloride anion. Although
subsequent, reversible interconverting rearrangements
of the alkyl cations occur competitively with ion pair
collapse, the latter process dominates, so that distinct
product distributions of chlorides 8–10 are formed from
each carbene. Differences in product distributions persist,
although to a smaller extent, in the formation of ethers 15
and 16 from the fragmentations of carbenes 13 or 14 in
ethanol. Computational studies support the generation of
distinct ion pairs form each carbene, and further suggest
that the cationic components of the ion pairs derived from
13 or 14 resemble the bicyclobutonium cation or the
bisected cyclopropylmethyl cation, respectively.21a The
rate constants for the fragmentations of carbenes 13 and
14 in MeCN were determined by LFP as 7.1 � 105 and
7.6 � 105 s�1, respectively. The similarity in rate
constants reflects the low activation energies of the
fragmentations, which are calculated (B3LYP/6–31G*)
as 6.4 (13) and 3.0 (14) kcal mol�1 in MeCN.


*2+*�#�*$%� 


�	)�����1 Acetonitrile and pyridine (both Fisher, Certi-
fied, ACS) were dried by refluxing over CaH2, followed
by distillation, and storage over 5A molecular sieves.
Dichloroethane (Aldrich, Certified, ACS) was used as
received. Pentane (Fisher, HPLC grade) was stored over
5A molecular sieves.


���)	%����	)==1 Cyclopropylcarbinol (10 g, 0.14 mol)
and 50 ml of 2.0 M aqueous HCl solution were heated at
85°C for 2 h until a clear solution was obtained. This
solution was extracted with 3 � 20 ml of diethyl ether,
and the combined extract was dried over MgSO4.
Filtration and rotary evaporation afforded 15 ml of liquid
that was distilled through a microscale spinning band
column. The fraction with bp 121–124°C was collected
as cyclobutanol.


1H NMR (200 MHz) (�, DMSO-d6): 4.02 (m, 1H,
CHOH), 2.10 (m, 2H), 1.80 (m, 2H), 1.20–1.60 (m, 2H)
[the NMR spectrum (No. 1763) appears in the Sadtler
collection;23 the b.p. is also given there as 123°C/
733 mmHg].


���)	%���)�	��	��� ��>�	�	���������)
	���� &88(1
This compound was prepared by the method in Ref. 7. In
a 50 ml round-bottomed flask, equipped with a stirring
bar and protected with a CaCl2 tube, were placed 0.73 g
(17.4 mmol) of cyanamide, 5.0 g (69.4 mmol) of cyclo-
butanol and 10 ml of dry THF. To this solution was added
1.67 g (17.4 mmol) of trifluoromethanesulfonic acid. The
mixture was stirred magnetically at 25°C for 30 h, then
diluted with 200 ml of dry diethyl ether, sealed and
placed in the refrigerator. A light-brown oil formed,
which was separated and stored at 25°C for 1 week,
whereupon white crystals appeared. The crystals were


harvested, washed with diethyl ether and dried in vacuo
to afford 54% of the title salt, m.p. 69–70°C.


1H NMR (�, DMSO-d6): 8.30 (br, s, 4H NH2), 4.93 (m,
1H, CHO), 2.46, 2.07, 1.80, 1.54 (ms, 6H, cyclobutyl).
Anal. Calculated for C6H11F3N2O4S: C, 27.26; H, 4.20;
N, 10.61. Found: C, 27.25; H, 4.26; N, 10.63%.


!3���)	%��	*�3!3��)	�	$�?��� &,0(1 The general
method of Graham8 was followed. To 3.5 g of LiCl in
100 ml of DMSO were added 1.0 g (3.8 mmol) of
isouronium salt 11 and 50 ml of pentane. The mixture
was cooled to 20°C and stirred magnetically. Then,
200 ml of 12% commercial aqueous sodium hypochlorite
solution (‘pool chlorine’), saturated with NaCl, were
slowly added. Stirring was continued for 15 min at 15°C
after the addition had been completed. The reaction
mixture was poured into 150 ml of ice–water in a large
separating funnel. The aqueous phase was removed and
the pentane layer was washed twice with 75 ml portions
of ice–water and then dried for 2 h over CaCl2 at 0°C. The
diazirine–pentane solution was purified by chromatogra-
phy over silica gel with pentane as eluent. Pentane was
removed by rotary evaporation and replaced by MeCN or
DCE to a volume of �30 ml. The UV maxima of 12 in
pentane, MeCN, and DCE are described in the text.


1H NMR (�, CD3CN): 4.2–4.4 (m, 1H, CHO), 1.9–2.0,
1.5–1.8, 1.2–1.5 (ms, 6H, cyclobutyl). Details of the
preparation of cyclopropylmethylisouronium tosylate
and of cyclopropylmethoxychlorodiazirine can be found
in Refs 6 and 24. Authentic samples of chloride products
8–10 and ether products 15 and 16, are also described in
these sources, and in references cited there in.


��?��� ��	�	)���1 Solutions of diazirine 12 in MeCN,
DCE or MeCN–EtOH (A = 1.0 at �max) were photolyzed
at 25°C for 1 h with a focused Oriel UV lamp, �
�320 nm (uranium glass filter). The products were
analyzed by capillary GC and GC–MS, using a 30 m
� 0.25 mm i.d., 0.25 �m film thickness CP-Sil 5CB
(100% dimethylpolysiloxane) column at 25°C (4 min,
programmed to 80°C at 10°C min�1). Products, which
were confirmed by GC and GC–MS comparisons to
authentic samples,6 are described above (cf. Table 1).


Laser flash photolytic studies employed our LFP
system, which is described in detail elsewhere.14


��3�
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ABSTRACT: This paper introduces a new set of rate constants for solvolysis of 3-chloro-3-ethylpentane in eight
monoalcohols, from methanol to 2-methylbutan-1-ol, and in 10 dialcohols, from ethane-1,2-diol to pentane-1,5-diol,
and also in diethylene and triethylene glycol. These results together with previous obtained data for several solvolytic
reactions oftert-alkyl halides (2-iodo-2-methylpropane, 2-bromo-2-methylpropane, 2-chloro-2-methylpropane, 2-
bromo-2-methylbutane, 2-chloro-2-methylbutane and 3-chloro-3-methylpentane) in the same mono- and dialcohols
were studied by means of a standard multiparametric approach and by target factor analysis (TFA). TFA provides an
open criterion for selecting the quantity and nature of the possible causes of the variation in the rate constants. The
results allow one to identify and quantify the dominant solute–solvent interaction mechanisms affecting the reactions.
Solvent dipolarity, polarizability and hydrogen bond donor acidity are the main influences on reactivity, although
mono- and dialcohols behave differently. Copyright 2001 John Wiley & Sons, Ltd.


KEYWORDS: solvolytic reactions;tert-alkyl halides; linear solvation relationships; target factor analysis


INTRODUCTION


New experimental values of rate constants were deter-
mined for the solvolysis of 3-chloro-3-ethylpentane in
hydroxylic solvents, mono- and dialcohols, in order to
identify the main interactions which take place between
solvent and solute molecules using linear solvation
energy relationships (LSER). Multiparameter correla-
tions of the logarithm of the rate constants, logk, or of the
Gibbs energy of activation,D‡G, with empirical solvent
parameters have already been reported, previously.1–4


This study is extended here to solvolytic reactions on a
wider range of substrates: 2-iodo-2-methylpropane, 2-
bromo-2-methylpropane, 2-chloro-2-methylpropane, 2-
bromo-2-methylbutane, 2-chloro-2-methylbutane, 3-
chloro-3-methylpentane and 3-chloro-3-ethylpentane.
All the solvents studied were alcohols, eight mono- and
ten dialcohols. The behaviour of each reaction was fitted
to a previously proposed model. As most suitable for
evaluation of the medium effects, we chose the
Gonçalves, Albuquerque and Simo˜es (GAS) empirical


equation4 together with the Taft, Abboud, Kamlet and
Abraham (TAKA) equation.5


In addition, we opted for target factor analysis (TFA),
which provides a less arbitrary criterion for identifying
the possible causes of variations in the data. This avoids
somea priori tendentious hypotheses.6,7 To the best of
our knowledge, this is the first time that TFA methodol-
ogy has been applied to such kinetic results.


Experimental


All the mono- and dialcohols used are listed in the second
column of Table 1. They were obtained from BDH and
Merck with 99% purity or better and were carefully dried
over appropriate molecular sieves to keep the content of
water <0.02% before use. The substrate 3-chloro-3-
ethylpentane was synthesized by us and purified by
distillation under reduced pressure. Its purity was tested
by gas chromatography and mass spectrometry.


Conductance measurements were carried out with a
Wayne–Kerr B905 bridge regulated and controlled by a
computer. The temperature control in the reaction cells
was always better than�0.01°C.1


At least three different runs were carried out to obtain a
mean value for each rate constant. Good agreement was
found, the mean deviation always being<2%.
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Results and Discussion


A newcollectionof rateconstants,k, for thesolvolysisof
3-chloro-3-ethylpentane (3-Cl-3-EtPe) in eight mono-
alcohols,from methanolto 2-methylbutan-1-ol,and 10
dialcohols,from ethane-1,2-diolto pentane-1,5-diol,and
alsodiethyleneand triethyleneglycol, weredetermined
experimentallyat 25.00°C.


The reactionsfollow first-orderkinetics and conduc-
tancevalues,G, obtainedat regular intervals of time,
wereanalysedwith theKezdy–Swinbournemethod.8


Gt � Gt1�1ÿ ek�t� � ek�tGt��t �1�


Where the subscripts t, t? and t� Dt denote the
conductanceat time t, infinite time and t� Dt, where
Dt is a constantperiod of time. A computerprogram
yields thek valuesfrom thebeststatisticallydetermined
straight line obtained from the pairs of points (Gt,
Gt � Dt).


All the observedkineticsshowan experimentalerror
of <1% in k (sÿ1). Themeanvaluesof therateconstants
arepresentedin the third columnof Table1. In Table2,
wegiveall theavailableexperimentaldata(log k) for the
solvolytic reactionsof tert-alkyl halidesobtainedin our
laboratory for the same range of solvents. Both
methodologies,the classicalmultiparametricapproach
andTFA, wereperformedbasedonthedatamatrix.Table
2 also showsthe bestdatasubmatrix(A to D) usedin
TFA.


Linear solvation energy relationships


In their pioneering multiparameter approach to the
influenceof solvents,KoppelandPalm10 suggestedthat


Table 1. Rate constants, 106k (s-1), for the solvolysis of 3-
chloro-3-ethylpentane (3-Cl-3-EtPe) in alcohols at 25.00°C


No. Solvent 3-Cl-3-EtPe


1 Methanol 7.773
2 Ethanol 1.491
3 Propan-1-ol 1.907
4 Propan-2-ol 2.053
5 Butan-1-ol 1.797
6 Butan-2-ol 2.144
7 2-Methylpropan-1-ol 1.417
8 2-Methylbutan-1-ol 1.129
9 Ethane-1,2-diol 63.73


10 Propane-1,2-diol 5.247
11 Propane-1,3-diol 16.36
12 Butane-1,2-diol 1.908
13 Butane-1,3-diol 2.944
14 Butane-1,4-diol 4.574
15 Butane-2,3-diol 1.482
16 Pentane-1,5-diol 2.259
17 Diethyleneglycol 5.616
18 Triethyleneglycol 2.510


Table 2. Values of ÿlog k for the solvolysis of tert-alkyl halides in alcohols (25.00°C), with data submatrices A, B, C and D used
in TFA methodology


Substrate


2-Br-2- 2-Cl-2- 3-Cl-3- 3-Cl-3-
No. Solvent t-BuIa t-BuBra t-BuCla MeBub MeBub MePeb EtPe


A B


1 Methanol 3.91 4.46 6.06 4.05 5.65 5.34 5.11
2 Ethanol 4.65 5.36 7.07 4.87 6.41 6.04 5.83
3 Propan-1-ol 4.86 5.44 7.33 5.09 6.70 6.39 5.72
4 Propan-2-ol 5.05 5.67 7.80 5.25 6.16 6.11 5.69
5 Butan-1-ol 4.95 5.61 7.52 5.30 6.14 5.78 5.75
6 Butan-2-ol 5.40 5.78 8.10 5.58 5.69 5.52 5.67
7 2-Methylpropan-1-ol 5.19 5.68 8.30 5.38 6.09 5.99 5.85
8 2-Methylbutan-1-ol – – – 5.46 6.13 6.18 5.95


C D


9 Ethane-1,2-diol 2.55 3.03 4.61 2.85 4.30 4.14 4.20
10 Propane-1,2-diol 3.56 4.03 5.51 3.81 5.43 5.31 5.28
11 Propane-1,3-diol 2.95 3.71 5.29 3.42 5.15 4.83 4.79
12 Butane-1,2-diol 4.16 4.57 6.14 4.36 5.88 5.69 5.72
13 Butane-1,3-diol 4.05 4.50 6.05 4.19 5.68 5.60 5.53
14 Butane-1,4-diol 3.81 4.27 5.99 4.01 5.57 5.42 5.34
15 Butane-2,3-diol 4.48 4.88 6.21 4.68 5.97 5.87 5.83
16 Pentane-1,5-diol 4.19 4.68 6.32 4.42 5.95 5.76 5.65
17 Diethyleneglycol 3.16 3.84 5.69 3.75 5.49 5.44 5.25
18 Triethyleneglycol 3.30 4.14 6.07 3.99 5.88 5.52 5.60


aValuesfrom Ref. 2.
bValuesfor monoalcoholsfrom Ref. 9 andfor dialcoholsfrom Ref. 1.


Copyright  2001JohnWiley & Sons,Ltd. J. Phys.Org. Chem.2001;14: 139–145


140 L. P. M. C. ALBUQUERQUE,M. L. C. J. MOITA AND R. M. C. GONÇALVES







a completedescriptionof all solute–solventinteractions
mustincludebothnon-specificandspecificeffects.


To describethe main significant solvent properties,
different setsof parametershave beenproposed,each
beingclaimedto besuficientfor sucha purpose.11 In our
work, to analysesolventeffectsby meansof LSER,each
set of rate constants,correspondingto one substrate
reactingin the whole rangeof solvents,was correlated
with severalpropertiesof thesolventsbasedon adequate
correlationmodels.Among the most suitableempirical
equationsfor evaluationof themediumeffects,wechose
a modifiedversionof the (GAS) equation.2,4


logk � a0� a1g��� � a2EN
T � a3� � a4�


2
H �2�


andtheTAKA equation.5


logk � a0� a1�
� � a2�� a3� � a4�


2
H �3�


In Eqn. (2), g(Z) is the function for the refractiveindex
(Z2ÿ 1)/(Z2� 2), ET


N is the normalizedDimroth and
Reichardtvalueof ET(30),b is theKamlet–Tafthydrogen
bondacceptor(HBA) basicity parameterand �H


2 is the
cohesive energy density (related to the Hildebrand
parameter).11 In Eqn. (3), b and �H


2 have the same
meaningandp* anda arethe well-known Kamlet–Taft
microscopic solvatochromicparametersrelated to the
solventdipolarity/polarizability and the hydrogenbond
donor (HBD) acidity, respectively.12 A compilation of
thevaluesof theempiricalsolventparametersfor theset
of studiedsolventsis given in Table3.


For each equation, the effect of the different par-
ameterson the variationof log k values(the dependent


variable)wasfirst analysedusinga stepwiseprocedure,
in which the significanceof the independentvariables
wastested.Thedecisionfor theselectionandelimination
of variables was performed taking into account the
significance level (SL) of each regressioncoefficient
(better than 95%), the multiple linear correlation
coefficient(R), the standarddeviationof the fit (s) and
theFisherstatisticalparameter(F). A leastsquaresfit was
thenperformedto obtain the bestmodel for eachsetof
rateconstants.


Table4 summarizesthestatisticallysignificantresults
of the applicationof the GAS equation[Eqn. (2)] and
Table5 theapplicationof theTAKA equation[Eqn. (3)]
When the GAS equation is applied, the ‘hidden’
parameter,a0, is alwayssmaller than when the TAKA
equationis used.For t-BuCl solvolysis, the difference
betweenthea0 valuesis of thesameorderasthestandard
deviationof this coefficient.Thevalueof log k =ÿ19.5,
at25°C,reportedby KoppelandPalm10seemsto confirm
that the setof GAS equationdescriptorsareadequateto
describesolute–solventinteractions.However,whenthe
setof datais split, theai valuesshouldnotchangeoutside
thelimits of error,althougherrorscouldincrease,but this
is not thecasefor 2-Br-2-MeBu(Table5). The valueof
a2 changessignificantly for mono-anddialchols,which
maybedueto their specificpropertiesand/orto the fact
that the set of adjustableparametersis non-ideal.The
formerhypothesisis supportedby thedifferentnatureof
the submatrix in Table 7 concerningthe two sets of
alcoholswhen consideredseparately.However, in the
latter hypothesis,when the solvent nucleophilicity (b
parameter)wasexplicitly included,weobservedthatthis
descriptorhasno statisticalmeaning.


The resultsof the applicationof both equationsshow


Table 3. Selected properties of the solvents (25.00°C)a


No.b f(e) g(Z) ET
N 103�H


2 (MPa) p* a b


1 0.477 0.203 0.762 0.887 0.60 1.09 0.73
2 0.470 0.221 0.654 0.703 0.55 0.88 0.80
3 0.464 0.235 0.617 0.590 0.53 0.79 0.85
4 0.463 0.230 0.546 0.552 0.48 0.68 0.93
5 0.458 0.242 0.602 0.485 0.54 0.74 0.84
6 0.456 0.241 0.506 0.488 0.54 0.54 0.91
7 0.459 0.240 0.552 0.516 0.50 0.71 0.92
8 0.454 0.247 0.534 0.482 0.51 0.64 0.93
9 0.480 0.259 0.790 0.887 0.89 0.88 0.72


10 0.474 0.260 0.722 0.881 0.76 0.83 0.78
11 0.479 0.263 0.747 0.847 0.84 0.90 0.77
12 0.467 0.262 0.676 0.600 0.71 0.80 0.71
13 0.474 0.264 0.682 0.562 0.75 0.76 0.74
14 0.467 0.267 0.704 0.738 0.93 0.63 0.68
15 0.466 0.259 0.651 0.602 0.75 0.68 0.88
16 0.473 0.268 0.654 0.603 0.76 0.70 0.82
17 0.477 0.267 0.713 0.615 0.92 0.72 0.67
18 0.469 0.272 0.704 0.480 0.88 0.66 0.69


aValuesof the solventparameters,definedin eq.(1) and(2), arefrom Ref. (3, 4, 13, 14);
bSolventsarenumberedasin Table1.
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conclusivelythat,for thesetof solvolytic reactionsunder
study,thefactorsthatdominatetheactivationprocessare
thedipolarity/polarizability,describedby g(Z) or p*, and
the HBD acidity, describedby ET


N or a, of the solvent.


All theseeffectscontributeto acceleratingthesolvolytic
process.


The TAKA equationleadsto the conclusionthat, for
the particular caseof t-BuCl solvolysis,a further term


Table 4. Correlation of rate constants for solvolysis of tert-alkyl halides in alcohols (25.00°C), with applicaton of the GAS
equation: logk � a0 � a1g��� � a2EN


T � a3� � a4�
2
H


Substrate a0� sda (%SL)f a1� sd (%SL) a2� sd(%SL) a3� sd(%SL) Nb Fc Rd se


t-BuI ÿ13.01� 0.91 11.87� 3.53 8.88� 0.78 – 17 74.0 0.96 0.26
(>99.99%) (99.54%) (>99.99%)


t-BuBr ÿ13.50� 0.81 12.70� 3.16 8.49� 0.78 – 17 87.5 0.96 0.24
(>99.99%) (99.87%) (>99.99%)


t-BuClg ÿ20.92� 2.05 15.88� 3.17 13.24� 1.26 2.13� 1.21 17 112 0.98 0.22
(>99.99%) (99.98%) (>99.99%) (>89.83%)


t-BuCl ÿ17.56� 0.82 13.99� 3.20 11.44� 0.79 – 17 145 0.98 0.24
(>99.99%) (99.94%) (>99.99%)


2-Br-2-MeBu ÿ12.15� 0.69 8.67� 2.74 8.39� 0.63 – 18 115 0.97 0.20
(>99.99%) (99.36%) (>99.99%)


2-Br-2-MeBu ÿ12.66� 0.45 – 12.37� 0.64 – 10h 369 0.99 0.08
(>99.99%) (>99.99%)


2-Cl-2-MeBu ÿ13.42� 1.02 – 11.20� 1.45 – 10h 59.6 0.94 0.18
(>99.99%) (99.99%)


3-Cl-3-MePe ÿ13.58� 0.84 – 11.67� 1.19 – 10h 97.0 0.96 0.15
(>99.99%) (>99.99%)


3-Cl-3-EtPe ÿ13.12� 0.88 – 11.08� 1.24 – 10h 79.2 0.95 0.16
(>99.99%) (>99.99%)


aStandarddeviationof thecoefficient.
bNumberof points.
cFisherstatisticalvalue.
dMultiple linear correlationcoefficient.
eStandarddeviationof thefit.
fPercentsignificancelevel.
gThis correlationwasincludedfor comparativepurposes.
hDialcohols.


Table 5. Correlation of rate constants for solvolysis of tert-alkyl halides in alcohols (25.00°C), with application of the TAKA
equation: logk � a0 � a1�


� � a2�� a3� � a4�
2
H


Substrate a0� sda (%SL)f a1� sd (%SL) a2� sd(%SL) a3� sd(%SL) Nb Fc Rd se


t-BuI ÿ9.50� 0.51 4.73� 0.41 2.70� 0.53 – 17 75.6 0.96 0.26
(>99.99%) (>99.99%) (99.98%)


t-BuBr ÿ9.88� 0.45 4.65� 0.36 2.55� 0.46 – 17 95.9 0.97 0.23
(>99.99%) (>99.99%) (99.99%)


t-BuCl ÿ17.57� 1.97 7.22� 0.76 4.65� 0.74 3.16� 1.46 17 88.5 0.98 0.24
(>99.99%) (>99.99%) (>99.99%) (>95.05%)


2-Br-2-MeBu ÿ9.49� 0.39
(>99.99%)


4.13� 0.32
(>99.99%)


2.87� 0.42
(>99.99%)


– 18 106 0.97 0.21


2-Br-2-MeBu ÿ12.11� 0.59
(>99.99%)


5.14� 0.48
(>99.99%)


5.29� 0.48
(>99.99%)


– 10g 95.8 0.98 0.11


2-Cl-2-MeBu ÿ12.92� 0.96
(>99.99%)


4.15� 0.77
(99.90%)


5.35� 0.78
(99.98%)


– 10g 30.9 0.95 0.18


3-Cl-3-MePe ÿ12.85� 1.05
(>99.99%)


4.31� 0.85
(99.90%)


5.30� 0.86
(99.98%)


– 10g 26.0 0.94 0.20


3-Cl-3-EtPe ÿ12.61� 0.92
(>99.99%)


4.36� 0.74
(99.94%)


4.99� 0.75
(99.97%)


– 10g 31.7 0.95 0.18


aStandarddeviationof thecoefficient.
bNumberof points.
cFisherstatisticalvalue.
dMultiple linear correlationcoefficient.
eStandarddeviationof thefit.
fPercentsignificancelevel.
gDialcohols.
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should be considered, the HBA basicity parameter
describedby b. This meansthat, at least in this case,
nucleophilic assistanceduring the activation processis
important. We must point out that although the
significancelevel (SL) of the regressioncoefficient b
for the GAS equationdoesnot achievethe stipulated
minimum level it is neverthelesspartly high at 89.83%
(Table4).


Bentleyandco-workers15,16suggestedthat solvolyses
of tert-butyl halides are sensitive to solvent nucleo-
philicity assistanceduring heterolysisof the carbon–
halogen bond by an SN2 (intermediate)mechanism;
however,nucleophilic solvationmay occur at both the
a-carbonandtheb-hydrogen.Kevill andD’Sousa17 also
reportedthat there is an appreciablecontribution from
rearsidenucleophilicsolvationof the developingcarbo-
cation on the rates of tert-butyl chloride solvolysis.
Abraham18 first concludedthat inclusion of the b term
did not improve the goodnessof the statistical fit for
t-BuCl. However,with a moreextensivesetof reaction
rates,the nucleophilicassistanceterm becomesstatisti-
cally significant.19 Recentwork by Takeuchiet al.20,21


andLiu et al.22 carefullyexaminedextendedGrunwald–
Winstein-typerelationsinvolving a nucleophilicity par-
ameterwhen applied to various crowdedalkyl deriva-
tives. They obtainedgood straight lines and concluded
that the solvolytic reactivity was influencedby nucleo-
philic solventparticipation.


Catálanetal.23 showedthatthesolvolysisof tert-butyl
chloride is favoured by an increasedbasicity of the
medium. In addition, Abboud and co-workers24,25


recentlyreportedthat the tert-butyl derivativessolvolyse


fasterthanexpectedon thegroundsof thestability of the
bridgeheadcarbeniumions. This shouldbe ascribedto
nucleophilicsolventparticipationin thecaseof the tert-
butyl derivative.


Our resultsshowthatnucleophilicassistancedoesnot
influence t-BuBr and t-Bul solvolysis rates to any
significant extent. However, for t-BuCl solvolysis the
HBA basicity parameterhas a moderatecontribution,
which is consistentwith a processassistedby increased
solventbasicity.


The analysisthroughthe GAS and TAKA equations
concerning the substrates2-Cl-2-MeBu, 3-Cl-3-MePe
and 3-Cl-3-EtPeshows that they only have statistical
meaningfor thesetof dialcohols.Theparametersp* and
a arethemostrelevantfor theTAKA equationandonly
ET


N should be consideredin the GAS equation.This
agreeswith ET


N(30) is a linearcombinationof thep* and
a parameters.Thereis, in fact,a superiornon-colinearity
betweenany two solvent parametersfor TAKA com-
paredto GAS, for the all set of studiedalcohols.The
correlationcoefficientbetweenET


N andb, for instance,is
0.850,andthatbetweena andb is only 0.374.Thismakes
the useof the TAKA equationmorediscriminatoryand
lessambiguous.


Target factor analysis


Theuseof FA andTFA allowsa betterunderstandingof
the variationsin the datasets,log k in our case,without
prior assumptionsof anymodelor anykind of behaviour.
As far aswe know, this is the first applicationof sucha


Table 6. Summary of target test (SPOIL <6) using two factors based on covariance


Submatrix Target AETa EDMb SPOILc Fd df1e df2e %SLf


A g(Z) 0.0091 0.0030 2.83 3.75 5 1 37.2
ET


N 0.1343 0.0303 4.32 8.20 5 1 25.9
b 0.0293 0.0056 5.10 11.23 5 1 22.3


B g(Z) 0.0055 0.0029 1.67 1.52 6 2 44.7
ET


N 0.0780 0.0193 3.91 6.58 6 2 13.8
�H


2 0.1239 0.0294 4.10 7.18 6 2 12.7
a 0.1268 0.0382 3.17 4.45 6 2 19.5
b 0.0345 0.0132 2.41 2.74 6 2 29.1


C f(e) 0.0405 0.0075 5.34 13.09 8 1 21.1
g(Z) 0.0171 0.0042 3.93 7.31 8 1 27.9
ET


N 0.0853 0.0150 5.59 14.32 8 1 20.2
p* 0.0830 0.0215 3.73 6.62 8 1 29.2
I 0.0791 0.0149 5.21 12.49 8 1 21.6


D f(e) 0.0351 0.0117 2.83 3.87 8 2 22.2
g(Z) 0.0152 0.0062 2.23 2.55 8 2 31.2
ET


N 0.0708 0.0265 2.48 3.05 8 2 27.0
p* 0.0862 0.0345 2.29 2.67 8 2 30.1
I 0.0691 0.0225 2.90 4.01 8 2 21.5


aApparenterror in the target.
bError from datamatrix
cSPOILassociatedto the target.
dFisherstatisticalvalue.
eDegreeof freedom.
fPercentsignificancelevel.
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‘hypothesis-free’methodto a dynamic processof this
type.Thepresentwork introducesthemethodin orderto
improve our knowledgeabout the interactionmechan-
isms acting in the solvent-dependent solvolytic pro-
cesses.


Data were first analysedusing FA. The number of
eigenvectorsor factors necessaryto explain the main
varianceof the resultswasobtainedthroughapplication
of the IND function and cross validation tech-
niques.6,26,27 Once the numberof abstractfactors had
been decided unambiguously,TFA was applied to
identify thenatureof each.


We started with the complete, free from ‘holes’
original datamatrix of sevensubstratesand17 solvents.
To improvetheabsolutefit of thedata,four submatrices
wereselected.Thesesubmatricesensurea clearphysico-
chemicalinterpretation.Thesolventparameterschecked
aspossibletargetsin a futuremodelweref(e), g(Z), ET


N,
�H


2, p*, a, b andI (theunitaryvector).This setof tested
solvent parametersis included in the set of ‘pure
fundamental’solventparametersdefinedby the FA and
the SMIRC procedureperformedby Palm and Palm.28


All thedatatreatmentwasperformedwith theTARGET
90 program.6,29


Eachof the eight targetswastestedandthe apparent
error (AET) togetherwith the error from the datamatrix
(EDM) servedto calculatethe SPOIL value associated
with the target and the correspondingstatistical par-
ameterF. Targetsthatarerealfactorsshouldhavevalues
of SPOIL below 6 and significancelevels (SL) above
5%.30,31Table6 givesa summaryof targettestingusing
two factors based on the covariance for each data


submatrix.An increasein this numberof factors can,
on theonehand,improvetheabsolutefit of thedatabut,
ontheother,decreasethenumberof statisticaldegreesof
freedom. Therefore, to preservethis, the number of
factors (NF) shouldbe equal to or less than the value
representedby the ratio (n�m)/(n�m), n andm being
thenumberof columnsandrows,respectively.28


Thosesolventparametersconfirmedas possiblereal
factors,or thetargets,which lie in thefactorspace,were
subsequentlyusedfor the calculationof their loadings
and for reproduction of the data matrix. The best
combination of solvent parametersyields the lowest
error on the estimationof the factor loadingsand/orthe
lowestroot meansquareerror,(RMS), in reproductionof
thedatamatrix.Table7 showsthefactorloadingsandthe
associatederrors and the RMS of the best results
submatrix.Although the associatedRMS errors in the
reproductionof the datasubmatrixA areacceptable,as
they have the same magnitudeas the values of the
standarddeviationobtainedusing the LSER methodol-
ogy, somefactor loadingsshowlargeassociatederrors.
Thiscanbeexplainedby thesmallsubmatrixdimension,
sincewhentheproductof therowsandcolumnsincreases
theerrorstendto decrease.Theapplicationof TFA to the
solvolytic reactions of all halides allowed us to
differentiate between the behaviour of mono- and
dialcohols.For tert-butyl halides(t-BuX; X = Cl, Br or
I) the most important parametersare g(Z) and ET


N.
However, the pairs g(Z) and b and I and p* are also
possiblereal factors for mono- and dialcohols,respec-
tively (Table 7). If we compare the results of TFA
applicationto thesubmatrixA andC, andthesubmatrix


Table 7. Factor loadings based on covariance (NFa = 2) using values of logk


Substrate Submatrix g(Z) ET
N g(Z) b


t-BuI A ÿ26.55� 2.33 2.08� 0.90 ÿ4.51� 9.51 ÿ4.48� 2.56
t-BuBr ÿ24.72� 2.95 0.43� 1.13 ÿ20.19� 9.36 ÿ0.92� 2.52
t-BuCl ÿ46.75� 7.99 5.52� 3.07 11.63� 17.44 ÿ11.87� 4.69


RMSb = 0.26 RMS= 0.21
g(Z) ET


N g(Z) a
2-Br-2-MeBu B ÿ26.33� 0.93 16.73� 0.36 ÿ24.97� 0.62 0.90� 0.19
2-Cl-2-MeBu ÿ15.21� 3.47 ÿ4.36� 1.35 ÿ18.75� 2.25 ÿ2.34� 0.19
3-Cl-3-MePe ÿ16.77� 3.46 ÿ3.41� 1.35 ÿ19.54� 2.22 ÿ1.83� 0.67
3-Cl-3-EtPe ÿ20.64� 1.50 ÿ1.51� 0.59 ÿ21.87� 0.98 ÿ0.81� 0.30


RMS= 0.26 RMS= 0.24
g(Z) ET


N I p*
t-BuI C ÿ72.86� 20.53 22.25� 7.72 ÿ10.91� 2.23 8.88� 2.71
t-BuBr ÿ62.56� 13.45 17.59� 5.06 ÿ9.82� 1.96 6.88� 2.39
t-BuCl ÿ56.89� 5.89 13.14� 2.21 ÿ9.78� 2.07 4.84� 2.53


RMS= 0.44 RMS= 0.49
g(Z) ET


N I ET
N


2-Br-2-MeBu D ÿ52.17� 7.11 13.98� 2.67 ÿ12.87� 0.48 12.65� 0.68
2-Cl-2-MeBu ÿ49.02� 4.37 10.53� 1.64 ÿ12.08� 1.17 9.29� 1.66
3-Cl-3-MePe ÿ51.14� 5.25 11.58� 1.97 ÿ12.60� 0.94 10.28� 1.34
3-Cl-3-EtPe ÿ49.93� 5.58 11.18� 2.09 ÿ12.31� 0.96 9.91� 1.36


RMS= 0.22 RMS= 0.14


aNumberof factors.
bRootmeansquareerror.
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B andD, wecanseethatfor thepairg(Z), ET
N thereis, in


general,asignificantincreasein theabsolutevalueof the
factorloadingsfor thedialcohols.This is mostprobablya
consequenceof a strongersolute–dialcoholinteraction
than the solute–monoalcoholinteraction during the
activation process.When we choosethe pair of par-
ametersg(Z) andb for thesubmatrixA, weverify thatthe
basicity parameteris more relevantfor the substratet-
BuCl than for the other halides, as already verified
through LSER methodology (Tables 4 and 5). For
solvolysisof 2-Br-2-MeBu,2-Cl-2-MeBu,3-Cl-3-MePe
and3-Cl-3-EtPein dialcohols,the statisticalanalysisof
theresultsshowsthat thedominantsolventinteractionis
the HBD acidity, ET


N, asconcludedbeforethroughthe
applicationof LSER methodology(Table 4). However,
use of the TFA statistical method indicates that the
parameterg(Z) canalsobe important.It shouldbenoted
thatwhenthepair of parametersI andET


N is considered
(submatrixD, Table7), thefactorloadingsshowthesame
nature, magnitude and sign as the LSER regression
coefficientsobtainedfor the samesubstrates(Table 4).
With respectto thesolvolytic reactionsof 2-Br-2-MeBu,
2-Cl-2-MeBu,3-Cl-3-MePeand3-Cl-3-EtPein theeight
monoalcohols,the TFA methodologyprovides further
information since through the LSER methodologyall
hypotheseswerestatisticallymeaningless.In thiscasethe
relevantsolventparametersare g(Z) and a or g(Z) and
ET


N.
Reasonablecorrelationsobtainedusing TFA only on


subsetsof theoriginal datamatrix canbeexplainedby a
different kinetic behaviourof mono-anddialcoholsand
also by the nature of the alkyl group attachedto the
tertiary carbon.We emphasizethat LSER methodology
can provide estimationsof the effects of solvent on
reactionrates.Theresultsobtainedfrom themultivariate
TFA methodarein goodagreementwith thoseobtained
from LSER. It has already been emphasizedthat the
application of the TFA approachis innovative in the
contextof thechemicalsystemsstudiedhere.


Furtherstudiesusingmoreheavily congestedtertiary
alkyl substratesarein progressandalsotheapplicationof
themethodologyof transferthermodynamicfunctionsin
order to analyse solvent nucleophilic effects in the
transitionstatein moredetail.


Increasingthe total numberof selectedbasiccolumns
androwsof thestartingmatrix for theTFA treatmentcan
result in a highly useful tool for additional information
concerningreactionprocessesin solution.
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ABSTRACT: Surface reactions were employed to introduce a variety of functional groups in self-assembled
monolayers (SAMs) on hydroxylated surfaces such as glass and oxidized silicon wafers. The resulting layers were
fully characterized by wettability studies, ellipsometry, Brewster angle infrared and x-ray photoelectron
spectroscopy, UV–visible absorption and fluorescence measurements. Based on these measurements, it was
concluded that the steric hindrance of the monolayer hampered the surface reactions, which generally led to sub-
monolayer coverages. Detailed information concerning the interactions amongst adsorbates was obtained from
fluorescence measurements. The characteristic excimer emission of pyrene-functionalized layers showed a large
dependence on the solvent that was in contact with the SAM. Furthermore, efficient energy transfer could be observed
in mixed monolayers that contained both fluorescein and lissamine groups. Copyright  2001 John Wiley & Sons,
Ltd.


KEYWORDS: self-assembled monolayers; surface modification; silicon oxide modification; glass modification
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The use of trichlorosilanes for the preparation of self-
assembled monolayers (SAMs) on hydroxyl-terminated
surfaces (e.g. glass and oxidized silicon wafers) was first
reported by Sagiv in 1980.1 Since then, the growth and
structure of simple n-alkyltrichlorosilane SAMs have
been investigated extensively, and have been reviewed
by Ulman.2 Similar to the monolayers on gold, an
increasing effort is directed towards the potential
application of trichlorosilane SAMs. One of the main
interests is the formation of multilayers and their use in
non-linear optical devices.3 Other fields of interest are the
use of SAMs on glass for biological and chemical
sensing.4 However, the high reactivity of trichloro- and
trialkoxysilanes strongly limits the number of functional
groups that can directly be introduced into SAMs on
glass. As a consequence, the chemical diversity of these
monolayers has been limited, especially when compared
with SAMs on gold. To widen the range of functional-
ities, several groups have studied the completeness of


surface reactions.5 In most of these cases the surface
reactions were carried out with small reactants, allowing
almost complete functionalization of the primary formed
monolayer. Also for the attachment of larger molecules,
the reactivity of SAMs with terminal amine groups has
frequently been used.6 However, the yield of these
surface reactions and the structure of the resulting layers
have been given very little attention.


Recently, we have shown that the surface reaction of 3-
aminopropyltriethoxysilane SAMs with dansyl chloride
results in a sub-monolayer coverage of dansyl groups.
We have found that fluorescence spectroscopy and UV–
visible absorption measurements were very sensitive
methods to analyze the monolayer monitor changes of the
relatively open structure of the layer in the screening of
suitable host molecules.7


In this paper, the use of a two-step procedure for the
introduction of functional groups in self-assembled
monolayers on hydroxylated surfaces is described
(Scheme 1). After the chemisorption of 3-aminopropyl-
triethoxysilane SAMs, the terminal amino groups were
reacted with a variety of reagents to introduce the desired
functionality. The yields of these surface reactions and
the structure of the layers were studied by contact angle
measurements, ellipsometry, Brewster angle IR and x-ray
photoelectron spectroscopy (XPS), UV–visible absorp-
tion and fluorescence measurements. Furthermore, the
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influence of interactions among the functional groups on
the fluorescent properties was studied for pyrene-
functionalized monolayers and for mixed monolayers of
fluorescein and lissamine.


()*("$�(!%+,


��������! All chemicals used for the preparation of
SAMs and their modification by surface reactions were
obtained from Aldrich or Molecular Probes. Toluene
was freshly distilled from sodium and dichloromethane
from K2CO3. For the preparation of SAMs of trichloro-
and triethoxysilanes, different substrates were used:
quartz slides (Hellma Quartz Suprasil) for their
characterization by UV–visible absorption and fluores-
cence spectroscopy; n-type silicon wafers (both sides
polished, Wacker) for Brewster angle infrared spectro-
scopy; and n-type silicon wafers (one side polished,
Wacker) for wettability studies, ellipsometry and XPS.
Prior to the monolayer deposition, the substrates were
cleaned for 1 h in boiling ‘piraña’ (solution of 1:4 30%
H2O2 and concentrated H2SO4), rinsed several times
with high-purity water and dried in a stream of nitrogen.
Caution: ‘piraña’ is a very strong oxidant and reacts
violently with many organic materials.


�	�	���� ���������	�! All glassware used to prepare
monolayers was cleaned in boiling ‘piraña’ and rinsed
several times with high-purity water. Formation of the
self-assembled monolayers was achieved in a glove-box
under an atmosphere of dry nitrogen. The freshly
cleaned substrate was immersed in a 10 mM solution
of the adsorbate in dry toluene for 4 h. After the
substrate had been removed from the solution, it was
rinsed with toluene (twice), dichloromethane (twice),
and ethanol (twice) to remove any physisorbed
material.


���
��� ������	��! SAMs of 3-aminopropyltriethoxysi-
lane (APTES) were modified by surface reaction with
reactants 1–6. All surface reactions were performed in a
glove-box under an atmosphere of dry nitrogen.


A substrate covered with a SAM of APTES was placed
in a solution of 0.1 ml of triethylamine and 10–20 mg of
one of the reactants [decanoyl chloride (1), dodecyl
isocyanate (2), lissamine (4), fluorescein-5-isothiocyanate
(5) or eosine-5-isothiocyanate (6)] in 20 ml of acetonitrile
for 16 h (it was found that the final surface coverage of the
surface reacted APTES monolayer after a 16 h reaction
time did not critically depend on the amounts of reactant
used during the modification). After the substrate had
been removed from the solution it was rinsed with
acetonitrile (twice), ethanol (twice) and dichloromethane
(twice) and dried in a stream of nitrogen.
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A substrate covered with a SAM of APTES was placed
in a solution of 30 mg of 1-[3-(dimethylamino)propyl]-3-
ethylcarbodiimide hydrochloride (EDC), 30 mg of 4-
(dimethylamino)pyridine and 20 mg of 1-pyrenebutyric
acid (3) in 20 ml of DMSO for 16 h. After the substrate
had been removed from the solution it was rinsed with
DMSO (twice), ethanol (twice) and dichloromethane
(twice) and dried in a stream of nitrogen.


�������������	�! For XPS, a VG Escalab 220i-XL
instrument with a monochromatic Al K� x-ray source
was used. Ellipsometric layer thickness measurements
were performed on a Plasmos Ellipsometer (� = 633 nm)
assuming a refractive index of 1.46 for the monolayer and
the underlaying oxide. The thickness of the silicon oxide
layer was measured separately on an unmodified part of
the same wafer and subtracted from the total layer
thickness determined for the monolayer-covered silicon
substrate. Wettability studies were carried out on a Krüss
G10 contact angle measuring instrument, equipped with a
charge coupled device (CCD) camera. Advancing and
receding contact angles were determined automatically
during growth and shrinkage of the droplet by the drop
shape analysis routine. Brewster angle infrared spectra
were obtained with a Bio-Rad FTS 60 A spectro-
photometer at an angle of incidence of 73.7°. For each
spectrum 512 scans were recorded with 2 cm�1 resolu-
tion. A background spectrum was recorded using a
freshly cleaned silicon substrate. UV–visible absorption
measurements were performed on a Hewlett-Packard
8452A diode-array spectrophotometer. The quartz slides
were coated with a SAM on each side of the substrate, so
that the presented absorption spectra are due to two
monolayers. An unmodified quartz slide was used as a
blank. Fluorescence emission and excitation spectra were
measured with an SLM Instruments SPF-500C spectro-
fluorimeter, using excitation and emission bandwidths of
7.5 nm. The monolayer-covered quartz substrates were
placed in a quartz cuvette, which allowed the recording of
fluorescence spectra with the monolayers exposed to
solvents. The emitted light was detected at an angle of
90° with respect to the excitation beam (see Fig. 1).


"(�',%� +!  $��'��$&!


SAMs of APTES and dodecyltrichlorosilane
(C12H25SiCl3) were prepared by exposing glass sub-
strates or oxidized silicon wafers for 4 h to a 10 mM


solution of the adsorbate in dry toluene. The APTES
monolayers were further functionalized exploiting the
reactivity of primary amines in subsequent surface
reactions with isothiocyanates, isocyanates, sulfonyl
chlorides and activated carboxylic acids. Although in
solution these reactions go to completion, it is known that
the immobilization of a reactant in a SAM inhibits its
reactivity.8 Here, different compounds (1–6) were used
for the reaction with APTES monolayers.


A first indication of the quality of the formed layers
can be obtained from wettability studies and ellipso-
metric thickness measurements (see Table 1). SAMs of
C12H25SiCl3 and APTES had thicknesses that were close
to the length of the adsorbates in an all-trans conforma-
tion. In agreement with a dense packing of the adsorbate
molecules, the dodecyl SAM had advancing and receding
contact angles of 110° and 100°, respectively. This
combination of high hydrophobicity and a very small
hysteresis is only observed for highly ordered alkyl-
terminated monolayers.2a The amino-terminated APTES
monolayer had a significantly lower hydrophobicity, as
was expressed by the advancing contact angle of 67° (it
was recently shown that impurities from air adsorb
quickly on amino-terminated monolayers, which leads to
an increase in the advancing contact angle from 35°
directly after preparation to 70° after several days in air9).
Moreover, the weak van der Waals interactions between
the short propyl chains of the adsorbates were not
sufficient to induce a highly ordered packing. Conse-
quently, a large hysteresis of 35° between the advancing
and receding contact angle was found.


The surface reaction of APTES monolayers with
reactants 1–6 generally led to a significant increase in
the ellipsometric thickness of the organic film (Table 1).
However, in most cases the observed layer thickness was
less than the length of the adsorbate in the all-trans
conformation, indicating sub-monolayer coverages due
to the incomplete modification of the amino-terminated
SAM. Only the surface reactions with fluorescein- and
eosin-5-isothiocyanate (5 and 6, respectively) resulted in
layer thicknesses that were in accordance with full
monolayer coverage. Wettability studies of the surface-
reacted SAMs showed that the introduction of bulky
substituents (such as compounds 3–6) prevents an
ordered packing of the adsorbates as expressed in the
large hysteresis. Linear alkyl substituents (1 and 2) allow
a better stacking of the adsorbates, which results in a
relatively small hysteresis (�20°). However, to accom-
plish stacking of the alkyl chains, the sub-monolayer
coverage requires a relatively large tilt angle, resulting in
a smaller layer thickness.


Brewster angle infrared spectroscopy showed absorp-
����� -� ��������� ������������	� 	
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tions corresponding to the stretching modes of the methyl
and methylene groups for SAMs of dodecyltrichloro-
silane, and for APTES monolayers after surface reaction
with C9H19COCl (1) and C12H25NCO (2), respectively
(see Fig. 2). The methylene stretching modes, va(CH2)
and vs(CH2), are sensitive to the degree of order in SAMs,
since both absorptions shift to lower wavenumbers with
increasing crystallinity.10 For SAMs of C12H25SiCl3 the
symmetric and asymmetric methylene stretching vibra-
tions were found at 2853 and 2923 cm�1, respectively. A
more liquid-like packing of the surface-reacted APTES
monolayers with compounds 1 and 2 shifted both
methylene absorptions to 2856 and 2928 cm�1. In
accordance with the ellipsometric measurements, the
CH absorptions of the C12H25SiCl3 SAMs were roughly
twice as intense as those of the surface-reacted APTES
SAMs. Unfortunately, the intensities of the amine and the


carbonyl absorptions were not sufficient to allow an
unambiguous identification of these groups.


XPS measurements of monolayers of C12H25SiCl3,
APTES and its functionalized layers (APTES reacted
with 1, 3, 4, 5 and 6) showed the presence of Si, O, C, N
and for 6 also Br (see Fig. 3). The presence of sulfur
could not be confirmed owing the small amounts present
in the monolayers of 4–6, in addition to its low atomic
sensitivity factor (since the S2p signal overlapped with
signals from the silicon wafer, the even weaker S2s signal
had to be used for the detection of sulfur; atomic
sensitivity factors were obtained from Ref. 11). Since
also for freshly cleaned silicon wafers signals for Si, O
and traces of C were detected, it was impossible to
determine the exact elemental composition of the SAMs.
However, from the relative intensities of the bromine and
nitrogen signals we were able to estimate that 10–15% of
the propylamines were modified by the surface reaction
with eosin-5-isothiocyanate (6). Combined with an area
of 20 Å2 per amino group, as was determined by Durfor et


%��	 -� /����,���� ��� ����	������ ����0���� 	
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Contact angle (°)a


Thickness Adsorbate length (Å)
Monolayer Adv. �1° Rec. �1° (Å)b (�0.5 Å)c


C12H25SiCl3 110 100 15.8 � 0.5 18
APTES 67 32 6.7 � 0.5 7.5
Reaction of APTES SAM with:


C9H19COCl (1) 95 82 14 � 1 21
C12H25NCO (2) 95 75 13 � 1 24.5
1-Pyrenebutyric acid (3)d 76 40 17 � 1 21
Lissamine (4) 52 23 14 � 1 21
Fluorescein-5-isothiocyanate (5) 69 �15 20 � 1 19
Eosin-5-isothiocyanate (6) 70 �15 21 � 1 20.5


a Advancing and receding contact angles determined with water as the probing liquid.
b Layer thickness determined with ellipsometry.
c Length of the adsorbate in the most extended conformation (including APTES for surface-reacted SAMs) based on CPK model.
d 1-Pyrenebutyric acid was reacted with the APTES monolayer via EDC coupling.
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al.12a [one referee correctly remarked that compared with
the procedure reported in Ref. 12a, no curing step was
performed; according to the thickness (Table 1), this did
not affect the surface coverage] a surface density of one
eosine group per 166 � 33 Å2 was calculated.


Despite the presence of traces of carbon in the silicon
substrate, all monolayer-coated substrates showed a
significant increase of the C1s signal. A useful feature
in the XPS C1s spectra is the presence of up to three
different peaks [see Fig. 4(a)]. This splitting of the carbon
signal is caused by the different oxidation states of the
carbon atoms, which is reflected in their binding
energies.13 Consequently, for monolayers of C12H25SiCl3
only one C1s signal was observed at 284.5 eV, whereas
the surface-reacted monolayer of APTES with
C9H19COCl showed three signals (C— alkyl 284.5 eV,
C—N 286 eV, N—C=O 287.8 eV). Also the introduc-
tion of the other functional groups (2–6) resulted in a
broad C1s signal with its maximum at 284.5 eV and
shoulders at 286 and 288 eV, corresponding to the
different oxidation states of the carbon atoms.


Similarly to the carbon signal, the XPS N1s signal of
the APTES monolayer is split into two peaks. Here two
signals can be distinguished at 399 and 401 eV that are
attributed to the presence of uncharged and positively
charged nitrogens, respectively.11 Similar observations
have been made by Bierbaum et al.,14 who observed by
XPS the partial protonation of 3-aminopropyl- and 17-
aminoheptadecyltrimethoxysilane SAMs.


The relative amount of protonated nitrogens was found
to vary strongly with the nature of the functional group
that was introduced by the surface reaction [see Fig.
4(b)]. For the apolar substituents 1 and 3 the signal at
401 eV was virtually absent, so less than 5% of the
nitrogens were protonated. More polar substituents, such
as fluorescein (5) and eosin (6), showed very similar XPS
N1s signals to the unmodified APTES layer with 20–30%
of the nitrogens protonated. This indicates that the
protonation of unreacted amines is disfavored in an
apolar environment compared with the more polar layers
of fluorescein and eosin. An exceptionally high amount
of positively charged nitrogen (60%) was found for the
layers that were functionalized with lissamine (4). Two
reasons account for this. One is that the lissamine has
positively charged nitrogens and the other is that only a
fraction of the amino groups had reacted with 4 (see
below). The low reactivity might be due to the
zwitterionic character of 4.


UV–visible absorption spectroscopy is a very valuable
technique for the characterization of functionalized
SAMs.12,15,16 The use of quartz substrates that are
transparent down to 200 nm permits the detection of
chromophoric groups in sub-monolayer quantities using
standard diode-array spectrophotometers. In addition to
its use for confirmation of the surface attachment of a
chromophore by its characteristic absorption bands, UV–
visible absorption spectroscopy can also be used in a
more quantitative manner. The Beer–Lambert law relates
the absorption (A) to the surface density of the
chromophores (�): A = ��.12 The values for the molar
absorption coefficients (�) of the chromophores can be
determined from solution experiments. Although the
restricted rotational freedom of the molecules in well-
packed monolayers might influence their absorption
coefficient, we have experienced that the obtained
surface densities of the relatively disordered surface-
reacted SAMs are in good agreement with the results
obtained from the other analytical techniques, such as
ellipsometry, Brewster angle IR and XPS.


The UV–visible absorption spectra of the APTES
monolayers after the reaction with chromophores 3–6,
clearly confirm the successful surface attachment of the
chromophoric groups (see Figs 5 and 6). The monolayer
absorption maxima were used to estimate the surface
densities of the corresponding chromophores and are
given in Table 2. Comparison of the determined surface
densities with the molecular areas (the molecular areas of
the chromophores were determined from CPK models
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with the adsorbates in an all-trans conformation and
oriented perpendicular to the glass surface) shows that
the surface reaction with lissamine proceeded with
exceptionally low conversions, which might be caused
by repulsive interactions between the charged groups.


Surface reactions of the uncharged reactants 3, 5 and 6
with APTES monolayers resulted in much better surface
coverages. However, based on the ellipsometric and XPS
measurements, even higher densities of chromophoric
groups would have been expected for the fluorescein 5
and the eosin 6 layers. The discrepancy between the UV–


visible measurements and the ellipsometric and XPS
measurements might be caused by the relatively high
density of chromophores that forces the molecules into a
preferred orientation perpendicular to the surface. The
resulting alignment of the transition dipole with the
surface normal results in a smaller value for �.15


Moreover, the pH dependence of the absorbance of
fluorescein and eosin is maintained upon their immobi-
lization on a glass surface (Fig. 6), which adds another
variable to the exact value of the absorption coefficient.
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Surface-reacted APTES SAM
�


(l mol�1 cm�1)a
Coverage


(Å2 molecule�1)b
Molecular area


(Å2 molecule�1)c


1-Pyrenebutyric acid (3) 30000 (341 nm) 66 � 4 40
Lissamine (4) 88000 (568 nm) 585 � 117 150
Fluorescein-5-isothiocyanate (5) 73000 (494 nm)d 202 � 17 115
Eosin-5-isothiocyanate (6) 95000 (521 nm)d 186 � 11 130


a Molar absorption coefficients were obtained from Molecular Probes; the absorption maximum is given in parentheses.
b Coverages were determined from the UV–visible absorption spectra using the Beer–Lambert law.
c The molecular area was estimated from CPK models, for the most-extended conformation of the adsorbates, perpendicularly oriented to the surface.
d The absorption coefficient corresponds to the dianion of the chromophore, which is the predominant species at pH 7.
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The extremely high intrinsic sensitivity of fluorescence
spectroscopy (the use of near-field scanning optical
microscopy allows the detection of single fluorescent
molecules as was first shown by Betzig and Chichester17)
makes it a valuable tool for the study of SAMs. Apart
from the identification of fluorophores by their charac-
teristic emission and excitation spectra, intermolecular
interactions can influence their fluorescent properties,
and contain information about the monolayer structure.
Moreover, fluorescence spectroscopy can be used for the
detection of host–guest interactions at monolayers.4e,7,18


Pyrene is a very prominent example of a fluorophore
that exhibits changes of its fluorescence spectrum due to
intermolecular interactions. With increasing concentra-
tions the structured emission of pyrene around 390 nm is
replaced by a very broad emission centered at 480 nm.
This phenomenon has been attributed to the formation of
an excited state dimer (excimer) that is formed by two
pyrene molecules after the excitation of one of the
pyrenes:19


pyrene � pyrene� � �pyrene��2
Also the pyrene-functionalized SAMs showed the


characteristic excimer emission when the layers were not
exposed to a solvent (see Fig. 7, spectrum a). Upon
exposure of the SAM to any of the tested solvents, the
excimer emission lost intensity and the structured
emission below 400 nm increased. For most of the
solvents tested (DMSO, methanol and dichloromethane)
the excimer emission decreased to 10% of the initial
value but was still clearly visible. Only in water was the
excimer emission of the pyrene-functionalized mono-
layer completely absent (see Fig. 7, spectrum b).


These observations indicate that the pyrene groups are
closely stacked when the monolayer is dry. To minimize
the empty space in the monolayer, the adsorbate
molecules are tilted with respect to the surface normal,
which is reflected in the ellipsometric thickness. Solva-


tion of the monolayer increases the distance between the
pyrene groups and this prevents the formation of
excimers. The especially effective prevention of excimer
formation by water might be caused by the efficient
breakage of hydrogen bonds of the amide network, which
increases the rotational flexibility of the monolayer.


Although ellipsometry, XPS and UV–visible absorp-
tion measurements clearly proved the presence of eosin
in the surface-reacted APTES monolayers with eosin-5-
isothiocyanate (6), no fluorescence could be detected.
The main reason for the undetected emission is probably
the low quantum yield, known for eosin derivatives
(Φflu = 0.2).20 Moreover, for many fluorophores concen-
tration quenching has been observed, which results in a
decrease of the fluorescence intensity with increasing
concentration of fluorophores.21 Nevertheless, for fluor-
escein- and lissamine-functionalized monolayers the
expected emission bands were detected at 520 and
590 nm, respectively (see Fig. 8). The emission band of
the fluorescein has a large overlap with the excitation
band of lissamine. Therefore, it can be expected that in
mixed monolayers of both fluorophores the excitation of
fluorescein will lead to energy transfer from fluorescein
to lissamine, which emits at 590 nm.


Mixed monolayers of lissamine and fluorescein were
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prepared by short exposures of APTES SAMs to a
solution of lissamine (4) and triethylamine (varying from
10 s to 16 h), after which the partially reacted amino-
terminated layer was exposed for 16 h to a solution of
fluorescein-5-isothiocyanate (5) to complete the surface
reaction. To estimate the relative amount of both
fluorophores on the glass surface, UV absorption
measurements were conducted. Since, especially at short
exposure times, the lissamine absorbance at 560 nm was
too low for an accurate measurement, the much higher
fluorescein absorbance at 490 nm was used to monitor the
surface reaction in time [see Fig. 9(a)]. From these
measurements, it was evident that the relative amount of
lissamine increased rapidly over the first 20 min of the
surface reaction. Consequently, the completion of the
surface reaction by fluorescein-5-isothiocyanate resulted
in a decrease in the fluorescein absorbance.


The maximum loading of lissamine, which was
obtained within 1 h, did not prevent the remaining
amines from reacting with fluorescein-5-isothiocyanate.
These observations are in accordance with incomplete
surface coverages that were obtained for the surface
reaction of lissamine 4 with APTES monolayers, as was


found by ellipsometry and UV–visible absorption
measurements. Furthermore, it shows that the surface
reaction of lissamine with the APTES SAM is not
terminated owing to the lack of reactive amino groups.


The fluorescent properties of the mixed monolayers
clearly prove that energy transfer from fluorescein to
lissamine occurs. The excitation of the fluorescein
molecules at 460 nm led to a very weak fluorescein
emission at 520 nm and a much stronger lissamine
emission at 590 nm (see Fig. 10). Furthermore, direct
excitation of the lissamine at 560 nm resulted in an
emission at 590 nm that was less intense than the
sensitized emission via the fluorescein. The relative
heights of both excitation bands at 460 and 560 nm are
given in Fig. 9(b) as a function of the surface reaction
time. The fluorescence spectra show that increased
surface concentrations of lissamine makes its sensitized
emission via the fluorescein less intense. Simultaneously,
the higher lissamine absorbance at 560 nm increases its
emission intensity by direct excitation. These observa-
tions are in accordance with a strong distance dependence
of energy transfer processes.19


�&!�,'�$&!�


SAMs of APTES on glass and oxidized silicon wafers can
be used for the immobilization of a variety of functional
groups via surface reactions. The well-known reactivity
of amines has been exploited for the introduction of
chromophoric and fluorophoric groups in SAMs. Ex-
tensive characterization of the resulting monolayers has
shown that only part of the amino groups of the APTES
SAM are able to undergo surface reactions. The
incomplete conversion of the amino groups is attributed
to the steric hindrance of the surface-reacted layer, which
prevents the approach of reactants to the shielded amines.
The conversion efficiency falls grossly into two cate-
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gories: if the reactant is not bulky, the conversion is
efficient; if the reactant is (very) bulky and/or charged,
the conversion is inefficient.


Especially fluorescence spectroscopy has proven to be
a valuable technique for the detection of interactions
among the fluorophoric groups in the SAM. Moreover,
fluorescence spectroscopy showed that the exposure of
the pyrene modified layer to solvents affected the
structure of the SAM. Consequently, interactions be-
tween fluorescent monolayers and the contacting solution
can also be detected, which makes them attractive for
sensing applications.
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ABSTRACT: The elimination kinetics of 17 2-substituted ethylN,N-dimethylcarbamates in the gas phase were
determined in the temperature range of 269.5–420.2°C and the pressure range of 24–186 Torr. The reactions in a
static system and in the presence of a free radical inhibitor are homogeneous and unimolecular and follow a first-order
rate law. The kinetics and thermodynamic parameters are described. The use of several structure-reactivity
relationship methods meaningless results, except for Tafts* values. Three good slopes are originated at
s*(CH3) = 0.00. Slope a: the 2-substituted alkyl groups gave a good straight line when log (k/kCH3) vs s* values
(r* = ÿ 1.94� 0.30,r = 0.977 at 360°C) were plotted. Slope b: Polar2 substituents gave an approximate straight line
with r* = ÿ 0.12� 0.02,r = 0.936 at 360°C. Slope c:the correlation of multiple bonded and electron-withdrawing
substituents interposed by a methylene group at the 2-position of ethylN,N-dimethylcarbamate was found to give a
very good straight line wirhr* = 0.49� 0.02,r = 0.991 at 360°C. Mechanisms are suggested on the basis of these
relationships. The point position of the substituents phenyl (C6H5) and isopropenyl [CH2=C(CH3)] at the 2-position
was found to fall far above the three slopes of the lines. These results are interpreted in terms of neighboring group
participation of these substituents in the elimination process of the carbamates. However, the acidity of the benzylic
and allylic Cb-H bond for a six-membered cyclic transition state may not be ignored. Copyright 2001 John Wiley &
Sons, Ltd.


KEYWORDS: 2-substituted ethylN, N-dimethylcarbamates; gas-phase elimination kinetics; structure–reactivity
correlation


INTRODUCTION


The first pyrolytic elimination of a carbamate at
subatmospheric pressure was reported by Daly and
Ziolkowski.1 The substrate ethylN-methyl-N-phenylcar-


bamate decomposed intoN-methylaniline, ethylene and
carbon dioxide Further investigations onN,N-dimethyl-
carbamate pyrolyses led to a general accepted mechanism
of a six-membered cyclic transition state as described in
reaction (1), which is similar to the transition states


designated for the thermal decomposition of acetates,
carbonates and xanthates.2–6


In our most recent work, the branching of alkyl groups
of N,N-dimethylcarbamates enhanced the rates of
elimination in the ordertert-butyl >isopropyl>ethyl.7


In addition the presence of different substituents Z other
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Table 1. Ratio of ®nal (Pf) to initial (P0) pressurea


Temperature Po Pf
Substrate (°) (Torr) (Torr) Pf/Po Average


Ethyl N,N-dimethylcarbamate 359.6 73 215 2.95 2.96� 0.04
370.4 88 257 2.92
380.8 118 254 3.02
390.1 97 285 2.94


PropylN,N-dimethylcarbamate 362.8 90 258 2.87 2.96� 0.06
370.0 64 193 3.01
380.1 68 201 2.96
389.9 57.5 171 2.98


1-Butyl N,N-dimethylcarbamate 361.0 68 179.5 2.64 2.41� 0.15
371.0 71 169 2.38
379.0 78 181 2.32
400.0 72 167 2.30


3-Methyl-1-butylN,N-dimethylcarbamate 350.6 50 150 3.00 2.98� 0.02
370.5 61 182 2.98
380.5 56 165 2.95
390.7 44 132 3.00


3,3 Dimethyl-1-butylN,N-dimethylcarbamate 339.7 44 130 2.96 2.93� 0.05
350.7 48 142 2.96
370.2 38 112 2.95
390.3 37 106 2.85


2-ChloroethylN,N-dimethylcarbamate 379.6 27 80 2.96 2.95� 0.02
390.6 79.5 232 2.92
400.5 92.5 275 2.97
420.2 89.5 265 2.96


2-BromoethylN,N-dimethylcarbamate 360.8 94 277 2.95 2.95� 0.01
370.7 95 279 2.94
400.6 92 271 2.95
410.4 98 288 2.94


2-MethoxyethylN,N-dimethylcarbamate 385.6 55 171 3.11 3.10� 0.04
410.3 40 120.5 3.01
419.9 41 129 3.15
430.1 39 122 3.13


2-ButoxyethylN,N-dimethylcarbamate 389.6 56 172 3.07 3.04� 0.04
401.1 43 130 3.02
410.0 47 145 3.08
420.5 67 201 3.00


3-PhenylpropylN,N-dimethylcarbamate 340.5 89 263 2.95 2.95� 0.02
360.4 98 291 2.96
380.6 84 249 2.96
400.6 92 269 2.92


3-ChloropropylN,N-dimethylcarbamate 360.4 69 202 2.93 2.97� 0.03
370.5 72 215 2.99
380.2 112 335 2.99
390.5 114.5 342 2.99


3-PhenoxypropylN,N-dimethylcarbamate 350.1 32.5 97 2.98 2.98� 0.10
370.4 49.5 138 2.84
380.9 41 125 3.05
390.4 40 122 3.05


2-DimethylaminoethylN,N-dimethylcarbamate 380.7 76 214 2.82 2.83� 0.03
389.9 76 218 2.87
400.0 71.5 201.5 2.82
409.7 70 176 2.81


3-Butyn-1-ylN,N-dimethylcarbamate 329.7 98 220 2.24 2.32� 0.07
340.0 103 238.5 2.32
349.0 114.5 265.5 2.32
360.0 112 269 2.40


Copyright  2001JohnWiley & Sons,Ltd. J. Phys.Org. Chem.2001;14: 146–158


ELIMINATION KINETICS OF 2-SUBSTITUTEDETHYL N,N-DIMETHYLCARBAMATES 147







than carbonin ZCOOCH2CH3 gavea good correlation
whenusingtheTaft–Topsommethod.7 In relationto this
result, the field (inductive) effect of the substituenthas
the greatestinfluenceon rateenhancement,whereasthe
polarizability (steric) and resonancefactors favor the
eliminationprocessvery little.


A considerablenumberof thedatabaseof substituents
at the 2-positionof ethyl acetates(CH3COOCH2CH2Z)
wereexaminedin correlationstudies8. The pyrolysisof
theacetateswith alkyl andpolarsubstituentsattachedto
the Ca—O bondby at leastthreemethylenegroupwas
foundto beaffectedby stericacceleration.Thelog (k/k0)
vs Hancock’ssteric parameterEs


c gave a � =ÿ 0.12,
r = 0.916 at 400°C. However, electron-withdrawing
substituentsat the 2-position of ethyl acetatesshowed
anapproximatelinear relationshipwith theTaft original
inductive parameters*.9a,b The r* value wasÿ0.19
(r = 0.961at 400°C). Likewise,plotting log k/k0 against
s1 value also gave a good straight line with slope
r1 =ÿ1.03(r = 0.960at 400°C). Furtherexaminationof
the influenceof thesealkyls anda polargroupseparated
by at leastathreemethylenechainin CH3COOCH2CH2Z
was carried out by using the Taft–Topsommethodof
substituent effects. The result was log (k/ko) =
ÿ (0.450� 0.004) saÿ (1.29� 0.11) sF (r = 0.959 at
400°C).8 The negative value of ra suggeststhat the
eliminationprocessis favoredby thepolarizabilityof the
2-substituentZ, while thesizeof thenegativerF implies
the stabilizationof the transitionstateby field/inductive
effects. The influence of the resonancefactor sR was
foundto beinsignificant.Multiple bondedsubstituentsZ
at the2-positionof ethylacetatesledto averygoodTaft–
Topsom correlation log (k/k0) =ÿ(1.81� 0.02) sa
(0.38� 0.03) sF� (7.34� 0.12) �ÿR (r = 0.999 at
400°C). This result suggestssignificant polarizability
andresonanceeffectson theeliminationrates.


Becausevariouscorrelationsof substituenteffectshad
to be usedto obtainsomereasonableexplanationof the


mechanismsof thegas-phaseeliminationof 2-substituted
ethyl acetates,the present work was addressedat
examininga considerablenumberof 2-substitutedethyl
N,N dimethylcarbamates [(CH3)2NCOOCH2CH2Z,
Z = substituent]in order to establishwhethera similar
or different linear relationshipsare obtained for the
mechanisticconsiderationsillustratedin reaction(1).


RESULTS AND DISCUSSION


The products of the gas-phaseelimination of 2-sub-
stituted ethyl N,N-dimethylcarbamatesare the corre-
sponding olefin, dimethylamine and carbon dioxide
[reaction(1)]. The stoichiometrybasedon reaction(1),
demandsthat for long reaction times Pf/P0 = 3, where
Pf andP0 are the final and initial pressure,respectively
(Table1). TheaveragePf/P0 valuesat four temperatures
and ten half-lives were,within the experimentalerrors,
nearly 3.0. However, a departureof Pf/P0< 3.0 for
1-butyl, 2-dimethylaminoethyl,3-butyn-1-yl, 2-cyano-
ethyl and 3-methyl-3-buten-1-yl N,N-dimethylcarba-
mateswas due to polymerizationof the corresponding
olefinic product.Thesepureunsaturatedproductswhen
introducedin thereactionvesselgiveriseto adecreasein
pressureand formation of a solid polymer product.
Further examination for the verification of
the stroichiometry in reaction (1), up to 50–77%
reaction,wasmadeby comparingthe extentof decom-
position of the substratefrom pressuremeasurements
with that obtainedfrom quantitativegas–liquidchroma-
tographic (GLC) analysesof the correspondingolefin
formationor from theunreactedamountof thecarbamate
(Table2).


Thepyrolytic eliminationof reaction(1) wasfoundto
be homogeneous,sinceno significantvariationsin rates
were obtained in theseexperimentswhen using both
clean Pyrex and seasonedvesselswith a surface-to-


Table 1 continued.


Temperature Po Pf
Substrate (°) (Torr) (Torr) Pf/Po Average


2-CyanoethylN,N-dimethylcarbamate 290.0 54.5 140 2.63 2.61� 0.08
309.6 34 92 2.71
319.0 30.5 77.5 2.54
329.6 61 156 2.56


2-PhenylethylN,N-dimethylcarbamate 310.1 44 131 2.98 2.97� 0.03
321.0 46 135 2.93
330.2 65 194 2.98
341.7 76 227 2.99


3-Methyl-3-buten-1-ylN,N-dimethylcarbamate 339.6 63 159 2.52 2.26� 0.21
349.6 67.5 157 2.33
360.9 67 138.5 2.07
370.1 70 147 2.10


aTemperature<360°C, cyclohexeneinhibitor; >360°C, tolueneinhibitor.
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volumeratio of 6.0 relativeto that of thenormalvessel,
which is equal to 1.0. The effect of the addition of
different proportions of the free radical suppressor


cyclohexeneor toluene is shown in Table 3. Never-
theless,thepyrolysisexperimentswerecarriedout in the
presenceof at leasttwice the amountof the inhibitor in


Table 2. Stoichiometry of the reaction.a


Temperature
Substrate (C°C) Parameter Value


Ethyl N,N-dimethylcarbamate 380.8 Time (min) 4 5 7 9 12
Reaction(%) (pressure) 28 33.5 43.3 50.8 65.1
Ethylene(%) (GLC) 28.2 33.5 44.7 50.2 64.1


PropylN,N-dimethylcarbamate 370.0 Time (min) 8 12.5 20 46 300
Reaction(%) (pressure) 20.6 30.8 41.2 60.8 72.5
Propene(%) (GLC) 20.9 32.4 42.0 59.2 72.0


1-Butyl N,N-dimethylcarbamate 379.0 Time (min) 4 6 8 11 16
Reaction(%) (pressure) 22.8 33.3 38.5 50.0 63.5
Butene(%) (GLC) 22.9 33.5 37.8 50.1 63.9


3-Methyl-1-butylN,N-dimethylcarbamate 370.0 Time (min) 4 6 10 12 16
Reaction(%) (pressure) 21.9 34.2 45.5 52.0 62.5
3-Methyl-1-butene(%) (GLC) 21.5 33.4 48.0 52.3 62.0


3,3 Dimethyl-1-butylN,N-dimethylcarbamate 360.1 Time (min) 4 6 8 11 16
Reaction(%) (pressure) 22.8 33.3 38.5 50.0 63.5
3,3-Dimethyl-1-butene(%) (GLC) 22.9 33.5 37.8 50.1 63.9


2-ChloroethylN,N-dimethylcarbamate 390.3 Time (min) 6 10 16 40 150
Reaction(%) (pressure) 24.3 39.2 50.7 61.8 73
Vinyl chloride(%) (GLC) 21.1 39.9 50 62.2 67.7


2-BromoethylN,N-dimethylcarbamate 400.0 Time (min) 4 6 8 10 13
Reaction(%) (pressure) 21.4 30.6 39.6 49.7 64.9
Vinyl bromide(%) (GLC) 20.3 30.2 40.2 51.1 65.1


2-MethoxyethylN,N-dimethylcarbamate 380.3 Time (min) 10 20 30 40 60
Reaction(%) (pressure) 22.1 31.9 41.9 54.6 69.6
Methyl vinyl ether(%) (GLC) 21.1 34.5 44.4 53.8 66.6


2-ButoxyethylN,N-dimethylcarbamate 390.0 Time (min) 6 12 18 25 35
Reaction(%) (pressure) 15.3 29.7 36.3 45.1 73.4
Butyl methyl ether(%) (GLC) 15.7 28.6 35.8 45.3 74.5


3-PhenylpropylN,N-dimethylcarbamate 370.0 Time (min) 2 4 6 9 12
Reaction(%) (pressure) 11.4 21.9 31.1 42.9 51.8
3-Phenyl-1-propene(%) (GLC) 11.5 21.4 30.9 42.6 51.8


3-ChloropropylN,N-dimethylcarbamate 350.3 Time (min) 6 10 18 22 30
Reaction(%) (pressure) 19.2 28.5 37.8 72.6 60.6
3-Chloro-1-propene(%) (GLC) 19.1 28.5 38.0 51.9 59.3


3-PhenoxypropylN,N-dimethylcarbamate 360.8 Time (min) 2 5 10 14 22
Reaction(%) (pressure) 10.7 22.1 37.8 47.4 63.0
Allyl phenylether(%) (GLC) 10.6 24.3 37.2 48.0 61.5


2-DimethylaminoethylN,N-dimethylcarbamate 379.6 Time (min) 4 7 9 15
Reaction(%) (pressure) 18.7 32.7 41.7 50.4
Substrate(%) (GLC) 19.1 34.2 42.3 51.7


3-Butyn-1-ylN,N-dimethylcarbamate 329.8 Time (min) 4 7 10 13
Reaction(%) (pressure) 19.4 31.7 41.6 56.0
Substrate(%) (GLC) 17.6 29.5 42.8 55.3


2-CyanoethylN,N-dimethylcarbamate 300.3 Time (min) 4 7 12 19
Reaction(%) (pressure) 18.8 30.3 45.7 58.7
Acrylonitrile (%) (GLC) 18.6 28.1 43.1 55.8


2-PhenylethylN,N-dimethylcarbamate 300.0 Time (min) 5 15 20 28 35
Reaction(%) (pressure) 14.6 34.2 44.8 53.5 75.4
Styrene(%) (GLC) 14.8 34.6 45.1 53.2 76.8


3-Methyl-3-buten-1-ylN,N-dimethylcarbamate 339.6 Time (min) 6 8 10 12 15
Reaction(%) (pressure) 23.2 28.6 40.4 47.4 57.1
Substrate(%) (GLC) 22.2 30.6 38.4 49.2 59.1


aTemperature<360°C, cyclohexeneinhibitor; >360°C, tolueneinhibitor.
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Table 3. Effect of the free radical inhibitor on rates.a


Temperature PS Pi 104 k1
Substrate (°C) (Torr) (Torr) Pi/PS (sÿ1)


Ethyl N,N-dimethyl carbamate 370.4 93 — — 8.11
74 30 0.4 8.02
66 86 1.3 7.98
52 114 2.2 8.09


PropylN,N-dimethylcarbamate 380.0 77 — — 9.40
98 89 0.9 9.39
73 111 1.5 9.43
47 129 2.7 9.38


1-Butyl N,N-dimethylcarbamate 379.0 72 — — 9.92
116 78 0.7 10.00
78 103 1.3 10.24
71 178 2.5 10.19


3-Methyl-1-butylN,N-dimethylcarbamate 400.5 73 — — 49.31
56 100 1.8 49.81
41 89 2.2 49.68
28 86 3.1 48.85


3,3 Dimethyl-1-butylN,N-dimethylcarbamate 360.1 44 — — 11.11
69.5 66 1.0 10.31
75 164 2.2 10.99
43.5 139 3.2 10.60


2-ChloroethylN,N-dimethylcarbamateb 420.2 60 — — 38.67
37 38.5 1.0 37.19
39 66.5 1.7 38.62
32 84 2.6 37.95


2-BromoethylN,N-dimethylcarbamate 390.3 103 — — 8.96
88 52 0.6 8.85
85 86 1.0 8.90
84 165 2.0 8.88


2-MethoxyethylN,N-dimethylcarbamate 410.4 49 — — 14.61
40 59.5 1.5 14.72
33 81.5 2.1 14.63
28 72.5 2.5 14.58


2-ButoxyethylN,N-dimethylcarbamate 400.1 94 — — 21.52
92 64 0.7 21.65
90 78 0.9 21.33
91 118 1.3 21.50


3-PhenylpropylN,N-dimethylcarbamate 350.8 85 — — 3.32
84 55 0.7 3.32
68 101 1.5 3.33
82 159 1.9 3.31


3-ChloropropylN,N-dimethylcarbamate 360.4 62 — — 9.36
66.5 49 0.7 9.46
69 107 1.6 9.30
71 163 2.3 9.41


3-PhenoxypropylN,N-dimethylcarbamate 360.6 49 — — 7.05
83.5 61 0.7 7.58
46 87 1.9 7.50
45 131 2.9 7.47


2-DimethylaminoethylN,N-dimethylcarbamate 379.6 62 — — 9.42
119 65 0.5 9.27
76 105 1.4 9.44
45 117 2.6 9.88


3-Butyn-1-ylN,N-dimethylcarbamate 340.0 95 — — 15.53
103 79.5 0.8 15.60
66.5 72.5 1.1 15.49
87 186.5 2.2 15.64
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orderto preventanypossiblefreeradicalchainreactions.
No inductionperiodwasobserved.The ratecoefficients
werereproduciblewith a relativestandarddeviationnot
greaterthan5% at a given temperature


The first-order rate coefficientsof thesecarbamates,
calculatedfrom k1 = ( 2.303/t) log[2 P0/(3P0ÿ Pt)], were
independentof their initial pressure(Table4). A plot of
log (3P0ÿ Pt) againsttime t gavegoodstraightlinesup
to 50–75% reaction, indicating that the elimination
processis unimolecularin nature.The variation of the
ratecoefficientswith temperatureandthecorresponding
Arrhenius equation is described in Table 5 ( 90%
confidencecoefficientfrom a least-squaresprocedure).


The kinetic and thermodynamic parametersof a
significantnumberof 2-substitutedethyl N,N-dimethyl-
carbamates[(CH3)2NCOOCH2CH2Z, Z= substituent]are
givenin Table6. Thenegativeentropyof activation�S≠


of theseeliminations suggestsa symmetricalarrange-
mentandpossibleplanarityof the transitionstate,while
the enthalpy of activation DH≠ implies endothermic
processes.Thelog of A valuesbetween11.4and12.8are
reasonablefor a six-memberedcyclic transition mech-
anism.9c The indication that thesecarbamateselimina-
tions are not spontaneous,unstableand endergonicare
reflectedby the free energy of activation DG≠ values
given in Table6.


Table 7 lists a large number of pyrolyzed primary
carbamateswhich makes it possible to estimateade-
quately the substituent effect of Z for the
(CH3)2NCOOCH2CH2Z compounds.The Taft–Topsom
treatmentof substituenteffects[Eqn. (2)]:


log�kko� � ���� � �F�F � �ÿR�ÿR �2�


wherethe contributionparametersare�� � polarizabil-
ity effect, �F � field effect and�ÿR � resonanceeffect,
was satisfactorilyapplied to the gas-phaseelimination
kinetics of 2-substituted ethyl acetates,


CH3COOCH2CH2Z. However, employing this method
of correlationfor the carbamatesgiven in Table7 gave
randompointswith no meaning,evenwhenusingoneor
two of the contribution parameters.Moreover, the
applicationof variouscorrelations9a,b suchas the steric
parametersHancock’sEs


c, Taft’s Es, Charton’sv andthe
inductive sI values also gave random points with no
significance for mechanistic interpretationsfor these
seriesof carbamates.However,plottinglog k/kCH3) versus
s* valuesgivesriseat theorigin of s* (CH3) = 0.00three
goodslopes(Fig 1), which, meansthat small alterations
in the polarity of the transition state may be due to
changesin electronictransmissionsat thereactioncenter.
This meansthat a simultaneouseffect may be operating
during the process of elimination, especially with
electron-withdrawing and multiple-bondedsubstituents
at the 2-positionof ethyl N,N-dimethylcarbamates.The
Taft correlationof alkyl groupsgives an approximate
straightline [Fig. 1, Eqn.(3)] Thus,


�� � ÿ1:94� 0:30 at 360�C �r � 0:9768;SD
� 0:0664� �3�


Thenegativer* valuesuggeststhata positivelycharged
carbon is rate determining. The greater the electron
releaseof the alkyl groups,the fasteris the elimination
process.Thereactionof thisseriesof carbamatesappears
to proceed through semi-polar six-memberedcyclic
transitionstatemechanims(TS-1).


Electron-withdrawing susbtituents give rise at
s*(CH3) = 0.00 to another approximate straight line
[Fig 1, Eqn.(4)].


�� � ÿ0:12� 0:02 at 360�C �r � 0:9364;SD
� 0:0571� �4�


The smallernegativer* value indicatessomedestabili-


Table 3 continued.


Temperature PS Pi 104 k1
Substrate (°C) (Torr) (Torr) Pi/PS (sÿ1)


2-CyanoethylN,N-dimethylcarbamate 319.0 50 — — 25.20
74 73 1.0 25.23
48 86 1.8 25.21
30.5 98 3.2 25.53


2-PhenylethylN,N-dimethylcarbamate 330.1 85 — — 14.49
65 58 0.9 14.62
89 94 1.1 14.77
94 115 1.2 14.54


3-Methyl-3-buten-1-ylN,N-dimethylcarbamate 339.6 60 — — 8.98
88 66.5 0.7 7.19
72 101.5 1.4 7.31
45 103 2.3 7.40


a Temperature<360°C, cyclohexeneinhibitor; >360°C, tolueneinhibitor.
PS = pressuresubstrate,Pi = propeneinhibitor.
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zationof theCa—O bondpolarization,while theCb—H
bondmayincreasein acidity andassisttheO of theC=O
in thetransitionstate(TS-2). WhenZ is a multiple-bond


substituentor an electron-withdrawing susbtituentinter-
posedby aCH2 at the2-positionof theethylesterthereis
another inflection point at s*(CH3) = 0.00 with an


Table 4. Independence of the rate coef®cients from initial pressure


Temperature
Substrate (°C) Parameter Value


Ethyl N,N-dimethylcarbamate 380.5 Po (Torr) 81.5 94 118 128 186
104 k1 (sÿ1) 13.94 13.10 13.97 13.78 13.46


PropylN,N-dimethylcarbamate 380.0 Po (Torr) 40 54 77 86 98
104 k1 (sÿ1) 9.45 9.33 9.40 9.34 9.39


1-Butyl N,N-dimethylcarbamate 379.0 Po (Torr) 45 68 78.5 85 116
104 k1 (sÿ1) 9.83 10.34 10.24 10.19 10.00


3-Methyl-1-butylN,N-dimethylcarbamate 400.0 Po (Torr) 28 23.5 21 56 73.5
104 k1 (sÿ1) 49.85 50.21 49.68 49.81 49.32


3,3 Dimethyl-1-butylN,N-dimethylcarbamate 360.1 Po (Torr) 24 44.5 59.5 75
104 k1 (sÿ1) 11.05 11.11 10.91 10.99


2-ChloroethylN,N-dimethylcarbamate 400.5 Po (Torr) 31.5 43 53 67.5 89
104 k1 (sÿ1) 13.37 13.52 13.48 13.60 13.42


2-BromoethylN,N-dimethylcarbamate 400.4 Po (Torr) 68 85 101 121
104 k1 (sÿ1) 15.24 15.26 15.22 15.25


2-MethoxyethylN,N-dimethylcarbamate 390.2 Po (Torr) 26 50.5 70 78.5 86
104 k1 (sÿ1) 8.53 8.64 8.55 8.53 8.48


2-ButoxyethylN,N-dimethylcarbamate 400.1 Po (Torr) 46 68 83 92 110
104 k1 (sÿ1) 21.45 21.58 21.42 21.75 21.52


3-PhenylpropylN,N-dimethylcarbamate 380.2 Po (Torr) 72 84 93 101 115
104 k1 (sÿ1) 16.24 16.67 16.33 16.53 16.46


3-ChloropropylN,N-dimethylcarbamate 370.5 Po (Torr) 42 71 119 142 171
104 k1 (sÿ1) 16.13 16.45 16.43 16.03 16.12


3-PhenoxypropylN,N-dimethylcarbamate 350.2 Po (Torr) 42 71 80.5 127 168
104 k1 (sÿ1) 4.45 4.44 4.23 4.80 4.24


2-DimethylaminoethylN,N-dimethylcarbamate 379.6 Po (Torr) 45 57 76 97 119
104 k1 (sÿ1) 9.58 9.27 9.44 9.34 9.27


3-Butyn-1-ylN,N-dimethylcarbamate 340.0 Po (Torr) 35.5 71 101.5 134 143
104 k1 (sÿ1) 9.25 8.90 9.00 8.80 9.07


2-CyanoethylN,N-dimethylcarbamate 309.6 Po (Torr) 26.5 42.5 52.5 64.5 85
104 k1 (sÿ1) 14.26 14.51 14.87 14.51 14.47


2-PhenylethylN,N-dimethylcarbamate 330.1 Po (Torr) 34 59 63 72 89
104 k1 (sÿ1) 14.52 14.32 14.58 14.40 14.46


3-Methyl-3-buten-1-ylN,N-dimethylcarbamate 339.6 Po (Torr) 45 52.5 72 88 147
104 k1 (sÿ1) 7.40 7.61 7.27 7.19 7.01


Form B
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approximatestraightline asdescribedby Eqn.(5) (Fig 1).


�� � 0:49� 0:03 at 360�C �r � 0:9907;SD
� 0:1036� �5�


Thisresultsuggeststhatanegativecarbonreactioncenter
is beingdevelopedin thetransitionstate.Apparently,the
negativechargefrom theCb—H bondpolarization,in the
senseof Cb


� ÿ...H��, maybe rate-determiningstep(TS-
3).


The point position for Z = phenyl (C6H5, and iso-
propenyl [CH2=C(CH3)], falls far abovethe slopesof
the lines (Fig.1) which leads to the considerationof
neighboringgroupparticipationof thesesubstituentsfor
rateenhancement.Accordingto thetransitionstateTS-4.
the p-electronsof the aromaticring stabilize the bond
polarizationCa


��...O� ÿ, thuscausingafasterelimination
process.This interpretationappearsto find supportfrom
the gas-phasepyrolytic elimination of 2-phenylethyl
chloride.10 Thepresenceof theOCH3 at the4-positionof
phenylethyl chloride confirms the participation of the
aromaticnuclei by a significant increasein the rate of
HCl elimination. Along this line of consideration,the
phenylsubstituentalsoassistedanchimericallyin thegas-
phaseelimination of 2-phenylethylmethanesulfonate.11


In addition to this reference,a classical study with
convincingevidenceneighboringdoublebondparticipa-
tion was describedfor the acetolysisof 4-methyl-3-
pentenyl tosylate.12 In associationwith this study, the
influenceof an olefinic doublebondin alkenyl chloride
pyrolyseshasbeenassessed.13,14 The vinyl substituent
showedasignificantrateenhancementeffectin several4-
chloro-1-butenesubstrates.By analogy,therateenhance-
ment of 3-methyl-1-buten-1-ylN,N-dimethylcarbamate
(Fig 1) may alsobe dueto the anchimericassistanceof
theneighboringdoublebondfor elimination.Themech-
anism may be explained according to reaction (6).
However,the acidity of the benzylicandallylic Cb—H
bondfor a six-memberedcyclic transitionstatemay not
be ignored.


Themechanismof theformationof dimethylamineand
CO2 gasfrom the unstableN,N-dimethylcarbamicacid
intemediatein thegas-phaseeliminationof 2-substituted
ethyl N,N-dimethylcarbamates[reaction (1)] may be
rationalizedin termsof afour-memberedcyclic transition
stateasdescribedin reaction(7).


EXPERIMENTAL


General procedure. Method A: the 2-substitutedethyl
estersof N,N-dimethylcarbamicacid were preparedby
adding 0.15mol of the correspondingalcohol to 0.15
mole of N,N-dimethylcarbamylchloride (Aldrich) in
45ml of anhydrouspyridine. The reactionmixture was
heatedin a 100ml sealedvesselasdescribed.15


Method B: the substitutedalcohol (0.15mol) was
addedto N,N-dimethylcarbamylchloride (0.15mol) in
50ml of carbontetrachlorideuntil no moreHCl gaswas
evolved.


Ethyl N,N-dimethylcarbamate. MethodA wasemployed
for the synthesisof this substrate(b.p. 38°C at 10Torr
(1 Torr=133.3Pa), lit.16 74°C at 80Torr, yield 71%).
Severaldistillationsgave97.0%purity by GLC (Porapak
Q, 80–100mesh).


1-Butyl N,N-dimethylcarbamate. This substrate,ob-
tainedby MethodA, wasdistilled severaltimesto 90%
purity by GLC (PorapakQ, 80–100mesh).B.p. 48°C at
10Torr, yield 63%.1H NMR, � 0.9(t, 3H, �), 1.3(m, 2H,
CH2CH2), 1.5 (m, 2H, CH2CH2), 2.8 (s, 6H, 2CH3), 4.0
(t, 2H, OCH2). MS, m/z 145(M�), 88 [(CH3)2NCOO�],
72 [(CH3)2NCO�], 57 (CH3CH2CH2CH2


�),44
(CH3)2N


�).


Form C


Form D
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Table 5. Variation of rate coef®cients with temperaturea


Substrate Parameter Value


Ethyl N,N-dimethylcarbamate Temperature(°C) 340.6 350.5 359.6 370.4 380.8 390.1
104 k1 (sÿ1) 1.43 2.68 4.57 8.07 13.97 23.28


Rateequation:log k1 (sÿ1) = (12.23� 0.30)ÿ (188.8� 3.3)kJmolÿ1


(2.303RT)ÿ1 r = 0.99981,SD= 0.0097


PropylN,N-dimethylcarbamate Temperature(°C) 349.5 362.8 370.0 380.0 390.0
104 k1 (sÿ1) 1.64 3.66 5.67 9.63 16.67


Rate equation: log k1 (sÿ1) = (12.68� 0.30)ÿ (192.2� 3.7)kJmolÿ1 (2.303
RT)ÿ1 r = 0.99989,SD= 0.0067


1-Butyl N,N-dimethylcarbamate Temperature(°C) 351.6 361.2 371.6 379.0 390.3 400.2
104 k1 (sÿ1) 2.23 4.08 6.80 10.03 17.44 31.31


Rate equation: log k1 (sÿ1) = (11.91� 0.29)ÿ (186.0� 3.6)kJmolÿ1 (2.303
RT)ÿ1 r = 0.99926,SD= 0.0179


3-Methyl-1-butylN,N-dimethylcarbamate Temperature(°C) 340.2 350.2 360.5 370.0 380.2 390.6 400.5
104 k1 (sÿ1) 2.03 3.46 6.53 10.70 17.62 33.06 49.57


Rate equation: log k1 (sÿ1) = (12.16� 0.15)ÿ (186.1� 1.8)kJmolÿ1 (2.303
RT)ÿ1 r = 0.99954,SD= 0.0169


3,3 Dimethyl-1-butylN,N-dimethylcarbamate Temperature(°C) 330.2 339.7 350.7 360.1 370.2 380.6 390.3
104 k1 (sÿ1) 2.26 3.76 6.56 10.62 18.99 32.51 52.57


Rate equation: log k1 (sÿ1) = (11.48� 0.20)ÿ (174.9� 3.2)kJmolÿ1 (2.303
RT)ÿ1 r = 0.99950,SD= 0.0172


2-ChloroethylN,N-dimethylcarbamate Temperature(°C) 369.8 380.1 390.3 400.5 410.0 420.1
104 k1 (sÿ1) 2.57 4.46 7.67 13.48 21.81 38.12


Rate equation: log k1 (sÿ1) = (12.51� 0.38)ÿ (198.3� 4.9)kJmolÿ1 (2.303
RT)ÿ1 r = 0.99972,SD= 0.0115


2-BromoethylN,N-dimethylcarbamate Temperature(°C) 360.8 370.7 380.4 390.3 400.5 410.5 420.2
104 k1 (sÿ1) 1.69 2.96 5.13 8.86 15.25 26.24 45.44


Rate equation: log k1 (sÿ1) = (12.83� 0.15)ÿ (201.6� 1.9)kJmolÿ1 (2.303
RT)ÿ1 r = 0.99978,SD= 0.0119


2-MethoxyethylN,N-dimethylcarbamate Temperature(°C) 360.1 370.0 380.2 385.3 390.0 400.5
104 k1 (sÿ1) 1.62 2.82 5.00 6.75 8.52 14.66


Rate equation: log k1 (sÿ1) = (12.23� 0.20)ÿ (194.2� 2.5)kJmolÿ1 (2.303
RT)ÿ1 r = 0.99992,SD= 0.0050


2-ButoxyethylN,N-dimethylcarbamate Temperature(°C) 370.0 380.2 390.1 401.0 410.1
104 k1 (sÿ1) 4.40 7.49 12.78 21.73 37.26


Rate equation: log k1 (sÿ1) = (12.30� 0.69)ÿ (192.9� 8.7)kJmolÿ1 (2.303
RT)ÿ1 r = 0.99933,SD= 0.0156


3-PhenylpropylN,N-dimethylcarbamate Temperature(°C) 340.4 350.8 360.7 370.0 380.1 390.3 400.5
104 k1 (sÿ1) 1.96 3.32 5.86 10.17 16.55 27.83 44.95


Rate equation: log k1 (sÿ1) = (11.71� 0.26)ÿ (181.2� 3.2)kJmolÿ1 (2.303
RT)ÿ1 r = 0.99974,SD= 0.0124


3-ChloropropylN,N-dimethylcarbamate Temperature(°C) 330.5 340.2 350.4 360.4 370.5 380.2 390.5
104 k1 (sÿ1) 1.59 3.20 5.30 9.37 16.28 27.07 46.09


Rate equation: log k1 (sÿ1) = (12.17� 0.20)ÿ (184.3� 2.5)kJmolÿ1 (2.303
RT)ÿ1 r = 0.99955,SD= 0.0170


3-PhenoxypropylN,N-dimethylcarbamate Temperature(°C) 330.5 340.1 350.1 360.5 370.5 380.5 390.5
104 k1 (sÿ1) 1.19 2.12 4.34 7.32 12.46 22.19 38.26


Rate equation: log k1 (sÿ1) = (12.60� 0.23)ÿ (190.8� 2.8)kJmolÿ1 (2.303
RT)ÿ1 r = 0.99951,SD= 0.0186


2-DimethylaminoethylN,N-dimethylcarbamate Temperature(°C) 361.0 369.5 380.7 389.9 400.0 410.0
104 k1 (sÿ1) 3.00 5.26 9.44 15.76 25.80 43.89


Rate equation: log k1 (sÿ1) = (12.53� 0.40)ÿ (194.7� 5.1)kJmolÿ1 (2.303
RT)ÿ1 r = 0.99966,SD= 0.0126


3-Butyn-1-ylN,N-dimethylcarbamate Temperature(°C) 310.3 319.5 329.8 340.0 349.7 360.0
104 k1 (sÿ1) 2.61 4.67 8.81 15.64 26.79 47.15


Rate equation: log k1 (sÿ1) = (12.39� 0.14)ÿ (178.3� 1.6)kJmolÿ1 (2.303
RT)ÿ1 r = 0.99996,SD= 0.0047
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3-Methyl-1-butyl N,N-dimethylcarbamate. This carba-
mate,preparedby MethodA (b.p.94°C at 19Torr, yield
51%)wasdistilled to 99%purity asdeterminedby GLC
(Penwalt223).1H NMR, � 0.9(d, 6H, 2CH3), 1.5(q, 2H,
CH2CH2C),1.6(m, H, CH),2.9(s,6H,2CH3), 4.0(t, 2H,
OCH2CH2). MS, m/z 159 (M�), 88[(CH3)2NCOO�],
72[(CH3)2NCO�], 43 [(CH3)2C


�].


3,3-Dimethyl-1-butyl N,N-dimethylcarbamate. This
compoundwas preparedby Method B (b.p. 70°C at
15Torr, yield 58%).Severaldistillationsgaveapurity of
97%asdeterminedby GLC (CarbopackC 80–100mesh).
1H NMR, � 0.9 (s, 9H, 3CH3), 1.5 (t, 2H, CH2CH2), 2.8
[s, 6H, (CH3)2N), 4.1 (t, 2H, OCH2). MS, m/z179(M�),
88 [(CH3)2NCOO�], 72 [(CH3)2NCO�], 69
[(CH3)3CCH2


�], 57 [(CH3)3C
�].


n-Propyl N,N-dimethylcarbamate. This startingmaterial
waspreparedby MethodA. (b.p. 70°C at 5 Torr, yield
66%).After severaldistillationsthepurity was97.2%as
detreminedby GLC (Penwalt223).1H NMR, � 0,6(t, 3H,
CH3), 1.3(m, 2H,C—CH2—C),2.6[s,6H,(CH3)2N], 3.7
(t, 3H, OCH2). MS, m/z 131 (M�), 102
[(CH3)2NCOOCH2


�], 72 [(CH3)2NCO�], 58 (NCOO�),
43 (CH3CH2CH2


�).


2-Methoxyethyl N,N-dimethylcarbamate. Method A
was used for the preparationof this substrate(b.p.
70°C at 9 Torr, yield 48%). Severaldistillations gave
98.7% purity by GLC (PorapakR 80–100mesh). 1H
NMR, � 2.5 [s, 6H, (CH3)2N], 3.1 (s, 3H, OCH3), 3.3 (t,
2H, OCH2—C), 3.9 (t, 2H, OCH2). MS, m/z147 (M�),
116 [(CH3)2NCOOCH2CH2


�], 72 [(CH3)2NCO�], 58
(NCOO�), 45 ( CH3OCH2


�).


Table 5 continued.


Substrate Parameter Value


2-CyanoethylN,N-dimethylcarbamate Temperature(°C) 269.5 279.3 290.0 300.3 309.6 319.0 329.6
104 k1 (sÿ1) 1.32 2.44 4.94 8.39 14.52 25.28 44.36


Rate equation: log k1 (sÿ1) = (11.40� 0.25)ÿ (158.7� 2.8)kJmolÿ1 (2.303
RT)ÿ1 r = 0.99980,SD= 0.0121


2-PhenylethylN,N-dimethylcarbamate Temperature(°C) 291.1 300.2 310.5 321.1 330.1 341.8
104 k1 (sÿ1) 1.39 2.54 4.79 9.03 15.29 29.51


Rate equation: log k1 (sÿ1) = (12.21� 0.24)ÿ (173.5� 3.1)kJmolÿ1 (2.303
RT)ÿ1 r = 0.99999,SD= 0.0025


3-Methyl-3-buten-1-ylN,N-dimethylcarbamate Temperature(°C) 320.8 329.8 339.6 349.6 360.9 370.1
104 k1 (sÿ1) 2.52 4.57 7.61 13.12 23.99 40.18


Rate equation: log k1 (sÿ1) = (11.87� 0.38)ÿ (175.8� 4.5)kJmolÿ1 (2.303
RT)ÿ1 r = 0.99968,SD= 0.0127


aDatafor s valuesobtainedfrom Ref. 9.


Table 6. Kinetic parameters for pyrolysis of (CH3)2NCOOCH2CH2Z at 360°C


k1� 10ÿ4 kH� 10ÿ4 Ea LogA DS≠ DH≠ DG≠


Z (sÿ1) (sÿ1) (kJmol)ÿ1) (sÿ1) (Jmolÿ1 Kÿ1) (kJmolÿ1) (kJmolÿ1)


H 4.47 1.49 188.8� 3.3 12.23� 0.30 ÿ25.30 194.1 210.1
CH3 3.09 1.55 196.2� 3.7 12.68� 0.30 ÿ16.70 201.5 212.1
CH2CH3 3.63 1.82 186.0� 3.6 11.91� 0.29 ÿ31.46 191.3 211.2
CH(CH3)2 6.31 3.15 186.1� 1.8 12.16� 0.15 ÿ26.65 191.4 208.3
C(CH3)3 12.22 5.61 174.9� 3.2 11.48� 0.20 ÿ39.65 180.2 205.3
Cl 1.41 0.71 198.3� 4.9 12.51� 0.38 ÿ19.95 203.6 204.3
Br 1.55 0.77 201.6� 1.9 12.83� 0.15 ÿ14.01 206.9 215.8
OCH3 1.62 0.81 194.2� 2.5 12.23� 0.20 ÿ25.31 199.5 215.5
O(CH2)3CH3 2.40 1.20 192.9� 8.7 12.30� 0.69 ÿ23.97 198.2 213.4
CH2C6H5 5.75 2.88 181.2� 3.2 11.71� 0.26 ÿ35.26 186.5 208.8
CH2Cl 9.12 4.56 184.3� 2.5 12.17� 0.20 ÿ26.48 189.6 206.4
CH2OC6H5 7.24 3.62 190.8� 2.8 12.60� 0.23 ÿ18.24 196.1 207.6
N(CH3)2 2.88 1.44 194.7� 5.1 12.53� 0.40 ÿ19.58 200.0 212.4
C�CH 47.86 23.93 178.3� 1.6 12.39� 0.14 ÿ22.25 183.6 197.7
C�N 201.77 100.9 158.7� 2.8 11.40� 0.25 ÿ41.20 164.0 190.1
C6H5 78.28 39.14 173.5� 3.1 12.21� 0.24 ÿ25.62 178.8 195.1
CH2=C(CH3) 22.91 11.45 175.8� 4.5 11.87� 0.38 ÿ32.21 181.1 201.5
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2-Chloroethyl N,N-dimethylcarbamate. MethodA was
usedfor this carbamatee,b.p. 110°C at 13Torr, yield
54%. Severaldistillations gave 97.0% purity by GLC,
(Penwalt223). 1H NMR, � 2.6 [s, 6H, (CH3)2N], 3.5 (t,
2H,Cl—CH2—C),4.1(t, 2H,OCH2). MS,m/z152(M�),
116 [(CH3)2NCOOCH2CH2


�], 72 [(CH3)2NCO�], 58
(NCOO�), 49 (CH2Cl�), 44 [(CH3)2N


�].


2-Bromoethyl N,N-dimethylcarbamate. This compound
obtainedby Method B, was distilled severaltimes to
99.8% purity by GLC (Penwalt 223) (b.p. 150°C at
100Torr, yield 49.8%). 1H NMR, � 2.8 [(s, 6H,
(CH3)2N)], 3.5 (t, 2H, Br—CH2—C), 4.3 (t, 2H,
OCH2). MS, m/z 196 (M�), 152 (COOCH2CH2Br�),
116 [(CH3)2NCOOCH2CH2


�], 72 [(CH3)2NCO�], 44
[(CH3)2N


�].


Table 7. Parameters of substituents Z in (CH3)2NCOOCH2CH2Z at 360°Ca


Log (kZ/ko) (kZ/ko)
Z (ko = H) (ko = CH3) sa sF sR� sRÿ s* sI


H 0.0000 ÿ0.0171 0.00 0.00 0.00 0.00 0.49 0.00
CH3 0.0171 0.0000 ÿ0.35 0.00 ÿ0.08 0.03 0.00 ÿ0.046
CH2CH3 0.0868 0.0697 ÿ0.49 0.00 ÿ0.07 0.02 ÿ0.10 ÿ0.055
CH(CH3)2 0.3251 0.3079 ÿ0.62 0.00 ÿ0.07 0.01 ÿ0.19 ÿ0.064
C(CH3)3 0.5757 0.5586 ÿ0.75 0.00 ÿ0.06 0.00 ÿ0.30 ÿ0.074
Cl ÿ0.3219 ÿ0.3397 ÿ0.43 0.45 ÿ0.17 ÿ0.12 2.94 0.50
Br ÿ0.2867 ÿ0.3038 ÿ0.59 0.45 ÿ0.15 ÿ0.10 2.80 0.44
OCH3 ÿ0.2647 ÿ0.2818 ÿ0.17 0.25 ÿ0.42 ÿ0.27 1.67 0.27
O(CH2)3CH3 ÿ0.0940 ÿ0.1111 ÿ0.26 0.25 ÿ0.46 ÿ0.27 1.65 0.27
CH2C6H5 0.2862 0.2690 ÿ0.70 0.05 ÿ0.05 0.02 0.215 ÿ0.08
CH2Cl 0.4857 0.4686 ÿ0.54 0.23 ÿ0.05 0.02 1.05 0.11
CH2OC6H5 0.3855 0.3683 ÿ0.94 0.05 ÿ0.03 0.02 0.85 0.40
N(CH3)2 ÿ0.0148 ÿ0.0319 ÿ0.44 0.10 ÿ0.64 ÿ0.26 0.62 0.06
C�CH 1.2057 1.1886 ÿ0.55 0.16 ÿ0.16 0.16 2.13 0.35
C�N 1.8307 1.8135 ÿ0.46 0.60 0.00 0.10 3.64 0.56
C6H5 1.4194 1.4022 ÿ0.81 0.10 ÿ0.22 0.22 0.60 0.08
CH2=C(CH3) 0.8856 0.8684 — — — — 0.36 0.058


a Datafor s valuesobtainedfrom Ref. 9.


Figure 1. Log krel against Taft s * values for (CH3)2NCOOCH2CH2Z at 360°C
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3-Phenyl-I-propyl N,N-dimethylcarbamate. This carba-
matewaspreparedby MethodB (b.p.175°C at 20Torr,
yield 71.3%).Severaldistillationsgave99.8%purity by
GLC (Penwalt223).1H NMR, � 1.9.(m, 2H, —CH2—),
2.7 (t, 2H, CH2C6H5), 2.9 [s, 6H, (CH3)2N], 4.1 (t, 2H,
OCH2), 7.1 (m, 5H, C6H5). MS, m/z 207 (M�), 116
[(CH3)2NCOOCH2CH2


�], 102 [(CH3)2NCOOCH2
�], 91


(CH2C6H5
�), 77 (C6H5


�), 72 [(CH3)2NCO�], 44
[(CH3)2N


�].


3-Chloro-1-propyl N,N-dimethylcarbamate. This sub-
stratepreparedaccordingto Method B (b.p. 161°C at
5 Torr, yield 75%) was distilled severaltimes to 99%
purity by GLC (PorapakQ, 80–100mesh).1H NMR, �
2.0 (m, 2H, C—CH2—C), 2.8 [s, 6H, (CH3)2N], 3.6 (t,
2H, OCH2), 4.1 (t, 2H, C—CH2Cl). MS, m/z165 (M�),
130 [(CH3)2NCOOCH2CH2CH2


�], 121 (COOCH2CH2


CH2Cl�), 102 [(CH3)2NCOOCH2
�], 72 [(CH3)2NCO�],


58 (COOCH2CH2
�), 49 (CH2Cl�).


3-Phenoxy-I-propyl N,N-dimethylcarbamate. Using
Method B, this startingmaterial (b.p. 161°C at 5 Torr,
yield 70%)wasdistilledseveraltimesto 98.9%purity by
GLC (PorapakQ,80–100mesh).1H NMR, � 2.1(m, 2H,
C—CH2—C), 2.9 [s, 6H, (CH3)2N], 4.0 (t, 2H, OCH2),
4.2 (t, 2H, OCH2). MS, m/z 224 (M�), 146
[(CH3)2NCOOCH2CH2CH2CH2


�], 130
[(CH3)2NCOOCH2CH2CH2


�], 107 (CH2OC6H5
�), 72


[(CH3)2NCO�].


2-Phenylethyl N,N-dimethylcarbamate. This compound
waspreparedby MethodB (b.p. 122°C at 5 Torr, yield
75%).Severaldistillationsgavea purity of 98%by GLC
(CarbopackC 80–100mesh).1H NMR, � 2.8 [s, 6H,
(CH3)2N], 3.4 (t, 2H, CH2C6H5), 4.3 (t, 2H, OCH2), 6.6
[t, 2H,C6H3H2(ortho)], 6.7[d, 1H,C6H5H(para)], 7.2[t, 2H,
C6H3H2(meta)]. MS, m/z 194 (M�), 116
[(CH3)2NCOOCH2CH2


�], 102 [(CH3)2NCOOCH2
�], 88


[(CH3)2NCOO�], 72 [(CH3)2NCO�], 44 [(CH3)2N
�].


2-Butoxyethyl N,N-dimethylcarbamate. This starting
material obtainedby Method B (b.p. 80°C at 25Torr,
yield 70%),wasdistilledseveraltimesto 98.0%purity by
GLC (PoparakQ 80–100mesh).1H NMR, � 1.3 (t, 3H,
CH3), 1.4(m, 2H, OCH2—C), 1.5(m, 2H, C—CH2—C),
2.8 [s, 6H, (CH3)2N], 3.4 (t, 2H, OCH2—), 3.5 (t, 2H,
CH2—C), 4.1 (t, 2H, COOCH2—C). MS, m/z190(M�),
116 [(CH3)2NCOOCH2CH2


�], 102 [(CH3)2NCOOCH2
�],


88 [(CH3)2NCOO�], 72 [(CH3)2NCO�], 44 [(CH3)2N
�].


I-Dimethylaminoethyl N,N-dimethylcarbamate. Di-
methylcarbamylchloride was addedto 2-dimethylami-
noethanolhydrochlorideaccordingto Method B (b.p.
106°C at 693Torr, yield 67%).Severaldistillation gave
98.4%purity by GLC (FFAP–ChromosorbW AW 80–
100 mesh). MS, m/z 160 (M�), 116


[(CH3)2NCOOCH2CH2
�], 102 [(CH3)2NCOOCH2


�], 88
[(CH3)2NCOO�], 72 [(CH3)2NCO�], 44 [(CH3)2N


�].


3-Butyn-I-yl N,N-dimethylcarbamate. This carbamate
preparedby MethodB (b.p.109°C at31Torr, yield 63%)
wasdistilled to 99.8%purity by GLC (FFAP–Chromo-
sorbW AW 80–100 mesh). MS, m/z 141 (M�), 97
(COOCH2CH2C=CH�), 72 [(CH3)2NCO�], 53
(CH2CH2C=CH�),44 [(CH3)2N


�].


2-Cyanoethyl N,N-dimethylcarbamate. Thepreparation
of thissubstratewascarriedoutby MethodB (b.p.133°C
at 13Torr). Severaldistillationsgavea purity of 99.1%
by GLC (PorapakR, 80–100mesh).MS, m/z142 (M�),
88 [(CH3)2NCOO�], 72 [(CH3)2NCO�], 54
(CH2CH2C=N�), 44 [(CH3)2N


�].


3-Methyl-3-buten-1-yl N,N,dimethylcarbamate. This
carbamatewaspreparedby MethodB (b.p. 92–94°C at
14Torr, yield 51%). Severaldistillations gave 99.9%
purity by GLC (FFAP–ChromosorbW AW, 80–100
mesh). MS, m/z 157 (M�), 88 [(CH3)2NCOO�], 72
[(CH3)2NCO�], 54 (CH2CH2C=N�), 40 (CH3C=CH�).


Analyses. The quantitativechromatographicanalysesof
the olefinic productswere performedusing the same
column as used for their correspondingcarbamate
substrates.The identificationsof substratesandproducts
were performed by GLC Film thickness–MS(Saturn
2000,Varian).With a DB-5MS capillarycolumn30 m x
0.250mm i.d, 0.25mm


Kinetics. The pyrolysiskinetics werestudiedin a static
reactionsystemas described17,18 with somemodifica-
tions and additionsof modernelectronicand electrical
devices.The temperaturewascontrolledby a resistance
thermometercontroller, Shinko DIC-PS 25RT, and an
Omega solid-state SSR240AC45, maintained with-
in� 0.2°C and measuredwith a calibratedplatinum–
platinum–13%rhodium thermocouple.No temperature
gradient was found along the reaction vessel. The
carbamate substrateswere injected with a syringe
through a silicone-rubber septum directly into the
reactionvessel.
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ABSTRACT: The stability constants and standard Gibbs energy, enthalpy and entropy changes for the 1:1 inclusion
complexation of N-benzyloxycarbonyl-L-aspartic and -glutamic acids with native �-cyclodextrin (�-CD), mono(6-
amino-6-deoxy)-�-CD, mono(6-trimethylammonio-6-deoxy)-�-CD and A,B-, A,C- and A,D-bis(6-trimethylammo-
nio-6-deoxy)-�-CDs were determined in aqueous phosphate buffer (pH 6.9) at 298.15 K by titration micro-
calorimetry. The supramolecular complex structures were elucidated from 1D and 2D NMR spectra, including
ROESY, COSY and HOHAHA techniques. Combining the results obtained from the microcalorimetric and NMR
studies, we elucidated not only the detailed complex structures and the thermodynamic consequences, but also the
mutual dependence between the complex structure and the overall complexation thermodynamics. Copyright  2001
John Wiley & Sons, Ltd.


KEYWORDS: microcalorimetry; thermodynamics; NMR; �-cyclodextrin derivatives; amino acids
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The structure–property relationship is currently one of
the most intriguing and intensively investigated topics in
supramolecular chemistry.1–3 It is also widely recognized
that the host–guest complexation thermodynamic par-
ameters such as the enthalpy and entropy changes, not
only the complex stability, are essential physico-
chemical properties which critically govern the com-
plexation behavior, consequently determining the in-
herent ability, and possible application, of various
supramolecular systems4 such as cyclodextrin (CD).5,6


Hence the close examination and unambiguous elucida-
tion of the interdependence between the complex
structure and complexation thermodynamics of CDs are
of primary importance from both scientific (theoretical)
and practical (industrial) viewpoints.7–10 There have been
significant investigations of the complexation of amino


acids and their various derivatives by natural and
modified CDs.5–10 However, many of the studies were
limited to only one experimental method, which certainly
hinders elucidation of the structure–property relationship.


In our recent comparative NMR and microcalorimetric
study on the complexation of amino acid derivatives such
as dansyl-D/L-phenylalanine (Dans-Phe) and naphtha-
lenesulfonyl-D/L-phenylalanine (Naph-Phe) with �- and
�-CDs,11 we demonstrated that the complexation thermo-
dynamic parameters critically reflect, or directly correlate
with, the penetration mode (direction and orientation)
and depth (location) of the two intramolecularly stacked
aromatic moieties in the CD cavity. In particular, Naph-
Phe and Dans-Phe give different complex structures and
thermodynamic parameters upon inclusion by �-CD. The
NMR study revealed that the phenyl group of Naph-Phe
is preferentially accommodated from the secondary side
of �-CD with the phenyl face parallel with the wider rim
of �-CD, over which the naphthyl moiety is stacked
capping the cavity; the microcalorimetric study indicated
that this relatively rare mode of complexation leads to a
highly exothermic enthalpy change. In contrast, the
dansyl and phenyl groups in Dans-Phe are simultaneously
accommodated and stacked in �-CD, where the aromatic
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moieties are oriented parallel to the cavity axis. In this
case, the complexation enthalpy becomes less exothermic
than that of Naph-Phe, probably as a result of inclusion of
the dimethylamino group and the subsequent shallower
penetration of the aromatic moieties. This NMR study
clearly demonstrated that the penetration of both Naph-
Phe and Dans-Phe occurs exclusively from the wider
secondary side of �- and �-CD. As far as aromatic amino
acid derivatives are concerned, the preference for
secondary-side penetration seems natural. Indeed, if the
penetration occurs from the primary side the accompany-
ing conformation changes of the seven or eight primary
hydroxymethyl groups in �- or �-CD will be disadvanta-
geous from an energetic point of view. Hence, in order to
attempt to invert the penetration direction from the
secondary to primary side, some modification that results
in an attractive interaction with the guest should be
introduced at the primary side.


In the present study, we introduced one or two amino
(Am) or trimethylammonio (TMA) group(s), these are
protonated at neutral pH and thus positively charged at
the primary side of �-CD to afford Am-�-CD, TMA-�-
CD and A,B-, A,C-, and A,D-TMA2-�-CD (Chart 1),
therefore expecting additional electrostatic interactions
with dicarboxylic amino acid guests, i.e. N-benzyl-
oxycarbonyl-L-aspartic acid [Cbz-L-Asp: C6H5OCONH-
CH(CH2COOH)CO2H] and N-benzyloxycarbonyl-L-


glutamic acid [Cbz-L-Glu: C6H5OCONHCH(CH2CH2-


COOH)CO2H]. The choice of hosts allows us not only to
explore the effects of the number of positive charge on
the CD rim (�1 for Am- and TMA-�-CD versus �2 for
TMA2-�-CD) and of the bulkiness of the charged group
(Am versus TMA), but also to elucidate the influence of
varying the position of TMA groups around the CD rim
(A,B-, A,C- and A,D-TMA2-�-CD) upon the supramol-
ecular complex structures and their thermodynamics. The
choice of dicarboxylic amino acid guests is also rational,
since Asp and Glu both possess �2 charges but with a
different number of methylenes, which means that they
are well suited for assessing contributions from the
electrostatic interaction with the �1 and �2 charged CD
hosts, and also from the van der Waals interactions of the
extra methylene in the latter guest.


-./-�(�-)%�


.�������/ Commercially available Cbz-L-Asp, Cbz-L-
Glu and �-CD of the highest purities available were used
in the microcalorimetric and NMR experiments without
further purification. Am-�-CD, TMA-�-CD and A,B-,
A,C- and A,D-TMA2-�-CD were synthesized, according
to the procedures reported previously12,13 (H. Yamamura,
Y. Yamada, S Araki and M. Kawai, to be published). All
CDs contained water of hydration, and appropriate
corrections were made for the moisture contents, which
were determined by the vendor (�-CD) or by us (Am-�-
CD, TMA-�-CD and A,B-, A,C- and A,D-TMA2-�-CD)
using the Karl Fisher technique.


.���
��
�������� ���������	��/ An isothermal calori-
metry (ITC) instrument, purchased from Microcal (North
ampton, MA, USA) was used for all microcalorimetric
experiments. The ITC instrument was periodically
calibrated electrically using an internal electric heater.
The instrument was also calibrated chemically by
measurement of the neutralization enthalpy of the
reaction of HCl with NaOH and the ionization enthalpy
of Tris buffer. These standard reactions gave excellent
agreement (�1–2% errors) with the literature data.14,15


The thermodynamic parameters obtained for the com-
plexation of cyclohexanol with �-CD showed good
agreement with our previous results.16,17


Titration microcalorimetry allows us to determine
simultaneously the reaction enthalpy and equilibrium
constant from a single titration run. Each microcalori-
metric titration experiment consisted of 20 successive
injections, where a constant volume (5 �l per injection) of
guest solution was injected stepwise into the reaction cell
(1.36 ml) charged with a CD solution in the same buffer;
the initial concentrations of guest and CD used in each
run are indicated in Table 1. It should be mentioned
that the concentrations cited in Table 1 refer to the
concentrations of the host in the sample cell and of the
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guest in the injected aliquots. Standard phosphate buffer
of pH 6.9 [NaH2PO4 (0.025 M) � NaHPO4 (0.025 M)]
was used for all microcalorimetric experiments to satisfy
the requirement �pKa(guest) �pH��2.18 Corrections for
non-ideality were not made under the experimental
conditions employed, the reason for which was discussed
previously.18


The heat of dilution of the guest solution upon addition
to the buffer solution in the absence of CD was
determined in each run using the same number of
injections and concentration of guest as used in the
titration experiments. The dilution enthalpies determined
in these control runs were subtracted from the apparent
enthalpies measured in the titration experiments.


The ORIGIN program (Microcal.), which was used to
calculate the equilibrium constant and standard molar
enthalpy of reaction from the titration curve, gave a
standard deviation based on the scatter of the data points
in a single titration curve. As we reported previously,18


the accuracy of the calculated thermodynamic quantities
for 1:1 complexations were checked by performing
several independent titration runs. The uncertainties in
the thermodynamic quantities obtained for 1:1 com-
plexation (shown in Table 1) are two standard deviations
of the mean value, unless stated otherwise.


Representative microcalorimetric titration curves for
the complexation reactions of Cbz-L-Asp and Cbz-L-Glu
towards A,B-TMA2-�-CD (highest affinities; see Table
1) and for the complexation reactions of the same guests
toward �-CD (smallest affinities; see Table 1) are shown
in Fig. 1(a)–(d), respectively. In the case of reaction of
Cbz-L-Asp and Cbz-L-Glu with A,B-TMA2-�-CD, the
total charge of the 1:1 complex is zero, hence there is no
electrostatic repulsion with the second guest on interac-
tion with the complex. To evaluate this possibility,
microcalorimetric titration experiments were performed
with a high excess of the guests up to a molar ratio of 14–
16 [Fig. 1(a) and (b)]. However, no significant deviation
of the data points from the 1:1 model were observed even
at a high excess of the guests. This is an additional
experimental confirmation of the applicability of a simple
1:1 model for the systems under consideration. It should
be mentioned that the numerical values of the reaction
enthalpies presented in Table 1 and Fig. 1(a)–(d) can
deviate from each other (2–3%) since the data in Fig.
1(a)–(d) are results of computer simulation without
correction for electrical calibration of the microcalori-
meter. It should be also noted that the uncertainties
presented in Table 1 are generally larger than these
shown at Fig. 1(a)–(d) since the former reflect not only
scattering of the data points from the theoretical fit but
also uncertainties in purity determination of host and
guest, accuracy in preparation of the solutions and
accuracy of the calibration parameters.


�.) ���������	��/ 1H NMR spectra at 600 MHz were
measured at 25°C in D2O. A Bruker Avance 600


spectrometer was used to obtain 1D and 2D NMR spectra,
including ROESY, COSY and HOHAHA. HOHAHA
experiments with the MLEV-17 pulse sequence were
performed with a mixing time of 120 ms. ROESY spectra
were recorded with a mixing time of 750 ms.


�-&,�)& %+ +(&�,&&(*


�	�2� ���+


The observation of NOEs is very informative in the de-
termination of the structure of inclusion complexes.19–21


As was reported previously for the complexation of
Naph-Phe and Dans-Phe with �- and �-CDs,11 it was
shown from the NMR NOE experiments that both Cbz-L-
Asp and Cbz-L-Glu penetrate into the cavity from the
secondary side of native �-CD. Weak-to-moderate NOE
cross peaks were clearly observed between the ortho and
meta protons (Ho and Hm) of Cbz and the H3/H5 protons
of �-CD. This and additional NOE between the para
proton (Hp) of Cbz and H6 proton of �-CD confirm the
penetration of phenyl into the cavity from the secondary
side as illustrated in Fig. 2, along with the plausible
structure of complex formed between Cbz-L-Glu and �-
CD.


Additionally, Cbz-L-Asp and Cbz-L-Glu afforded
almost indistinguishable NOE signals upon complexation
with �-CD, indicating that the modes, depths and
orientations of penetration are very similar for both
guests, irrespective of the different methylene numbers.
In both cases we observed appreciable NOEs for the Cbz
phenyl protons at � 7.39–7.43 with the CD H3 protons at
� 3.94 and H5 at � 3.74; a weaker, but appreciable, NOE
was observed even for Cbz Ho and CD H6 at � 3.86. It is
concluded therefore that the phenyl moiety of both Cbz-
L-Asp and Cbz-L-Glu is fairly deeply included in the �-
CD cavity.


The complex structure shown in Fig. 2 is reasonable in
view of the optimal van der Waals contacts between the
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phenyl group and the cavity, leading to the exclusively
enthalpy-driven complexation as confirmed by the
thermodynamic data. The analogous complex structures
proposed for Cbz-L-Asp and Cbz-L-Glu nicely coincide
with the fact that both guests give comparable com-
plexation thermodynamic parameters, shown in Table 1.
Indeed, the two guests exhibit only slight differences
of 15% in their complex stability constants (K) or
0.36 kJ mol�1 in Gibbs energy (�G°), 0.9 kJ mol�1 in
enthalpy (�H°) and 0.6 kJ mol�1 in entropy (T�S°)
(Table 1). Judging from the almost identical NOE
patterns observed for both guests, the small but appreci-
able enhancement of �H° by 0.9 kJ mol�1 for Cbz-L-Glu
is attributable not to the increased van der Waals contacts
of the extra methylene, but rather to fine conformational
adjustments (or slightly deeper penetration) of the guest
molecule within the cavity, which are, however, not
explicitly detected by the NOE experiments. This
rationalization appears reasonable since the other hosts
did not always give more exothermic �H° values for
Cbz-L-Glu.


%�� ��� )�%����+�


The cationic moiety introduced to the primary rim of �-
CD has a striking effect on the mode of guest inclusion;
with the penetration direction switched from the
secondary side to the primary side upon complexation
of dianionic Cbz-L-Asp and Cbz-L-Glu guests with Am-
�-CD and TMA-�-CD, as illustrated in Fig. 3.


NMR studies on the complexation of Cbz-L-Glu with
Am-�-CD and TMA-�-CD gave very similar NOE
spectra, indicating similar complex structures for both
hosts. In the ROESY spectrum of the Cbz-L-Glu complex
with Am- �-CD, all of the phenyl protons (o, m and p)
gave NOE cross peaks with CD H3 at � 3.92. The
complex with TMA-�-CD gave appreciable NOEs for the
phenyl protons Ho and Hm with H3 at around � 3.91–3.94
and 3.82–3.85, and a weak NOE for Ho with H5 at � 3.73.
All of the above NMR data clearly indicate that the guest
insertion occurs from the primary side (Fig. 3), while the
predominant NOEs of the phenyl protons with H3
indicate that the phenyl moiety is located near the
secondary rim, in a somewhat tilted conformation as
shown in Fig. 3. This conformation is suitable for
obtaining the pronounced van der Waals contacts
between the phenyl and the cavity walls, and is
compatible with the exclusively enthalpy-driven complex
formation (Table 1).


Neutral �-CD, in contrast to cationic Am- and TMA-�-
CDs, accommodates the same guest but with penetration
from the opposite side of the cavity, giving different
complex structures, yet exhibiting similar thermody-
namic parameters upon complexation with the dicationic
guests Cbz-L-Asp or Cbz-L-Glu, i.e. highly exothermic
�H° and small positive �S° values. Therefore, the


consistent predominantly enthalpy-driven complexation
is most likely attributable to a tight-fitting inclusion of the
aromatic moiety into the �-CD cavity in both cases. This
view is consistent with our previous observation11 that
the intramolecularly stacked aromatic moieties of Dans-
Phe and Naph-Phe are included much more tightly in �-
CD, with the accompanying greater van der Waals
contacts and greater conformational restriction, which in
turn results in much greater exothermic �H° and
unfavorable negative �S°.


Even though Am- and TMA-�-CDs possesses the same
�1 charge, they behave very differently, with the former
host giving much higher affinities for both Cbz-L-Asp
and Cbz-L-Glu than the latter. Since the Coulombic
attraction is sensitive to the intercharge distance, the less
bulky ammonio group in Am-�-CD is expected to
interact more strongly with the guest’s carboxylate anion
than the bulkier trimethylammonio substituent in TMA-
�-CD. Indeed, Am-�-CD gives larger �G° and �H°
values by ca 1 kJ mol�1 upon complexation with Cbz-L-
Asp and Cbz-L-Glu compared with TMA-�-CD. It is
therefore inferred that the resulting complex structure, or
more strictly the degree of molecular restriction, does not
differ greatly in the two cases, as the reaction entropy
shows only a negligible difference. The charge-shielding
effect of TMA seems significant in general, judging from
the fact that the dicationic TMA2-�-CDs gives only
slightly larger (for the A,B-isomer) or even smaller �G°
and �H° (for the A,C- and A,D-isomers) values than
those for monocationic Am-�-CD.


%!3�! %!�� ��� %!+�)�%$����+�


Trends in the thermodynamic parameters obtained for the
complexation of diaminated CDs (A,B-, A,C- and A,D-
TMA2-�-CDs) are also reasonably accounted for in terms
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of the depth of phenyl penetration into the cavity.
However, before going to a detailed discussion, we wish
to consider several contributions that make a direct
comparison of the thermodynamic parameters for neutral,
mono- and diaminated CD hosts difficult. Indeed, the real
reason(s) are not immediately clear why more exothermic
complexation enthalpies are obtained for the monoca-
tionic Am- and TMA-�-CDs rather than the neutral �-
CD. One possibility would be a better shape/size
complimentarity upon inclusion of a phenyl group from
the primary side of �-CD. However, it is more likely that
the larger exothermic �H°s for Cbz-L-Glu or -Asp
complexes with Am- and TMA-�-CDs originate from the
greater electrostatic interactions in the cationic CD cases.
The more exothermic �H°s for Am-�-CD compared with
TMA-�-CD clearly rule out the possible greater van der
Waals contributions or hydrophobic interactions of
TMA, but are readily attributable to the stronger
electrostatic interactions as a result of the smaller steric
hindrance of Am, as mentioned above. This idea may be
supported by the fact that dicationic A,B-TMA2-�-CD
gives even higher affinities for both guests. The less
favorable T�S° values for A,B-TMA2-�-CD than those
for Am- and TMA-�-CDs are readily ascribed to the
additional restriction of guest conformation through the
fixation of two carboxylates in the guest.


It is puzzling that, as demonstrated above for �-CD
versus Am- and TMA-�-CDs, the distinctly different
original host structures and resulting complex structures
can display unexpectedly similar thermodynamic beha-
vior. However, in the following experiments using A,B-,
A,C- and A,D-TMA2-�-CDs as hosts, the systematic
variation in host structure leads to consistent and
meaningful changes in both complex structure and
thermodynamic parameters.


In the NMR studies on the Cbz-L-Glu complexes of
isomeric A,B-, A,C- and A,D-TMA2-�-CDs, we first
assigned all of the relevant glucose protons by using the
inter-residual ROESY, COSY and HOHAHA spectra.
We then elucidated the plausible structures of the Cbz-L-
Glu complexes with isomeric A,B-, A,C- and A,D-
TMA2-�-CDs from the ROESY experiments. The
ROESY spectrum of the A,B-TMA2-�-CD complex is
shown in Fig. 4(a), where appreciable NOE cross peaks
are found for the phenyl ortho proton (Ho) with CD H3A


at � 4.01, with H3C, H3D/E and H3G at �3.94–3.99 and
with H3E/D and H3F at � 3.91–3.93. Also, weak cross
peaks with H5 were observed around � 3.70–3.76 and
3.65. The meta proton (Hm) gave cross peaks with
H3C,D/E,G at � 3.96–3.99 and with H3E/D,F at � 3.90–3.93,
and the para proton (Hp) with H3C,D/E,G at � 3.96–3.98.
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These ROESY results clearly indicate that the Cbz
phenyl is fully accommodated in a tilted conformation
near the wider rim of the cavity, as illustrated in
Fig. 5(a).


For the A,C-TMA2-�-CD complex of Cbz-L-Glu, the
phenyl Ho gave NOE cross peaks with CD H3A/C at �
4.04–4.07 and H3D/G,E/F at � 3.90–3.95, and also with
H5G at � 3.88 and H5B/D at � 3.67, as shown in Fig. 4(b).
Hm gave NOEs with H3A/C at � 4.06 and with H3D/G at �
3.93–3.95, whereas Hp showed no appreciable cross
peaks with any of the glucose protons. These observa-


tions led us to the complex structure illustrated in Fig.
5(b), where the Cbz phenyl is accommodated fairly
deeply in the cavity with a slight tilt along the CD axis.
For the A,D-TMA2-�-CD complex, the Cbz Ho gave
NOE cross peaks with H3 protons around � 3.94–4.03 and
3.90 and weaker cross peaks with H5 at � 3.82–3.86 and
3.77, whereas Hm showed no appreciable NOEs with the
interior CD protons, as shown in Fig. 4(c). The lack of
NOE for Hm indicates a shallower inclusion of the Cbz
phenyl in the cavity, as shown in Fig. 5(c).


It is intriguing that the complex structure is critically
affected by the relative position of the two TMA groups
introduced to the rim of �-CD. We now discuss the
thermodynamic consequences of such structural varia-
tions by examining the thermodynamic quantities
obtained for the inclusion complexation of Cbz-L-Glu
with isomeric A,B-, A,C- and A,D-TMA2-�-CDs. We
would emphasize that the same discussion and conclu-
sions will also be applicable to the corresponding Cbz-L-
Asp complexes, since these two guests, differring by just
one methylene, give very similar thermodynamic par-
ameters and tendencies upon complexation with the
native and modified �-CDs.


The complex structure of A,B-TMA2-�-CD with Cbz-
L-Glu as elucidated from ROESY experiments is similar
to that of Am-�-CD and TMA-�-CD. As shown in Figs
4(a) and 5(a), the Cbz phenyl is fully accommodated and
somewhat tilted in the cavity, maximizing the van der
Waals contacts of the aromatic protons with the CD H3
protons. Such a mode of complexation leads to the
exclusively enthalpy-driven complexation with slight
entropy assistance. The increased electrostatic interac-
tions of the two adjacent TMA groups in A,B-TMA2-�-
CD with the dianionic Cbz-L-Glu guest do not greatly
alter the complex structure, but certainly enhance the
complexation enthalpy.


As the distance between two TMAs on the CD rim
increases from the A,B- to the A,C-position, the tether
between the Cbz and Glu moieties appears to become
more constrained. This additional restriction in tether
conformation does not allow the adoption of the tilted
phenyl conformation, driving part of the phenyl out of the
cavity and into the bulk water [Fig. 5(b)]. This shallower
inclusion should lead to a less exothermic �H° as a result
of weaker van der Waals interactions, and also to a more
positive T�S° arising from increased positional and
rotational freedoms, both of which were confirmed
experimentally by thermodynamic experiments (Table
1).


Further increase in the distance between two TMAs up
to the A,D-position induces additional constraints to the
tether, forcing greater phenyl moiety exposure to the bulk
water [Fig. 5(c)]. The shallowest inclusion amongst the
TMA2-�-CDs is nicely correlated with the smallest
complexation �H° and the largest positive T�S° for
A,D-TMA2-�-CD.


Thus we have found a direct correlation between the
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increasing depth of guest penetration into the cavity (in
the order A,D-TMA2-�-CD � A,C-TMA2-�-CD � A,B-
TMA2-�-CD) and an increasing reaction enthalpy,
accompanied by a decreasing reaction entropy. To the
best of our knowledge, this is the first direct and detailed
experimental confirmation of the postulated, but never
proved, correlation between supramolecular complex
structure and complexation thermodynamic parameters.


�*��,&(*&


Cbz-L-Asp and Cbz-L-Glu penetrate into the native �-CD
cavity from the secondary side as was the case with the
complexation of Naph-Phe and Dans-Phe.


Introduction of positive charge(s) on the primary rim
of �-CD can alter the direction of guest penetration
through the electrostatic interaction between positively
charged group(s) of the host and the negatively charged
groups of the guest. Thus, Cbz-L-Asp and Cbz-L-Glu
consistently penetrate from the primary side upon
complexation with Am-�-CD, TMA-�-CD, A,B-TMA2-
�-CD, A,C-TMA2-�-CD and A,D-TMA2-�-CD.


The additional electrostatic interactions enhance the
complex stability through the increased exothermic �H°
without significantly changing T�S°.


Increasing depth of guest penetration in the order A,D-
TMA2-�-CD �A,C-TMA2-�-CD �A,B-TMA2-�-CD is
nicely correlated with the gradually increasing exother-
mic �H° and corresponding decreasing T�S°.
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ABSTRACT: Fourb-cyclodextrins (CDs) were prepared bearing either an (N,N-dimethylamino)propylamino group
(1), an (N-methyl)-piperazino group (2) or a benzylamino group (3), or seven methylamino susbtituents (4).
Association constantsK in water with di- and tripeptides reach up to 200M


ÿ1, and after protection at theN-terminus
up to 680Mÿ1. Appreciable binding occurs only in the presence of lipophilic amino acid side-chains, with preference
for this at theC-terminus. A moderate sequence and side-chain selectivity is observed with1, 2 and3, but less so with
the highly charged4 where ion pairing dominates. Detailed NMR analyses with advanced techniques including T-
ROESY and GHSQC allow full assigment of most1H and 13C signals, with extraction of many substituent and
complexation induced shifts changes (SIS and CIS values, respectively). The CIS values and NOE cross peaks from
ROESY experiments provide for insight into the binding modes of selected complexes, indicating, e.g., the
simultaneous presence of complexes with a peptide phenyl unit approaching from both the narrow and the wide side
of the CD cavity. With3 one observes self-inclusion of the pendant phenyl ring within the cavity, and its replacement
by analytes such as peptides, or by adamantanecarboxylic acid. The inclusion modes are illustrated with force field
simulated structures and many NMR spectra, which are made available in electronic supplements. Copyright 2001
John Wiley & Sons, Ltd.
Additional material for this paper is available from the epoc website at http://www.wiley.com/epoc: (NMR shift
tables; 3D coordinates for molecular structures; 1D- and 2D-NMR spectra)


KEYWORDS: peptides; complexation; aminocyclodextrins; NMR analyses; force field calculations


INTRODUCTION


The binding of lipophilic substrates inside the cavity of
cyclodextrins (CDs) has been the focus of many
investigations.1 Surprisingly, the complexation of
peptides has until now received little attention, in
contrast to many other studies with bioactive guest
compounds, including amino acids.2 Non-covalent
interactions with peptides are of paramount importance
for understanding mechanisms of protein folding, but
also for, e.g., pharmaceutical applications. The low
toxicity of CDs and their increasingly economic
availability makes these host compounds particularly
amenable for, e.g., drug protection and delivery. Also
for these reasons the design of suitable artificial peptide
receptors, which are less developed in comparison with
host compounds for nucleotides, should be pursued on
the basis of CDs. The present study addressed this need,
with an emphasis on a better understanding of the


underlying complex structures in the functional state of
solution.


Most of the literature on CD complexes is restricted to
measurements of association constants, including many
thermodynamic studies. The wealth of information from
these data, however, has not led to a consistent picture of
the relevant binding mechanisms with CDs, which are
more diverse than with other host compounds, and still a
matter of significant controvery.2,3 Often it is not even
known whether and which lipophilic parts of the substrate
are bound within the CD cavity. It has been shown that it
not necessarily the geometric fit that determines this,
against chemical intuition or predictions from computer-
aided molecular modelling.4 The obvious remedy here is
the use of NMR methods, which in view of the
underlying complex CD spin systems require application
of high fields and of advanced NMR techniques.5 The
complications are particularly large if the inherent
symmetry of the CD moiety is distorted by substitution;
such complexes are the main focus of the present study.


Complexes of native, unsubstituted CDs with peptides
are very weak, which might be one reason why they have
rarely been studied. We decided to use aminocyclodex-
trins, which have been found to be very effective host
compounds for nucleotides and even nucleosides.6 The
presence of a positively charged side-group in the CD can
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leadto relativelystrongsaltbridgeswith theC-terminus
of peptides;togetherwith thelipophilic side-chainpartof
aminoacidsenhancedandeventuallysequence-selective
recognition might be feasible. CDs with pendant
aromatic side-chainshave been used in particular by
Ueno and co-workersfor fluorimetric assaysof many
analytes.7 Detailed NMR analyses7 with such host
compoundshave already provided clear evidencefor
self-inclusionof the pendantaromaticside-chainwithin
the CD cavity, which can be expelled by addition of
stongerbindinganalytes.


RESULTS AND DISCUSSION


Theamino-CDsinvestigatedareshownin Fig. 1.


Syntheses, protonation state


Monoaminocyclodextrins 1–3 were preparedfrom the
correspondingmono-6-O-tosylateby nucleophilic sub-
stitution (seeExperimentalsection).The monotosylate
was obtainedunder aqueousconditionsusing toluene-
sulfonyl chloride(T. Ikeda,Tokyo Instituteof Technol-
ogy,personalcommunication)giving thesameyieldsand
purity reported before for pyridine as solvent.12 The
recentlyreported13 higheryields with p-toluenesulfonic
anhydrideasreactantwerenot reproduciblein ourhands.


The heptaamino-CD4 was preparedaccordingto a
procedureby Breslow et al.14 Insteadof the b-CD-6-
heptatosylate,the b-CD-6-heptaiodidewas usedfor the
nucleophilic substitution. Following the synthesisof
Ashton et al.,15 the iodide was preparedand converted
into thedesiredamine4 in amorereproducibleway than
thatwith theuseof the tosylate.


Thechargesfor themonosubstitutedCD derivatives1–
3 were estimated from known pKA values of the
correspondingamines(seefootnotesto Table 1). NMR
experimentsat pD = 2.4,7.4 and12.4,however,showed
significantdifferencesdueto ligationof theaminesto the
CD moiety,with protonationdegreesasgivenin Table1


(seealsoS_TableI in the supplementarymaterialat the
epocwebsiteat http://www.wiley.com/epoc). Thehepta-
substituted4 wasestimatedto bear4–5positivecharges
on thebasisof potentiometricinvestigationsby Hamelin
et al.16 with a comparable6-heptaamino-b-CD.


Association constants


K valuesweremeasuredusingacompetitionmethodwith
the fluorescencedye 1-anilinonaphthalene-8-sulfonate
(ANS),whichprovidesasensitivechangeof fluorescence
emissionupon addition of the substrates,also giving
evidencefor anintracavityinclusionmode.Evaluationof
binding isothermswith known equations17 (seeExperi-


Figure 1. Investigated amino-CDs


Table 1. Protonation degree and overall charges of
monoamino-CDs 1±3 (calculated from 1HNMR measure-
ments at pD = 2.4, 7.4 and 12.4)a±c


CD Protonationdegree(%) Overall chargeat pD 7.4


1 N-14, 50; N-3, 90 �1.4
2 N-1,<10, N-4, 60 �0.7
3 60 �0.6


a At 298K in D2O, c(NaCl)= 1� 10ÿ2 mol lÿ1, pD = 7.4corresponds
to pH = 7.0.
b Literature values/overall chargesat pH 7.0 of the underlying
unsubstitutedaminesfrom potentiometricmeasurementsin water at
298K (all valueswithin 0.16units)36. For 1 (1,3-diaminopropane),35


10.9, 9.0 /�2; for 2 (dimethylpiperazine),35 8.54, 4.63 /�1; for 3
(N-methylbenzylamine),9.57,lowestliteraturevalue.36


c At valuesof pD = 2.4and12.4only thefully protonated,or thefully
deprotonatedforms, respectively,exist. The protonationdegree is
determinedfrom the ratio the differencesin the chemicalshifts of
protonslocatedcloseto theprotonationsitebetweenpD = 7.4and12.4
to thechemicalshift differenceof the whole rangepD = 2.4 and12.4
(seesupplementarytableS_TableI).


Figure 2. Fluorescence competition of the complex Ac±Gly±
Phe, ANS and the cyclodextrin 4 in water, pH 7.0,
c(NaCl) = 1� 10ÿ2 mol lÿ1, T = 298 K, �ex = 360 nm, �em =
500 nm (for ®tting equations and parameters, see Experi-
mental)
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mental) yielded satisfactory linear fitting for a 1:1
stochiometry (Fig. 2) and binding constantsfor the
amino-CDs 1–4 (Table 2). Limiting factors for the
determinationsand the errors in K were often low
solubilities of the peptides; in several cases only
approximatevaluesor upper or lower limits could be
given.


Af®nity variations


Appreciableassociationof the peptideswith the CDs
(Table2) wasonly observedin thepresenceof lipophilic
amino acid side-chains.Thus, the tripeptide Gly–Gly–
Gly showednoaffinity abovethedetectionlimit with any
CD host.Removalof thepositivechargein asubstrateby
converting it into the N-acetyl derivative leads, as
expectedon the basisof ion pairing. to an increasein
the associationconstants.This is especiallyso with the
heptasubstituted4, in which themanychargesleadto ion
paring as the dominating factor. Here, the K value is
increasedby a factor of almost 10 by neutralizingthe
positivechargeat thepeptide,whereasthe increasewith
host1 or 3 is only moderate.


With a seriesof tripeptidescontainingalwaystwo Gly
and either Phe, Trp or Leu units, we investigatedthe
possible sequenceselectivity of the host compounds.
With all CD hostsexceptthe benzylderivative3 the K
values,as far they could be measured,are larger if the
lipophilic aminoacid is at theC-terminus—thislocation
allowssimultaneouscontactof thecarboxylateto theCD


ammoniumgroupsandthe aromaticside-chainwith the
CD cavity. NMR datawith anotherpeptide(seebelow)
supportthis inclusion mode.The alternativedipeptides
Phe–Glyand Gly–Pheshow, in line with the discussed
inclusion mode,within error the sameK valuesas the
tripeptideas long as the terminal sequenceis Gly–Phe,
but a much largerconstantwith the heptamino-CDand
Phe–Gly,with a differentsequence.In thestructurewith
thisdipeptide,optimumion pairingis nothinderedby the
interactionsbetweenthe lipophilic partsof the hostand
guest.Thepresenceof anadditionalanionicchargein the
Asp-containingpeptides leads to a moderateaffinity
increasein comparisonwith Phe–Glyor Gly–Phe,and
this only with theAsp–Phe-sequence.


Selectivitywith respectto thenatureof theaminoacid
side-chain is again only moderate,but in line with
expectationsbasedontheincreasinglipophilicity. Again,
thedominatingion pairingwith thehighly chargedhost4
leadsto decreasedselectivity.


Host 3 differs from the othersby the possibility of
competingself-inclusionof the pendantphenyl unit, in
line with related literature systemsof Ueno and co-
workers.7 This geometryis establishedby the observed
NMR shifts andNOEs,andalsoby an experimentwith
addedadamantanecarboxylicacid and with the added
peptides,whichexpelthephenylunit from thecavity(see
below). NMR analysesalso exclude the presenceof
intermolecularassociationsat the measuringconditions
(asindicatedin Fig. 3). Theintramolecularoccupationof
theCD cavity by thephenylring in 3 leadsto anaffinity
decreasetowardspeptides,which in view of theK values


Table 2. Association constants, (Kass. (Mÿ1) and free complexation enthalpies, DG (kJ/molÿ1) of complexes with the
aminocyclodextrins 1±4 from ¯uorescence titrations with 1,8-ANS in water, [pH 7.0, c(NaCl) = 1� 10ÿ2 mol lÿ1, T = 298 Ka,b


1 2 3 4


Complex Kass. DG Kass. DG Kass. DG Kass. DG


Gly–Gly–Glyc <5 >ÿ4.0 <10 >ÿ5.6 <5 >ÿ4 — —
Phe–Gly–Gly 13 ÿ6.3 19 ÿ7.3 20 ÿ7.4 56e ÿ10.0
Gly–Phe–Gly 23 ÿ7.8 37 ÿ8.9 36 ÿ8.9 20 ÿ7.4
Gly–Gly–Phe 50 ÿ9.7 48 ÿ9.6 27 ÿ8.2 72 ÿ10.6
Phe–Gly 22 ÿ7.7 — — 25 ÿ8.0 206 ÿ13.2
Gly–Phe 49 ÿ9.7 — — 35 ÿ8.8 78e ÿ10.8
Ac–Gly–Phe 80 ÿ10.9 — — 53 ÿ9.8 680 ÿ16.2
Phe–Asp — — — — 19 ÿ7.3 — —
Asp–Phe — — — — 73 ÿ10.6 — —
Trp–Gly–Gly 10 ÿ5.6 <20c >ÿ7.3 37 ÿ9.3 52 ÿ9.8
Gly–Trp–Glyd — — — — — — —
Gly–Gly–Trpc <50 >ÿ9.7 <100 >ÿ11.4 <50 >ÿ9.7 <100 >ÿ11.4
Leu–Gly–Gly <3 >ÿ2.7 <10c >ÿ5.6 5 ÿ4.0 45 ÿ9.5
Gly–Leu–Gly 18 ÿ7.1 <10c >ÿ5.6 12 ÿ6.2 13 ÿ6.4
Gly–Gly–Leu 19 ÿ7.4 21 ÿ7.4 21 ÿ7.5 31 ÿ8.5


a Error in K <15%.
b Kass.(b-CD/Gly–Gly–Phe)<10Mÿ1, in line with literature37 datafrom UV–VIS measurementsfor thea-CD/Gly–Gly–Phesystem(Kass.= 8.1–10-
4 M
ÿ1 in water,pH 9.0).


c No fluorescencechangeobserveduponaddingpeptideto thesystem1,8-ANS/CD.
d Too low solubility of thepeptide(<5� 10ÿ4mol lÿ1).
e Error<20%.
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obviously is only partially compensatedby interactions
betweenthe expelledphenylring outsidethe CD cavity
andlipophilic partsof thepeptides.


NMR analyses


Assignment and measuring methods. Owing to the
complexationthe chemical shifts of both cyclodextrin
andpeptideprotonschange,sothatespeciallyin thecase
of the mono-substituted derivativesseparateassignment
for the complexhasto be made,taking into accountthe
stoichiometryand the binding energetics.Characteristic
patternsfor a-glucosidic protonsare a doublet with a
constantaround4 Hz for H-1, a doubledoublet(10 and
4 Hz) for H-2 andtripletswith acouplingconstantaround
10Hz for H-3 andH-4, theformerusuallyresonatingata
0.3–0.4ppm lower field. Only the pattern of the spin
system comprising H-5 and H-6a,b protons usually
changesowing to substitutionand/orinclusionshielding
effects. Unresolvedor second-orderspectrafor these
protonswereobservedevenat 500MHz, dependingon
the chemical shift difference between them. These
signalsoften overlap with someothers; determination
of the coupling constants (3J5,6) is difficult, thus


precludingdeterminationof the preferredconformation
of thesubstituentswith respectto theglucosering. Well
separatedsignals are only observedwith substituents
with largeanisotropyor field effects.For theassignment
of theseprotonsmeasurementof a 2D C–H correlation
such as HSQC or GHSQCis more advisablethan the
usuallyfirst acquiredCOSY. Determinationof the 3J5,6


couplingconstantscouldbeachievedin stronglycoupled
systemswith theaid of thecoupledversionof theHSQC
experiment.18 In the hetero-correlationexperimentthe
carbonNMR spectrumis obtainedin addition;with this,
theassignmentof thecloselyresonatingC-2,C-3andC-5
atomscouldbemadeunambiguously.


A particularproblemwith the heptasubstitutedcom-
poundsis their low solubility in water.Protonationof the
nitrogen atoms leads to better solubility. However,
complicated spectra are obtained at the pH values
between5 and 7 usually necessaryfor complexation
studies,owing to thedifferentprotonationdegreeandthe
pH dependenceespeciallyof the H-5 and H-6 signals.
DMSO is usually a better solvent in this case for
identificationpurposes.


Observation of different shifts in monosubstitutedCDs
doesnot necessarilyindicaterestrictedmotions,but is in
line also with the existenceof predominantconforma-
tions.16,19Forall compoundsandcomplexesacquisitionof
2D TOCSY,GHSQCandT-ROESYwasnecessary.The
areabetween4.1and3.5ppmis alwaysa superpositionof
manysignalsandonly occasionallycontains a signalwith
the necessaryshielding separation.For the investigated
compoundsthis wasthecase,wheneithera phenylring is
fully or partially immersedin theCyD cavity, owingto the
anisotropyeffectsof thecorrespondingring currentand/or
whenthe 6-aminonitrogenis fully protonated.


The2D TOCSYspectra4 afford separatesetsof signals
for the different glucoseunits. From the tracesof the
corresponding anomeric protons, assignment of the
remainingsignals can be made,taking into accountthe


Figure 3. Complex geometry for intermolecular inclusion of
the benzyl ring in 3


Figure 4. TOCSY NMR spectra of the 1±3 (only CyD protons are shown), illustrating the proton shift
dispersion due to different substitution
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coupling pattern of the signals.Owing to the different
resolutionin both directions,tracesandcolumnsusually
give supplementaryinformation for the overlapping
regions.Whensevereoverlappingof moresignalsoccurs
and/orwhen second-order effectsdue to small chemical
shift differencesbetweenvicinal protons(mostlyH-4,H-5
and/or H-5, H-6) arise, 1D TOCSY experimentswith
different mixing times facilitate unambiguous assign-
ments.For the compoundsstudied,COSY-typespectra
even in the DQF (doublequantumfilter) versionof the
experimentgavesevereoverlapping,andwerethereforeof
little use.


In thesecondassignmentstepthrough-spaceconnectiv-
ities betweenthe different glucoseunits areestablished.
Wefoundit mostusefultomeasureT-ROESYspectrawith
an800msmixingtime,aswith thisversiontheartifacts(J-
crosstalk, TOCSYtransfer,etc.)areminimizedandthe
intensitiesof the crosspeaksare maximized.The main
crosspeaksarealwaysobservedbetweentheanomericH-1
protonsandH-2 protons,belongingto the sameglucose
ring,andH-4protons,belongingtoadjacentglucoserings.
Theintensitiesofbothtypesofcrosspeaksarecomparable,
correspondingto anaveragedistanceof 2.4Å, according
to the minimized structures(CHARMm/QUANTA V.
4.020). Largecrosspeaksarealwaysobservedbetweenthe
geminalnon-equivalentH-6protons(averagedistance1.8
Å) and betweenthe 1,3- diaxial H-3/H-5 and H-2/ H-4
protonsof eachglucosering(averagedistance2.7Å).Near
diagonalsignalsareoftenobscured,but theabsenceof a
crosspeakof the above-mentionedtype betweenpeaks
withachemicalshiftdifferenceofmorethan0.1ppmhelps
toavoiderroneousassignments.In theROESYspectrawe
oftenobservedalsoJ-crosstalk mainly betweenH-2 and
H-3 and betweenH-3 and H-4; thesecrosspeakswere
used,however,alsoasaid for assignment.


Assignmentof the 13C NMR spectrais donewith the
helpof inverse-detectedheteronuclearcorrelation(HSQC
or GHSQC).21 Replacementof the oxygenby a nitrogen
atom (or by anothersubstituent)in the glucose ring A
moves the C-6 and C-5 carbon chemical shifts to
considerablyhigher fields than the remaining glucose
carbonatoms.The correlation then allows an unambig-
uousassignmentof the protonsin theglucosering A and
thus of the whole molecule, taking into account the
through-bondconnectivity from the TOCSY and the
through-spaceconnectivityfrom theROESYspectra.The
heterocorrelationexperimentsarealsousefulfor determi-
nation and/or confirmation of some difficult proton
assignments.Besidesthe nuclei in the substitutedring A,
which are usually easyto assign,the remainingcarbon
atomsresonatein well-definedchemicalshift ranges: 101–
103ppm for C-1, 80–85ppm for C-4 andaround61ppm
for C-6; only therangebetween71and75ppmcomprises
C-2, C-3 and C-5 carbonatoms.In order to achievethe
necessaryhigh resolution,we foundit easyandusefulfor
thesesystemsto usefolding22 in the carbondimension.
For this purpose,the carbon excitation frequency was


centered around 73ppm, in the middle of the most
crowded region and the sampling frequency for the
carbonswasadjustedto a spectralwidth of 10ppm,with
a very high resolution(Fig. 5). Undertheseconditionsthe
C-1/H-1 pairsarefolded threetimes.However,owing to
the separateregion of the anomericproton shifts, which
are very well resolved,they could be phasedseparately.
Thesignalsfor C-6/H-6andC-4/H-4arefoldedonce,with
someoverlap.In this case,recalculationof theregionand
acquisition of a new spectrum are inevitable. Linear
predictionin F1 wasalwaysusedfor achievingof a better
resolution in the carbon dimension with a significant
signal-to-noiseratio increase.23


Substituent-induced 1H NMR shifts (H-SIS). In the
supplementaryTablesS_TableII and III the calculated
substituent-inducedproton and carbon NMR shifts of
compounds1–4 aregiven;Figure4 showstheCDprotons
partsof the TOCSYspectraof the compounds1–3. The
dispersionof the anomericprotonsis 0.09–0.14-ppm,
although theseprotons are at a considerabledistance
from the substitution site. The non-anomericprotons
show two different patternsdependingon the substitu-
tion. For the fully protonatedcompounds1 and 2 (at
pD = 2.4), having an aliphatic pendantgroup, distinct
signalsonly for theprotonsof ringsA, B, G andF were
identified, whereasthe protons of rings C, D and E
possessnearly identical chemical shifts. It should be
noted that when the nitrogen atom in ring A is not
protonated,no appreciablespreadof the chemicalshifts
for the individual glucose protons is observed. A
hydrogen bond between protons of the protonated
nitrogen at ring A and nearby oxygen atoms may be
responsiblehere.24 Our shift data and the minimized


Figure 5. Inverse heteronuclear C±H correlation (GHSQC)
NMR spectrum of the complex of 3 with Ac±Phe±Gly,
acquired with high resolution in the second dimension
(SW1 = 10 ppm)
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structure (Hyperchem5.02) show that the protonated
nitrogenis locatednearring B, andhydrogenbondscould
exist betweenit andboth the O atomin ring A andalso
the O-6 of ring B (seeFig. 6). At pH 7.00, wherethis


nitrogen atom is protonatedto a lesserextent, only a
small dispersionof shifts in the unsubstitutedrings is
observed,precludingtheir unambiguousassignment.


Self-inclusion of the benzyl ring in the CD
cavity of 3


Dilution experiments at constant pD = 7.4 in the con-
centrationrange1� 10ÿ2–5� 10ÿ4 M do not show any
chemical shift variation, indicating no intermolecular
cavity inclusion of the phenyl ring (Fig. 3). Figure 9
illustrates the characteristicdispersionof the chemical
shifts of all protons, especially of the H-5 and H-6
protons,which indicateinclusionof thephenylring from
theprimaryside.This is supportedby theobservedNOEs
between the phenyl protons and some H-5 and H-3
protons(ringsA, B, E andF), disappearingonaddition of


Figure 6. Minimized structure of 1. The proximity of the
protonated nitrogen atom to O 6 of ring B and O in ring A
can be seen. Protons are omitted for a better view


Figure 7. 1H NMR Spectra of 3 (b) and its complexes with (a)
ADCA and (c) with Ac±Gly±Phe


Figure 8. Preferred conformation for the benzyl ring of 3 in
the CyD cavity according to the NMR data


Figure 9. Shielding differences between 3 and 1 showing
the net chemical shift effect arising from the introduction of
the benzyl ring in the CD cavity
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an equimolar quantity of adamantane-1-carboxylic acid
(ADCA) as competing guest (see also Fig. 7). More
detailedanalysesof thechemical shift datarevealthatthe
benzylring hasapreferredconformationin theCD cavity,
sincethelargestshieldingsareobservedfor theprotonsof
theoppositely lying ringsG andD (seeFigs7 and8).


In this conformation, the protonatednitrogen atom
points in the directionof ring B andcanbe involved in
hydrogenbondinganalogousto thatin 1 and2. However,
only thechemicalshiftsof the protonsin ring A showa
pronouncedpH dependence(see supplementarytable
S_TableI), indicatingthat thepreferredconformationof
the phenyl ring does not changewith pH. From the
differencesin the chemical shifts of 3 and 1 the net
chemicalshift effect arisingfrom the ring currenteffect
could be calculated,as shown in Table 3 and Fig. 9.
Literaturedataon compoundswith an aromaticpendant
groupat theprimaryCD side7,25–27(seealsosupplemen-
tary table S_TableIV) show that the largestchemical
shift dispersion of identical atoms in the individual
glucoseringsis observedfor theH-6 atoms,locatednear
thesubstituent,andalsofor theinner-cavityH-5 protons.


A characteristicdispersionis alsoobservedfor the H-3
protons,whereasfor theothermoredistantprotonsH-1,
H-2 and H-4, smaller but measurablevalues are also
detected.It should be noted that the values for the
differently substituted naphthyl (dansyl) groups25–27


showcomparablevaluesthat areabout3–4 timeslarger
than those for the correspondingphenyl groups. The
smallervaluesin 3 correspondto the smallershielding
coneof the phenyl group as comparedwith that of the
naphthlenering, andto the fact that thephenylring is in
equilibrium betweenthe two preferredconformations,
oneinsideandtheotheroutsidethecavity.


13C SIS values


Small but measurabledispersionof the carbonchemical
shifts in thesubstitutedcompoundsis detected,allowing
assignmentof the individual signals through hetero-
nuclear correlation. This was possible for all carbon
signalsin 3, but for 1 and2 individual signalscould be
assignedonly for the nuclei in rings A, B andG, which


Table 3. Shielding differences between 3 and 1 for the glucose units A±G (D� � 10ÿ2 in ppm) at T = 300 K in D2Oa,b


Proton A B C D E F G


H-1 ÿ1.5 8.4 7.3 0.2 8.0 5.1 ÿ8.7
H-2 ÿ0.3 2.4 1.0 ÿ2.4 1.0 1.0 ÿ6.6
H-3 ÿ8.9 3.6 1.3 3.6 ÿ5.7 2.0 ÿ19.6
H-4 ÿ3.4 8.4 0.8 ÿ5.0 1.7 6.2 ÿ2.8
H-5 ÿ11.6 ÿ1.1 ÿ15.0 ÿ33.0 ÿ1.0 ÿ1.0 ÿ53.7
H-6a ÿ27.3 12.5 ÿ5.0 ÿ29.0 ÿ1.0 9.0 ÿ13.1
H-6b ÿ6.7 ÿ2.0 ÿ1.0 ÿ26.0 ÿ2.0 9.0 ÿ45.0


a c(1, 3) = 2.0� 10ÿ2 mol lÿ1, c(NaCl)= 1.0� 10ÿ2 mol lÿ1, pD = 2.4.
b D� (Hz) = [�(3)ÿ (�(1)]; negativevaluescorrespondto shieldingandpositiveto deshielding.


Table 4. 1H CIS values (D� � 10ÿ2 in ppm) in the complex of 1 and Ac±Gly±Phe for the glucose units A±G in D2O at pD = 7.4 and
300 Ka


Proton A B C D E F G


H-1 ÿ1.0 9.0 for B, C, D ÿ2.0 ÿ4.0
andE


H-2 <5.0 <4.0 for
B, C, D, E, F and


G
H-3 ÿ1.0 ÿ4.0* ÿ9.0* ÿ10.0* ÿ15.0* ÿ1.0 ÿ2.0
H-4 ÿ3.0 <5.0 for B, C, <ÿ4.0 <ÿ9.0


D andE
H-5 ÿ14.0 <ÿ11.0* for B ÿ14.0 ÿ10.0


C, D andE
H-6a 19.0 <12.0* <12.0* <6.0* <8.0 <10.0 <12.0*
H-6b 9.0 <ÿ12.0 <12.0* �15.0–25.0 <8.0 <10.0 <6.0*
CH2(Gly) CH2(Phe) C-a C-b C-c H-o H-m H-p
ÿ6.2 ÿ12.5 56.2 12.5 ÿ12.5 ÿ6.2 ÿ12.5 ÿ12.5
N(CH3)3 CH3
0.6 ÿ6.2


a Determinedfrom the shift differencebetweenthe complex [c(1) = 1.2� 10ÿ2 mol lÿ1, 80% in complexedstate,c(Ac–Gly–Phe)= 6� 10ÿ2


mol lÿ1, c(NaCl)= 1.0� 10ÿ2 mol lÿ1] and1 at pD 7.4.
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giveseparatesignalsespeciallyfor C-1,C-4andC-6.It is
difficult to explain thesesmall differencesbecausethe
effects due to conformational distortions, which are
visibleparticularlyin 13C shift variations,areof thesame
order of magnitudeas field and anisotropyeffects. It
shouldbe notedthat in all compoundsthe carbonatoms
C-3 resonatealways at slightly lower fields than the
usuallyoverlappedC-2 andC-5 carbons,which couldbe
usedfor differentiationof the correspondingprotonsin
thecomplexes(seebelow).


NMR shift analyses of the complexes/inclu-
sion modes


Assignmentof thesignalsin thecomplexeswasdonein
the same manner as with host compounds. The
complexation induced shifts (CIS), measuredfor the
complexesof 1, 3 and4 with theacetylatedGlyPhe,are
givenin Tables4, 5 and6. Inclusionof thephenylring of
Ac–Gly–Phe in 4 is obvious from the complexation
inducedprotonshifts: the highershieldingobservedfor
H-5 thanfor H-3 protonsindicatesthat thearomaticring
is closerto the primary side,fully in line with the NOE


results (see below). The 13C CIS values were also
determined(Table 6), but seem to give insufficient
selectivityfor structuralelucidation.


In thepeptidecomplexesof 1 and3 we werenot able
to usethe CIS valuesfor determinationof the complex
mode.The CIS valuescould be determinedonly if the
chemicalshiftsof thefreeandof thecomplexedform are
known.This wasnot thecasefor 1; theshiftsof thefree
form couldnotbereliablydeterminedbecauseof thetoo
heavily overlappedprotonspectrumat pD = 7,4, which
is the value in the complexationexperiments.Large
shieldingsareobservedfor protonsH-3 andH-5, located
insidethe cavity, andalsofor someof the H-6 protons,
but, the valuesobtainedfor H-6 arenot reliable for the
abovereason.The dataindicateinclusionof the phenyl
ring in the CyD cavity, but no conclusion on the
inclusion mode could be drawn solely from shift
arguments.


TheCISvaluesfor thecomplexof Ac–Gly–Phewith 3
(seeTable5) could beexactlydetermined;theobserved
shielding and deshielding, however, do not allow
unambiguousconclusionsto bedrawnon thecomplexa-
tion mode.


NOE analyses of the complexes


If cavity inclusionof thepeptidetakesplace,theROESY
spectra of the complexesshow intermolecular cross
peaksbetweenthe ortho- and/or meta-protons of the
phenyl ring and the H-3 and/or H-5 protons of the
cyclodextrin host. Owing to severeoverlapping, it is
oftennot possibleto separateall intracavityprotons;the
rangesof the H-5 andthe H-3 protonsarethendeduced
from the high-resolutionHSQCexperiments.The NOE
datafor the complexesstudiedare given in Table 7. A
preferredinclusionof the phenyl ring from the primary
sidecouldbedetectedonly for thecomplexof Ac–Gly–
Phewith 4 (seeFig. 10).Theortho-protonsin thephenyl
ring arein thevicinity of bothH-3 andH-5 CyD protons,
supportedalsoby thehighershieldingof theH-5 proton
(seeabove),whereasthe meta-protonsarecloseonly to


Table 5. 1H CIS values (D� � 10ÿ2 in ppm) in the complex of 3 and Ac±Gly±Phe for the glucose units A±G in D2O at pD 7.4 and
300 Ka


Proton A B C D E F G


H-1 0.1 ÿ1.1 ÿ2.5 3.4 0.1 ÿ2.7 ÿ4.4
H-2 ÿ0.8 ÿ2.1 ÿ4.7 3.4 ÿ0.8 ÿ3.7 ÿ1.6
H-3 6.3 2.6 ÿ6.3 ÿ1.8 ÿ4.0 ÿ3.3 8.1
H-4 1.5 ÿ2.9 ÿ2.3 3.8 6.6 0 ÿ1.6
H-5 ÿ2.1 <ÿ5.5 ÿ7.4 8.2 <3.2 ÿ20.1 ÿ17.0
H-6a 1.1 <ÿ5.5 ÿ4.1 5.5 <8.0 2.7 ÿ17.9
H-6b ÿ1.4 <ÿ5.5 ÿ4.1 5.5 <2.3 2.7 ÿ24.2


a Determinedfrom theshift differencebetweenthecomplex[c(3) = 1.2� 10ÿ2 mol lÿ1, 73%in thecomplexedstate,c(Ac–Gly–Phe)= 6� 10ÿ2mol
lÿ1, c(NaCl)= 1.0� 10ÿ2 mol lÿ1 and3 at pD 7.4.


Table 6. 1H and 13C CIS values (D� � 10ÿ2 in ppm) in the
complex of 4 and Ac±Gly±Phe for the glucose units A±G in
D2O at pD 7.4 and 300 Ka


13C CIS 1H CIS


H(C)-1 ÿ12.0 ÿ1.0
H(C)-2 ÿ20.0 ÿ1.0
H(C)-3 ÿ20.0 ÿ7.0
H(C)-4 ÿ7.0 ÿ1.0
H(C)-5 ÿ15.0 ÿ15.0
H(C)-6a ÿ28.0 ÿ1.0
H-6b ÿ1.0
CH3 ÿ40.0 1.0


a Determined from the shift difference between the complex
[c(4) = 5� 10ÿ3 mol lÿ1, 80% in the complexedstate, c(Ac–Gly–
Phe)= 1� 10ÿ3 mol lÿ1, c(NaCl)= 1.0� 10ÿ2 mol lÿ1 and 4 at pD
7.4.
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the H-3 protons.This arrangementallows interactionof
the multiple positivechargesof the CyD moleculewith
thenegativeC-terminusof thepeptide.


In contrast,in the complexeswith only one positive
charge(1 and3), no preferredinclusiongeometrycould
be deduced(Fig. 11). Ortho-, meta- and the methylene
protonsfrom the Pheresiduegive crosspeaksto both
intracavity H-3 and H-5 protons. Both arrangements,
inclusionfrom theprimaryandfrom thesecondaryside,
seemto exist in thesecomplexes.


EXPERIMENTAL


Materials. b-Cyclodextrin was a gift from Wacker-
Chemie(Burghausen,Germany).With the exceptionof
Ac–Gly–Phe(for preparationsee below) the peptides
werepurchasedfrom BachemBiochemica(Heidelberg,
Germany). CM-SephadexC-25 was purchasedfrom
Aldrich-Chemie(Steinheim,Germany)in theNa� form,
swollenin distilled waterovernightandconvertedto the
NH4� form by washingwith 0.5M ammoniumhydro-


Table 7. Intermolecular cross peaks in the T-ROESY spectra of the complexes with 1, 3 and 4 between the aromatic protons of
Ac±Gly±Phe and the cyclodextrin protons H-3 and H-5a,b


CDProp(1) CDBenz(3) HMA (4)


H-3 H-5 H-3 H-5 H-3 H-5


H-ortho � � � � ÿ �
H-meta � � � � � �
H-para � � � � ÿ ÿ
a In D2O, c(NaCl)= 1� 10ÿ2 mol lÿ1, T = 300K; c(1, 2) = 1.2� 10ÿ2 mol lÿ1, c(4 = 5� 10ÿ3 mol lÿ1), c(Ac–Gly–Phe)= 6� 10ÿ2 (for the
complexeswith 1 and3); 1� 10ÿ2 (for 4).
b� = Intermolecular crosspeakobserved;ÿ = no crosspeak.


Figure 10. Complex geometry for the complex of 4 with Ac±Gly±Phe


Figure 11. Schematic representation of the possible complex geometries of 1 and 3 with Ac±Ghy±Phe
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gencarbonatesolution followed by neutralizationwith
water.Deuteratedsolventswerepurchasedfrom Deutero
(Kastellaun,Germany) (deuteration99.9%). All other
chemicalswerepurchasedfrom Fluka-ChemieA (Buchs,
Switzerland)andusedwithout furtherpurification.With
the exceptionof methylamine,all aminesweredistilled
overKOH beforeuse.


TLC wasperformedonsilica-coatedaluminiumplates
(Alugram-SIL; Macherey–Nagel,Düren, Germany)For
detectionthe plateswere treatedwith a solution of 5%
sulfuric acidin ethanolandheated,resultinga blackspot
for CD-containing fractions. Elemental analysis was
performedon an ElementarAnalyserModell 1106from
CarloElba.


Mono-6-p-toluenesulfonyl-b-cyclodextrin. To a solu-
tion of 50.0g ( 44.1mmol) of b-CD in 1.5 l of 0.4M


sodium hydroxide, 50.0g ( 262mmol) of p-toluene
sulfonyl chloridewereaddedwith vigorousstirring. The
resulting suspensionwas stirred for 3 h at 0°C. The
reactionmixture was filtered and neutralizedwith 1 M


hydrochloric acid to yield a white precipitate. After
filtration, thecrudeproductwaswashedwith acetoneand
dried undervacuum.Recrystallizationfrom water gave
12.2g (22%) of mono-6-p-toluenesulfonyl-b-cyclodex-
trin. TLC [acetic acid–chloroform–water(8:1:1, v/v)],
Rf = 0.36.


NMR analysesconfirmedthemonosubstitutionby the
tosylateasdescribedearlier for the samecompounds.28


NMR also showed a purity of only 92%. Repeated
recrystallizationfrom water did not lead to a improved
purity of the product.The productalwaysshowssome
impurities of unreacted CD tosyl chloride. As the
byproducts did not lead to problems in the further
preparationof theamines,noadditionalpurificationsteps
werenecessarywith the tosylate.


Monoamino-CDs 1±3. A 1.0g (0.78mmol) amountof
mono-6-p-toluenesulfonyl-b-cyclodextrinwasdissolved
in 5 ml of the freshlydistilled amineandheatedat 70°C
in an atmosphereof nitrogen for 15h. The aminewas
evaporated,yielding a pale-yellow syrup that was
refluxedin ethanolfor 30min. Thewhite precipitatethat
formedwasisolatedby filtration andthe procedurewas
repeated.Purification was performedby ion-exchange
chromatography on carboxymethyl-Sephadex C-25
(NH4


� form). Thecolumnwaselutedinitially with water
to replaceimpurities. In a secondstep the amino-CDs
boundto thecolumnwereremovedby a gradientfrom 0
to 0.5mol lÿ1 aqueousammoniumhydrogencarbonate.
CD-containingfractions(assayedby TLC showingonly
one spot) were collectedand dried undervaccum.The
remainingwhite solid wasdissolvedthreetimesin water
and evaporatedto drynessto decomposeammonium
hydrogencarbonate.


Yields(afterpurification):1, 695mg(73%);2, 708mg
(75%); 3, 530mg (42%). TLC (2-propanol–ethylace-


tate–water–ammonia(7:7:5:4, v/v)], Rf = (1) 0.40, (2)
0.61 and (3) 0.84. Elementalanalysis:1, calc. N 2.30,
C 46.30,H 6.78,foundN 2.29,C 45.05,H 6.83%;2, calc.
N 2.30,C 46.38,H 6.62,foundN 2.51,C 45.22,H 6.61%;
3, calc.N 1.14,C 48.08,H 6.34,foundN 1.08,C 44.04,
H 6.41%.For NMR spectra,seeNMR section.


6-Heptakisdeoxy-6-heptakismethylamino-b-cyclodex-
trin (4). The heptaamine4 wassynthesizedin two steps
from b-CD.14 After a persubstitutionof the primary
hydroxy functions15 by iodide–triphenylphoshpine,the
aminewaspreparedwith methylaminein dry ethanoland
purification over carboxymethyl-Sephadex.NMR data
and elementalanalyseswere identical with previously
publisheddata.6


Acetyl-glycyl-(L)-phenylalanin: Gly-(l)-Phe was pro-
tectedsimilar to literatureknown synthesis.29 Gly-(L)-
Phe (1.0g, 4.5mmol) was dissolved in a minimum
amountof a saturatedaqueoussodiumhydrogencarbo-
natesolutionandaceticanhydride(0.85ml, 9.0mmol)
added. The reaction mixture was stirred at room
temperaturefor 10min and refluxedfor another3 min
to destroy the remaining anhydride. The reaction
mixture was passedthroughan ion exchangecolumn
(Dowex 50W8 H�-form). The resulting solution was
evaporatedto drynessyielding 686mg (58%) of Ac–
Gly–(L)–Phe as a white solid. m.p. 169°C, TLC:
(Ethylacetate,DMF 9:1) Rf = 0.44, 1H NMR, DMSO-
d6, TMS internal reference,� [ppm]: 12.82 (s, 1H,)
COOH, 8.18 (d, 3J= 7.6Hz, 1H) NH-Phe, 8.08 (t,
3J= 5.6Hz,1H) NH-Gly, 7.32–7.21(m, 5H) phenyl-H,
4.45 (m, 1H) CH-Phe, 3.72 (dd, 2J= 16.6Hz,
3J= 5.8Hz, 1H) CH2a-Gly, 3.63 (dd, 2J= 16.8Hz,
3J= 6.0Hz, 1H) CH2b-Gly, 3.06 (dd 2J= 13.4Hz,
3J= 4.8Hz, 1H) CH2a-benzyl,2.89 (dd, 2J= 13.6Hz,
3J= 8.8,1H) CH2b-benzyl,1.85(s,3H)CH3,13C-NMR,
DMSO-d6, ref = DMSO= 39.5ppm, � [ppm]: 172.2
(Carbox.),169.4,168.9 (Amide), 137.4,129.1,128.2,
126.4(phenyl),53.3(CH), 41.7(CH2-Gly), 36.8(CH2-
benzyl),22.4(CH3).


Fluorescence Spectroscopy. All fluorescencemeasure-
mentswerecarriedout at 298K in doublydistilled water
using a Hitachi fluorescencespectrophotometerF-2000
andHelma‘Quarz-cells111’.Thesampleswereexitedat
360nm and emissionintensitiesmeasuredat 480, 500
and520nm.


NMR-Spectroscopy: NMR spectrawere recordedon
BrukerAM 400(only for theroutineanalysisof theraw
products)and on AVANCE 500 NMR spectrometers,
operatingat 400.1(500.1)MHz for protonsand100.0
(125.0)MHz for carbon-13.A 5 mm dual (inverse)
1H-13C probeheadwas used at room temperature
300�K. Complexation-induced shifts (CIS) values
werecalculated from thedifferenceof the shifts in the
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complexandthefreestateusingtheKA-valuesfrom the
fluorescence displacement titration. (Measurement
conditionsseetables).1� 10ÿ2 mol/l NaCl concentra-
tion waspresentin all solutionsfor anequalion strength
as in the binding constantsmeasurements.Typical
measuringconditionsfor the 2D spectrawere: 90°–>
pulsesfor protonsand carbons,9 and 12 s, gradient
pulselength1 ms, sweepwidth 4000(2000)Hz; data
size2K/1K in the!2/ !1 direction,p/3 shiftedsquared
sine-bellwindowsin bothdirections;delaybetweenthe
scans2 s, 8–64 scans,dependingon concentration.
Phase-sensitive spectrausing the TPPI methodwere
acquired.In the homonuclearexperimentselimination
of the watersignalwasalwaysmade;usingin the 2D
TOCSY spectra the 3–9–19 pulse sequencewith
gradients16,30 and presaturation of the water signal at
apowerof 50dbbelowthemaximumoutputin all other
experiments. The 2D T-ROESY31 spectrawere ac-
quiredusingfor spin locking field a sequenceof 180x
180ÿx pulses,eachwith a duration of 125 s. For a
minimum sweep width in the second dimension
application of quadrature detection was possibleby
the use of two transmitter frequencies, one for
excitationin the middle of the spectrumandthe other
for the spin locking field at the high-field end of the
spectrum.GHSQC21 experimentwas usedfor hetero-
nuclear correlations.For good quality 1D TOCSY
spectrathe z-filtering scheme32 with application of a
selective excitationpulsewasused.


Binding constants. All titrations were carried out at
298K in water,pH 7.0,c(NaCl)= 1� 10ÿ2 mol lÿ1. All
binding constantsare averagevalues calculatedfrom
threeemissionwavelengthsasmentionedabove,differ-
ing by<5%from eachother.In afirst steptheassociation
constantsbetweenthe amino-CD and the fluorescence
indicatorANS weredeterminedby anormalfluorescence
titration. A CD stock solution was added to a ANS
containingsolutionfollowing theincreasein fluorescence
intensity.Theresultswereevaluatedaccordingto a non-
linear least-squaresfitting proceduredescribedearlier.33


The K values[Kass. (M
ÿ1) = 1, 251; 2, 239; 3, 156; 4,


2380] reflectstrongerbinding of the negativelycharged
ANS to thepositivelychargedaminoCDsin comparison
with unmodified CD ( Kass.= 110Mÿ1), in line with
earlier studiesin this field.34 In the secondstep stock
solutionsof the investigatedpeptideswere addedto an
ANS–CD solution and the decreasein fluorescence
intensitieswasfollowed.


The data were treatedwith a linear least-squaresfit
accordingto Eqn.(1),17 yielding thepeptideCD-binding
constantsK.


St


P
� K1


K11
�Q� 1� �1�


where


P� StK11


QK1 � K11


Q� �eÿ e1L�
�e1ÿ e�


S� �peptide�;St � �peptide�total


L � CD;Lt � �CD�total


I � ANS; I t � �ANS�total


K1 � �IL ��I��L� ;K11 � �SL�
�S��L�


e= measuredfluorescenceintensity
eI = fluorescenceintensityof ANS without CD
eIL = fluorescenceintensityof theANS–CDcomplex


with K in Mÿ1, S, P and L in M and other parameters
dimensionless.
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BrüngerAT, KarplusM. Acc.Chem.Res.1991;24: 54.
21. Bruker PulseLibrary 98/08/04,1998.
22. SchmiederP,ZimmerS,KesslerH. Magn.Reson.Chem.1991;29:


375.
23. ReynoldsWF, Yu M, EnriquezRG, Leon I, Magn.Reson.Chem.


1997;35: 505.
24. Bonomo RP, Cucinotta V, D’Allessandro F, Impellizzeri G,


MaccarroneG, Rizzarelli E, J. Inclus.Phenom.1993;15: 167.


25. HamasakiK, IkedaH, NakamuraA, UenoA, TodaF,SuzukiI, Osa
T. J. Am.Chem.Soc.1993;115: 5035.


26. Corradini R, DossenaA, Marchelli R, PanagiaA, Sartor G,
SavianoM, LombardiA, PavoneV. Chem.Eur. J. 1996;2: 373.


27. Ikeda H, NakamuraM, Ise N, Toda F, Ueno A. J. Org. Chem.
1997;62: 1411.


28. Bonomo RP, Cucinotta V, D’Alessandro F, Impellizzeri G,
MaccarroneG, VecchioG, Rizzarelli E. Inorg. Chem.1991;30:
2708.


29. Ki-Hwan K, Martin Y, OtisE, MaoJ.J. Med.Chem.1989;31: 84.
30. SklenarV, PiottoM, LeppikR,SaudekV. J.Magn.Reson.A 1993;


102: 241.
31. HwangT-L, ShakaAJ, J. Am.Chem.Soc.1992;114: 3157.
32. SimovaS, Dimitrov V. J. Magn.Res.A, 1995;117: 292.
33. SchneiderH-J, KramerR, SimovaS, SchneiderU, J. Am.Chem.


Soc.1988;110: 6442.
34. Ito N, YoshidaN, IchikawaK. J. Chem.Soc.,PerkinTrans.1996;


2: 965.
35. DeanJA. Handbookof Organic Chemistry. 1987;McGraw Hill:


New York.
36. WangF, SayreLS. J. Am.Chem.Soc.1992;114: 248.
37. Chokchainarong S, FennemaOR, ConnorsKA. Carbohydr.Res.


1992;232: 161.


Copyright  2001JohnWiley & Sons,Ltd. J. Phys.Org. Chem.2001;14: 159–170


170 F. HACKET, S. SIMOVA AND H.-J.SCHNEIDER








���������	
����� ����������� ������������ 
�������� �
����� �� ������� ��������� ��� ������ ���������� ���������
��������� ��� 
����� ����������


��������� ����� ������* ����� ��������� ������� ������������ !���� ����������� "��� ���������� ���
#��� $������� 


���������	
�� �� ������ 	 	
��� �� ��� �	���
���� �� �	����
	� �
��	������ �� ����	
��� ��� ��� ����  !� ""�#$ ���	� %��&'
!�	�����	
� �( �	�����'� �
��	����' �( )'��* �+'&�* � ,-.- ��� �$� �"�$� )'��* �+'&�* � /�
&�
�


Received 24 December 2000; Revised 22 February 2001; Accepted 5 March 2001


ABSTRACT: Two novel neutral polyoxyethylene bridged cyclophanes (2a and 2b) incorporating bisphenol A units
were synthesized and characterized by means of x-ray crystal structure determination. The binding properties of 2a
and 2b toward tetramethylammonium, N-methylpyridinium, and acetylcholine cations were evaluated by means of 1H
NMR spectroscopy. Consistent with indications provided by the molecular structure, the cavity in the basket-like
cyclophanes is large enough to accommodate the given guest cations conveniently. Circumstantial evidence was
obtained that 1,1,2,2-tetrachloroethane is too large to enter the cavity of the smaller cyclophane 2a, but can be
included in the cavity of the larger cyclophane 2b. Copyright  2001 John Wiley & Sons, Ltd.
Additional material for this paper is available from the epoc website at http://www.wiley.com/epoc


KEYWORDS: cyclophanes; molecular recognition; cation–� interactions; supramolecular chemistry; x-ray crystal
structures
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The importance of non-covalent interactions between
aromatic compounds and positively charged species
(cation–� interactions) in the molecular recognition of
quats and other cations in both biological and artificial
systems is well recognized.1 Because of the strong
desolvation penalty suffered by the reaction partners
upon complexation, efficient binding of quats in solution,
in the absence of other stabilizing interactions, can only
be achieved through multiple interactions with a number
of strategically positioned aromatic units. Much work has
been devoted in recent years to the design and synthesis
of neutral receptors for quats, such as cyclophanes
belonging to various structural types,2–5 cryptophanes,6


calixarenes,7 homooxacalixarenes8 and cyclic peptides
incorporating arene units.9


We have recently reported4a that simple cyclophanes
incorporating bisphenol A units such as 1 bind to quats in


chloroform solution with low affinity, which was ascribed
to the high conformational mobility of these receptors. It
was felt that reduction of the conformational mobility of
the cyclophane structure by means of polyoxyethylene
bridges would hopefully result in a higher level of
preorganization of the toroidal cavity defined by the
cyclophane structure itself and, consequently, in a
substantial improvement of the binding properties towards
quats. We therefore synthesised the polyether bridged
cyclophanes 2a and 2b, determined their x-ray crystal
structures and compared their binding properties with
those of 1 towards tetramethylammonium (TMA), N-
methylpyridinium (NMP) and acetylcholine (ACh) salts.
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Cyclophanes 2a and 2b were obtained in low yields by
reacting 2 mol equiv. of bisphenol A with the correspond-
ing tetra(bromomethyl) compounds 7a and 7b under high
dilution conditions. The observed low yields are not
surprising, because of the occurrence of two intermol-
ecular and two intramolecular covalent bond formations
in a single reaction step. Intermediates 7a and 7b were
prepared by alkylation of the diethyl ester of 5-
hydroxyisophthalic acid with tri- and tetraethylene glycol
ditosylate, respectively, followed by standard group
transformations, as shown in Scheme 1.


Suitable crystals for x-ray diffraction studies of 2a
were obtained by slow diffusion of CH2Cl2 into hexane,
and of 2b from a 1:1 mixture of methanol and chloro-
form. The crystal data are presented in Table 1. In the
solid state both cyclophanes adopt a similar, basket-like
conformation with the crown ether chains forming the
handle and the aromatic moieties the bottom of the basket
(Fig. 1). Both cyclophanes crystallize out with a solvent
molecule included into the basket-like cavity (CH2Cl2 in
2a and CHCl3 in 2b). Solvent inclusion is facilitated by
weak hydrogen bonding of the solvent molecules to the
ether oxygens. In 2a the dichloromethane interacts
weakly with O47, O53 and O56 [C100���047 =
3.596(3), C100���O53 = 3.322(3) and C100���O56 =
3.482(4) Å] and in 2b the chloroform is weakly hydrogen


)����� �* �'
��	��� �( �'�&����
	�  � �
�  
- 0�1 2!.�� 3��4 0��1 ��5&3�� 63/4 0���1 ,���� �����
	4 0��1 2.3� ���.� ��7�
��&����



&�
�� �* �'���&&�7������ ���� (�� �'�&����
	�  � �
�  



2a 2b


Empirical formula C52H54O8�CH2Cl2�0.5 C6H14 C54H58O9�CHCl3
M (g mol�1) 934.96 970.37
T (K) 173.0 (2) 173.0 (2)
Crystal system Triclinic Monoclinic
Space group P-1 (No. 2) P21/c (No. 14)
Crystal size (mm) 0.20 � 0.40 � 0.60 0.05 � 0.10 � 0.15
Dcalc (mg m3) 1.226 1.292
a (Å) 11.9628(4) 17.3565(6)
b (Å) 15.7064(5) 12.2683(5)
c (Å) 15.9992(3) 24.8724(9)
� (°) 105.442(2) 90
� (°) 108.658(2) 109.669(2)
� (°) 105.464(1) 90
V (Å3) 2533.4(1) 4987.2(3)
Z 2 4
�(mm�1) 0.182 0.240
Reflections collected 13501 11626
Unique reflections 8814 11626
Rint 0.019 0.000
��max, ��min (e Å�3) 0.578, �0.239 0.500, �0.347
R1, wR2 [I �2�I] 0.049, 0.113 0.076, 0.1362
S 1.046 0.987
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bonded to O50 and O53 [C100���O50 = 3.273(6) and
C100���O53 = 3.407(6) Å]. Both cyclophanes pack into
dimeric pairs held together via weak intermolecular C—
H���O hydrogen bonds. In 2b the crown ether chain
forms a loop, which is self-complementary to the space
between the handle and the bottom of the adjacent basket,
giving tennis ball-like dimers (Fig. 2, right). Closest
contacts are observed from methylene carbon C2 to O56
and O59 (3.23 and 3.34 Å, respectively). Carbon C2 is
located between the electron-withdrawing ether oxygen
and aromatic unit, thus giving it a slightly electropositive
character and therefore facilitating weak hydrogen
bonding with ether oxygens. In addition to these weak
interactions between the hosts, the steric efficiency of the
packing contributes significantly to dimer formation. The
dimers pack into continuous chains with additional close
C—H���O contacts between the neighbouring cyclo-
phanes (O10���C55* = 3.33, O1���C2** = 3.35 Å), sta-
bilizing the packing. The shorter crown ether chain of 2a


is not able to assemble itself into the space between the
handle and the bottom. Instead, the chain is in close
contact with the aromatic ring C34—C39 of the adjacent
molecule, giving an arrangement in which the cavities are
exactly facing and not slightly shifted as is found in the
tennis ball-like structure (Fig. 2, left). The n-hexane
molecules fill the interstices of the crystal lattice.


+����� �������


Owing to the magnetic anisotropy of the cyclophane
aromatic units, 1H NMR spectroscopy is an ideal tool for
the detection and measurement of the inclusion of guest
species in the cyclophane cavity.10 Binding studies were
carried out by addition of increasing amounts of a very
dilute stock solution of quaternary salt to a weighed
amount of cyclophane contained in an NMR tube.
Maximum host concentrations allowed by solubility
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were 25 mM for 2a and 2b and 15 mM for 1. In no case
were separate signals for free and bound guest observed.
In chloroform solution the signals of the quat protons
remained sharp during titration, but substantial line
broadening was observed in the experiments carried out
in 1,1,2,2-tetrachloroethane. Titration plots obtained with
hosts 2a and 2b showed in all cases a definite tendency to
saturation and were translated into equilibrium constants
(K) and limiting upfield shifts (����) as previously
reported.11 With host 1, the titration plots showed no
appreciable curvature, thus indicating that the fraction of
complexed guest was in all cases very small, i.e. K
�5 M�1. Typical titrations curves are shown in Fig. 3.
The results of the titration experiments are summarized in
Table 2.


�%)�())%'�


The mere inclusion of solvent molecules into their cavity
(Fig. 1) clearly indicates the suitability of cyclophanes 2a
and 2b to host other small molecules of similar size.
Indeed, we found (Table 2) that both 2a and 2b, unlike 1,


form complexes of definite stability with TMA, NMP and
ACh cations, clearly showing that the polyoxyethylene
bridges have a profound influence on the preorganization
of the cyclophane receptors and, consequently, on their
binding abilities toward quats.


The longer polyoxymethylene bridge in 2b compared
with 2a renders the size of the cavity in the former
slightly larger than in the latter, as can be appreciated by
visual inspection of the van der Waals surfaces of the
crystal structure (Fig. 4), and also shown by the fact that
the distance between the bridging benzene rings is 9.52 Å
in 2b and 8.59 Å in 2a. The above difference does not
appear to have a significant influence on the stability of
complexes formed by the two cyclophane hosts in
chloroform solution (Table 2). The large negative values
of the complexation-induced shifts indicate that inclusion
of the guests into the host cavity is extensive in all cases.
Interestingly, the shift induced in the TMA protons upon
complexation with 2a is larger than that with 2b, which
indicates that the cavity of 2a is large enough to
accommodate the TMA cation conveniently. A similar
situation holds for the inclusion of NMP. Here the
observed shift patterns suggest that all part structures of
the guest are similarly exposed to the shielding zones of
the arene units, which is consistent with the idea of a
loose host–guest complex,6 in which the guest retains
substantial rotational freedom. The shift patterns ob-
served for the ACh complexes, which are comparable to
those observed in analogous complexes with crypto-
phanes,6 homooxacalixarenes12 and calix[5]arenes,11


suggest that the trimethylammonium head is more deeply
buried into the host cavity, whereas the acetoxy tail
points towards the exterior. Presumably, the much larger
shifts suffered by the NCH3 and CH3CO signals of ACh
upon complexation with 2b indicate deeper penetration
of ACh into the cavity of the larger cyclophane 2b.


Enhanced stabilities are seen in 1,1,2,2-tetrachloro-
ethane solution (see footnotes e and f in Table 2) for the
complexes of 2a and 2b with NMP. Enhancements of
host–guest interactions in solvents that are too bulky to
solvate the host cavity are well precedented13 (see also
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8��� =���� �

�&� �� �"°


TMAb NMPc AChd


Host K ���� K ���� K ����


2a 41 � 2 1.48 (NCH3) 45 � 7e 1.10 (NCH3), 1.31 (�CH),
1.63 (�CH)


40 � 8 0.79 (NCH3), 0.83 (�CH2),
0.70 (�CH2), 0.21 (CH3CO)


2b 25 � 4 1.08 (NCH3) 42 � 3f 1.07 (NCH3), 1.05 (�CH),
1.03 (�CH), 1.12 (�CH)


35 � 4 1.38 (NCH3), 0.73 (CH3CO)


a Errors calculated as �2� (95% confidence limit).
b Picrate salt, 1.4 � 10�4 M.
c Iodide salt, 1.0 � 10�3


M.
d Iodide salt, 2.0 � 10�4


M.
e In (CDCl2)2 K = 410 � 22, ���� = 0.90 (NCH3).
f In (CDCl2)2 K = 65 � 7, ���� = 0.97 (NCH3), 1.06 (�CH), 0.99 (�CH), 1.10 (�CH).
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Ref. 11 and references cited therein). These stability
enhancements are believed to arise from the lower
desolvation penalty suffered by the host upon complexa-
tion when the host itself is poorly solvated. On going
from chloroform to 1,1,2,2-tetrachloroethane, the com-
plex of NMP with 2a experiences a 10-fold increase in
stability, whereas the corresponding increase for the
analogous complex with 2b is very small. In other words,
in marked contrast to the complete lack of selectivity
observed in chloroform, in the bulkier 1,1,2,2-
tetrachloroethane host 2a binds to NMP much more
strongly than its higher homologue 2b. This remarkable
solvent effect provides a strong indication that the cavity
of the smaller cyclophane 2a undergoes a much stronger
desolvation than that suffered by 2b, which implies that
the cavity in 2b, unlike that in 2a, is large enough to
accommodate a bulky 1,1,2,2-tetrachloroethane mol-
ecule. It appears, therefore, that 1,1,2,2-tetrachloroethane
acts as a probe providing information about the cavity
size in the given cyclophanes.


!.�!$%�!�&�"


Cyclophane 1 and N-methylpyridinium iodide were
available from a previous investigation.4a Tetramethy-
lammonium picrate was obtained from the corresponding
iodide salt by anion exchange with silver picrate.
Tri(ethylene glycol) ditosylate (4a) and tetra(ethylene
glycol) ditosylate (4b) were prepared according to a
literature method.14 All other chemicals were reagent-
grade commercial samples and used as received. 1H and
13C NMR spectra were recorded on a Bruker AC 300
spectrometer and TMS was used as an internal standard.
Electrospray mass spectra were obtained on a Fisons
Instrument VG-Platform benchtop mass spectrometer.


�����
�� /� �
� /
- A mixture of diethyl 5-
hydroxyisophthalate (15 g, 63 mmol) and K2CO3 (9.3 g,
67 mmol) in 100 ml of CH3CN was refluxed for 15 min
under argon. A solution of the corresponding ditosylate 4


(31 mmol) in 30 ml of CH3CN was then added and heated
at reflux for 16 h. The mixture was poured into water
(400 ml) and extracted with CHCl3 (3 � 250 ml). The
organic layer was washed with 5% aqueous KOH
(6 � 130 ml), dried (Na2SO4) and evaporated to give 5
in virtually quantitative yield.


6��0	��'&	
	 7&'��&1 :��0��$;��	����'���:�
'&1��	
'&
	��	� 0/�1- 1H NMR (CDCl3), � 1.41 (t, J = 7.1 Hz, 12
H), 3.78 (s, 4H), 3.91 (m, 4H), 4.23 (m, 4H), 4.40 (q,
J = 7.1 Hz, 8H), 7.77 (d, J = 1.4 Hz, 4H), 8.28 (t,
J = 1.3 Hz, 2H).


6	���0	��'&	
	 7&'��&1 :��0��$;��	����'���:�
'&1��	
'&
	��	� 0/
1- 1H NMR (CDCl3), � 1.31 (t, J = 7.4 Hz, 12H),
3.66–3.74 (m, 8H), 3.86 (m, 4H), 4.19 (m, 4H), 4.36 (q,
J = 7.4 Hz, 8H), 7.74 (s, 4H), 8.24 (s, 2H).


�����
�� 0� �
� 0
- LiAlH4 (0.76 g, 20 mmol) was
added in small portions to a solution of tetraester 5
(4.7 mmol) in dry tetrahydrofuran (250 ml) at room
temperature. The mixture was stirred at reflux for 8 h,
cooled and quenched first with portions of Na2-


SO4�10H2O and then with H2O. The inorganic precipi-
tate was removed by filtration and the solvent was
evaporated from the filtrate. The residue, a yellow oil,
was chromatographed [silica gel, CHCl3–MeOH (85:15)]
to give the desired pure product.


6��0	��'&	
	 7&'��&1 :��0��$;�'����'�	��'&1��	
'& 	��	�
00�1- This compound was obtained in 66% yield, m.p.
94–95°C. 1H NMR (CD3)2SO, � 3.38 (s, 4H), 3.58 (m,
4H), 3.88 (m, 4H), 4.30 (d, J = 2.3 Hz, 8H), 5.08 (t,
J = 2.3 Hz, 4H), 6.63 (bs, 4H).


6	���0	��'&	
	 7&'��&1 :��0��$;�'����'�	��'&1��	
'&
	��	� 00
1- This compound was obtained in 73% yield
as a yellow oil. 1H NMR (CD3)2SO, � 3.65 (m, 8H), 3.83
(m, 4H), 4.17 (m, 4H), 4.56 (d, J = 1.2 Hz, 8H), 5.24 (t,
J = 1.2 Hz, 4H), 6.84 (bs, 4H), 6.94 (bs, 2H).
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�����
�� 2� �
� 2
- A solution of PBr3 (12.97 g,
57 mmol) in dioxane (20 ml) was added at room
temperature to a stirred solution of tetraol 6 in dioxane
(30 ml). When the addition was complete, stirring at
room temperature was continued for 24 h. The mixture
was poured in 20 ml of water and stirred for 1 h at 0°C. It
was then extracted with CHCl3 (2 � 100 ml). The organic
layer was washed with aqueous NaHCO3, dried and
concentrated to give a yellow oil that was chromato-
graphed [silica gel, CHCl3–MeOH (99:1)].


6��0	��'&	
	 7&'��&1 :��0��$;��:�����	��'&1��	
'&
	��	� 02�1- This compound was obtained in 72% yield
as a solid, m.p. 109–110°C. 1H NMR (CDCl3), � 3.74 (s,
4H), 3.84–3.87 (m, 4H), 4.11–4.14 (m, 4H), 4.45 (s, 8H),
6.87 (m, 4H), 6.98 (m, 2H).


6	���0	��'&	
	 7&'��&1 :��0��$;��:�����	��'&1��	
'&
	��	� 02
1- This compound was obtained in 63% yield
as a yellow oil. 1H NMR (CDCl3), � 3.67-3.72 (m, 8H),
3.80–3.83 (m, 4H), 4.07–4.10 (m, 4H), 4.38 (s, 8H), 6.84
(m, 4H), 6.96 (m, 2H).


������'�&������
 ����	���	- A solution of bisphenol A
(0.73 g, 3.24 mmol) and 85% KOH (0.43 g, 6.6 mmol) in
120 ml of Me2SO was kept under stirring at 62°C for
30 min. A solution of 7a or 7b (1.60 mmol) in 40 ml of
Me2SO was added dropwise over 2 h. The mixture was
stirred for an additional 7 h at 62°C, after which it was
poured in 250 ml of H2O and extracted with 450 ml of
CCl4. The organic layer was then washed with water
(5 � 400 ml), dried and concentrated.


'�&����
	  �- The crude product was chromato-
graphed twice on neutral alumina, first with hydroqui-
none-free tetrahydrofuran and then with tetrahydrofuran–
hexane, to afford 103 mg (0.128 mmol) of a white solid,
8% yield, m.p. 198–201°C. 1H NMR (CDCl3), � 1.55 (s,
12H), 3.69 (s, 4H), 3.80 (m, 4H), 4.01–4.03 (m, 4H), 5.07
(s, 8H), 6.66–6.71 (m, 8H), 6.80 (bs, 4H), 6.88 (m, 2H),
6.99–7.04 (m, 8H). 13C NMR (CDCl3), � 31.2, 41.5, 67.7,
70.0, 11.3, 114.9, 116.2, 127.6, 140.4, 143.0, 156.5,
159.6. ES-MS, m/z 829.4 (M Na)�. Calculated for
C52H54O8: C 77.44; H 6.69. Found: C 77.27; H 6.58%.


'�&����
	  
- The crude product was chromato-
graphed [silica gel, CHCl3–(CH3)2CO (95:5)] to afford
82.5 mg (0.097 mmol) of a white solid, 6% yield, m.p.
75.2–78.6°C. 1H NMR (CDCl3), � 1.59 (s, 12H), 3.64 (s,
8H), 3.77–3.79 (m, 4H), 4.01–4.04 (m, 4H), 5.04 (s, 8H),
6.68–6.71 (m, 8H), 6.79 (bs, 4H), 6.85 (m, 2H), 6.99–
7.02 (m, 8H). 13C NMR (CDCl3)2, � 30.9, 41.5, 67.3,
69.5, 69.8, 70.6, 70.8, 111.6, 114.7, 116.5, 127.5, 139.8,
143.2, 156.3, 159.4. ES-MS, m/z 873.43 (M Na)�.
Calculated for C54H58O9�2H2O: C 73.11, H 7.04. Found:
C 73.00, H 6.82%.


��
7&	;��'���& �;��' ��((������
- The crystallographic data
were collected on a Nonius Kappa CCD area-detector
diffractometer using graphite monochromatized Mo K�
radiation (� = 0.71073 Å). Lattice parameters were
determined from 10 images recorded with 1° � scans
and subsequently refined on all data. The data collections
were performed using � and � scans with 1° or 2° steps
(2b and 2a, respectively), an exposure time of 15 s per
frame for 2b and 30 s per frame for 2a and a crystal-to-
detector distance fixed at 35 mm. The data were
processed using DENZO-SMN v0.93.0.15 No absorption
correction was applied.


The structures were solved by direct methods using
SHELXS-9716 and refined on F2 using SHELXL-97.17


The hydrogen atoms were calculated to their idealized
positions with isotropic temperature factors (1.2 or 1.5
times the carbon temperature factor) and refined as riding
atoms. Two chlorine atoms of the included chloroform
molecule in 2b are disordered over two positions with site
occupancies of 0.455:0.545. In the structure of 2a the
chlorine atoms of the included dichloromethane and ethyl
chain C51—C52 of the cyclophane are disordered over
two positions with the occupancies of 0.427:0.573 and
0.698:0.302, respectively.


Crystallographic data (excluding structure factors) for
the structures reported in this paper have been deposited
with the Cambridge Crystallographic Data Centre as
supplementary publication No. CCDC-153052 and
CCDC-153053. Copies of the data can be obtained free
of charge on application to CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK.
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ABSTRACT: Heats of formation, entropies, Gibbs free energies, relative tautomerization energies, dipole moments,
and ionization potentials for the tautomers of 2-thiocytosine, 2,4-dithiouracil and 2,4-dithiothymine and their 1-
methyl analogues were studied by using semiempirical AM1 and PM3 quantum-chemical calculations at the SCF
level both in the gas phase and in aqueous solution, with full geometry optimization. The COSMO solvation model
was employed for aqueous solution calculations. The calculations show that the thiol-amino tautomer of 2-
thiocytosine is the most stable in the gas phase whereas the thione-amino tautomer is the most stable in the aqueous
phase. For 2,4-dithiouracil and 2,4-dithiothymine, dithione tautomers are the most stable in both phases. The results
are in good agreement with available experimental and theoretical results. The entropy effect on the Gibbs free energy
of the thiopyrimidine bases is very small and has practically no significance for the tautomeric equilibria of
thiopyrimidine bases. The enthalpic term is dominant in the determination of the equilibrium constant. Copyright
2001 John Wiley & Sons, Ltd.


KEYWORDS: 2-thiocytosine; 2,4-dithiouracil; 2,4-dithiothymine; tautomerism; dipole moment; ionization
potential; AM1; PM3 semiempirical calculations


INTRODUCTION


Pyrimidine bases and their thio derivatives are found in
many biological systems and they are very important
from the clinical point of view. For example, 2-
thiocytosine,1 2-thiouracil2 and 4-thiouracil3–5have been
identified in tRNA. Numerous sulphur-substituted py-
rimidines have found applications as clinically useful
drugs.6–10It was noted in many of them that the position
in which sulphur was present was crucial to the biological
activity. For instance, 2-thiouracil, but not 4-thiouracil,
inhibits hyperthyroid activity.11


The protropic tautomerism of these thiopyrimidine
bases results from the migration of liable hydrogens from
the ring nitrogens to exocyclic nitrogen or sulphur atoms,
hence the thiobases can exist in several tautomeric forms.
A knowledge of the relative stabilities of the various
tautomeric forms of thiopyrimidine molecules and the
tautomeric conversion from one tautomeric form to
another is important from the point of view of structural
chemistry. They are also important in relation to the
biological activity of pyrimidine bases and their thio
derivatives. In addition, knowing how these tautomeriza-
tion energies change in different environments can shed
light on the influence of solvent effects on molecular
stability.


Although pyrimidine bases (cytosine, uracil and
thymine) have been extensively studied,12–20 thiopy-
rimidines (thiocytosines, thiouracils and thiothymines)
have received much less attention. However, 4-thiouracil
has attracted considerably more interest for its photo-
chemical properties.21,22 Although it is well known that
the tautomeric equilibria of a number of pyrimidine bases
depend strongly on intermolecular interactions of the
bases,23–26 only a few systematic investigations have
been devoted to the tautomerism of thiopyrimidines
experimentally27–34 and theoretically.35–41 Previously,
the structural and tautomeric aspects of 2-thiocytosine
and 2,4-dithiouracil were investigated by semiempirical
MNDO and MINDO/3 methods35–38and by anab initio
method39–41 in the gas phase. However, quantum
chemical calculations on 2,4-dithiothymine and their 1-
methyl derivatives of thiopyrimidine bases have not been
reported in the literature. Also, there are no theoretical
data available on the prediction of tautomerism of these
molecules in the aqueous phase.


Previous work on thiopyrimidine bases has only
considered the relative stabilities of the tautomers of 2-
thiocytosine and 2,4-dithiouracil with the neglect of the
entropy contributions. However, the analysis of the
entropy effect allows for a better understanding of the
tautomerization process. If several tautomers exist in
comparable concentrations, the entropy contributions are
important parts of the relative Gibbs free energies.
Because the exact equilibrium concentration depends on
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the Gibbs free energiesof eachtautomer,both entropy
andenthalpyshouldbeconsideredfor a propercompari-
son of the calculated and experimental tautomeric
stability of the bases.Experimentalinformation about
the relative stability of two tautomeric forms of a
molecule(a$ b) is obtainedfrom the measurementof
the tautomeric equilibrium constant Ka,b(T). As a
consequence,the Gibbs free energyof the tautomeriza-
tion DGa,b(T) canbeestimatedat a given temperatureT.


In Part I of this series,the resultsof AM1 and PM3
calculationsof tautomersof cytosine,uracil andthymine
andtheir1-methylanalogueswerereported.42 Thispaper
presentsthecorrespondingresultsfor thetautomersof 2-
thiocytosine,2,4-dithiouraciland2,4-dithiothymineand
their 1-methyl analogues,aspresentedin Figs 1 and 2.
We also reporta molecularorbital studyof thiopyrimi-
dines in an attempt to learn more about the protropic
tautomerismof thesenucleobases.We also considered
the effectsof the entropyon the equilibrium andreport
the propertiesof thiopyrimidine basessuchas heatsof
formation,entropy,Gibbs free energy,dipole moments
and ionisation potentials.The AM1 and PM3 methods
were used to predict tautomerismof thiopyrimidine
bases.Thesemethodshavenot beenusedpreviouslyto
studytautomerisationof thiopyrimidines.


METHOD OF CALCULATION


Theoreticalcalculationswerecarriedout at therestricted
Hartree–Fock(RHF) level using AM143 and PM344


semiempirical SCF-MO methods incorporatedin the
MOPAC 7.0 program,45 implementedon a PentiumII
300MHz computer.In aqueousphasecalculations,the
COSMO (conductor-like screening model) solvation
model46 was used to construct a solvent-accessible
surfaceareabasedon Van der Waalsradii. The relative
permittivity of waterwastakento be� = 78.4.Themodel
incorporatedup to 30 surfacesegmentsperatom,andwe
thensetthe parametersNPPAto 1082andNSPAto 30.
Initial geometry estimatesfor all the structureswere
obtainedfrom a molecular mechanicscalculation (CS


Figure 1. Tautomers of 2-thiocytosine (1±7), 2,4-dithiouracil (8±13) and 2,4-dithiothymine
(14±19) considered in the present work


Figure 2. Tautomers of 1-methyl-2-thiocytosine (20±22), 1-
methyl-2,4-dithiouracil (23±25) and 1-methyl-2, 4-dithio-
thymine (26±28) considered in the present work
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ChemOffice)47, andwerefollowed by full optimization
of all geometricalvariables.All structureswere opti-
mized to a gradientnorm of <0.2 in the gasphaseand
0.1–2 in the aqueousphase, using the Eigenvector
Following (EF) methodat the PRECISElevel. In order
to calculatethermodynamicproperties(DHf, DS) of the
tautomers,the gradient norm was reducedagain to a
valuevery closeto zero.Theentropytermwasobtained
from FORCEcalculationsfor all the possibletautomers
andtheGibbsfreeenergiesof thetautomerization(DGf)
at298.15K werepredictedby addingtheenthalpic(DHf)
andentropic(ÿTDS) terms.


RESULTS AND DISCUSSION


Relative stability


The relative stabilities,enthalpies,entropiesand Gibbs
free energiesfor the possibletautomericforms of the
investigatedcompoundsare given in Tables1–4. The
AM1 gas-phasecalculationresults(cf. Table1) indicate
that the thiol-amino form 1 for 2-thiocytosineis more
stablethanthatof the1H-thione-aminoform 2 by about
8 kcalmolÿ1, andthe 3H-thioneaminoform 3 by about


10kcalmolÿ1 (1 kcal= 4184kJ). The predominanceof
the thiol-amino form is in complete agreementwith
experimentalstudies27,30 and with theoreticalstudies.38


Mezey and co-workers48,49 proposedthat any species
with anenergylargerthan10kcalmolÿ1 abovethemost
stable form would not exist in any appreciablecon-
centration. A correct application of the equation
LnK0 =ÿDG/RTindicatesthatonly tautomer1 canexist
in appreciableamountsat room temperature.The other
tautomerswould possessno significantconcentrationat
room temperature.The effectsof the polar environment
were estimatedby the COSMO solvation model. The
AM1 aqueousphasecalculations(cf. table2) suggestthat
thethione-aminoforms2 and3 aremorestablethanthat
of the thiol-amino form 1 by �13kcalmolÿ1. In other
words,thethioneformsaremorestabilizedthanthethiol
forms.This situationis oppositeto that found in the gas
phase where the thiol form was the predominant
tautomer.Here the stabilizationof the thiol form over
the thione forms in the gas phase is greater, most
probablydueto electrostaticeffects.Table2 alsoclearly
showsthat the 1H-thioneform 2 is morestablethanthe
3H-thioneform 3 by 0.84kcalmolÿ1. In fact,Brownand
Teitei50 found that the concentrationof the 1H-thione
form 2 is nearly equal to the concentrationof the 3H-


Table 1. AM1-calculated thermodynamic properties for the tautomers of 2-thiocytosine, 2,4-dithiouracil and 2,4-dithiothymine
and their 1-methyl analogues in the gas phase (� = 1) at 298.15 K


DHf DS DGf
a �DGf


b IP m
Tautomer (kcalmolÿ1) (calmolÿ1 Kÿ1) (kcalmolÿ1) (kcalmolÿ1) (eV) (D)


1 46.64 83.39 21.78 0.00 8.78 7.64
2 55.36 85.03 30.01 8.23 8.33 3.06
3 56.83 83.24 32.01 10.23 8.47 8.31
4 97.99 86.14 72.31 50.53 7.30 14.70
5 69.57 85.15 44.18 22.40 8.87 4.86
6 62.19 83.73 37.23 15.45 8.82 1.59
7 60.98 82.99 36.24 14.46 9.08 5.33
8 57.69 85.06 32.33 5.46 8.98 3.13
9 58.48 84.30 33.35 6.74 8.81 4.13


10 63.19 85.55 37.68 10.81 8.72 6.80
11 65.56 85.97 39.93 13.06 8.18 6.64
12 62.88 84.96 37.55 10.68 8.65 7.38
13 52.44 85.76 26.87 0.00 8.96 4.70
14 50.46 94.62 22.25 4.74 8.83 3.48
15 51.77 94.12 23.71 6.20 8.74 3.82
16 55.95 94.02 27.92 10.41 8.68 7.10
17 58.61 95.55 30.12 12.61 8.11 6.46
18 56.46 92.26 28.95 11.44 8.60 7.70
19 45.35 93.38 17.51 0.00 8.91 4.85
20 64.94 95.72 36.40 0.00 8.91 7.43
21 75.09 93.73 47.14 10.74 8.69 5.34
22 67.62 92.65 40.00 3.60 9.24 5.57
23 76.93 94.39 48.79 12.65 8.14 8.80
24 69.01 95.01 40.68 4.54 8.47 7.42
25 64.73 95.90 36.14 0.00 8.86 5.31
26 70.01 103.97 39.01 12.34 8.07 8.66
27 62.61 102.57 32.03 5.36 8.43 7.71
28 57.99 105.04 26.67 0.00 8.82 5.36


a FromDGf = DHf ÿ TDS.
b �DGf = DGf, (b)ÿ DGf(a).
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thione form 3, the former being more stableby about
4 kcalmolÿ1. Thisfinding,althoughobservedin solution
whereanumberof effectscouldstabilizeagivenspecies,
also points to 1H-thione-amino 2 as one of the
predominantspeciesof 2-thiocytosine.It can also be
inferred that the more unstabletautomeric forms are
thosepossessinganimino groupin bothphases.Forthese
speciesthe relative energiesvary between14.46 and
31.49kcalmolÿ1.


Tautomeric equilibrium constantsdepend on two
major external factors: the phase (solid, solution or
vapour) and temperature.51 The position of the tauto-
meric equilibria can be affected by the nature of the
solvent and by the concentrationof the solution. The
proportionof anyonetautomerpresentin anequilibrium
mixturecanchangeif a changein environmentaltersthe
relative stabilities of the tautomersby preferentially
stabilizingoneof them.If oneisomeris morepolar than
another,it will bepreferentiallystabilizedin mediawith
high dielectric constants;e.g. it will be more stablein
water than in hydrocarbonsolvents.Specificinteraction
with thesolvent,in particularhydrogenbondingwith the
solventactingasthehydrogendonoror acceptor,or both,
oftenpreferentiallystabilizesonetautomer.


Thereis a differencebetweenpredictedvaluesin the
gasphaseand in aqueoussolution. Comparisonof the
gas-phaseequilibrium constants with solution-phase
valuesimplies that large changesmay occur on going
from the gasphaseto solution. This result also agrees
with what one can expect from the solvent effects.
Solvent effects have been ascribed to two major
components52: electrostatic solvent–soluteinteraction
and hydrogenbonding. The hydrogenbonding effects
cannot be estimatedquantitatively from the solvation
model, without further large-scalecalculations. The
electrostaticsolvent–soluteeffects,however,arereadily
estimatedby a continuum model such as COSMO.46


Application of the COSMOmodel leadsto an explana-
tion of the changein order of tautomericstability on
going from the gasphaseto solution.However,sucha
treatment lacks explicit considerationof base–water
hydrogenbondingeffects53, thustautomericequilibrium
constantspredictedin waterareconsiderablylessreliable
thanthosepredictedin thegasphase.Applicationof the
COSMO solvation model to 2-thiocytosineyields the
orderof stability 2>3>4>1>7>6>5, while theorderof
stability in thegasphaseis 1>2>3>7>6>5>4.


For the 2,4-dithiouracil tautomers,the calculations


Table 2. AM1-calculated thermodynamic properties for the tautomers of 2-thiocytosine, 2,4-dithiouracil and 2,4-dithiothymine
and their 1-methyl analogues in the aqueous phase (� = 78.4) at 298.15 K


DHf DS DGf
a �DGf


b IP m
Tautomer (kcalmolÿ1) (calmolÿ1 Kÿ1) (kcalmolÿ1) (kcalmolÿ1) (eV) (D)


1 29.87 83.00 5.08 13.43 9.29 5.24
2 16.39 82.99 ÿ8.35 0.00 9.84 16.82
3 17.70 84.56 ÿ7.51 0.84 9.62 19.14
4 18.98 85.01 ÿ6.37 1.98 9.87 26.95
5 48.20 84.04 23.14 31.49 9.28 12.67
6 45.79 83.88 20.78 29.13 9.16 2.95
7 32.49 82.43 7.91 16.26 9.67 10.66
8 38.10 88.50 11.71 9.72 9.40 5.72
9 32.54 85.76 6.97 4.98 9.52 12.11


10 32.89 85.32 7.45 5.46 9.52 16.79
11 32.30 84.74 7.03 5.04 9.75 21.77
12 29.28 84.32 4.14 2.15 9.71 17.07
13 26.88 83.47 1.99 0.00 9.89 12.06
14 31.56 93.86 3.58 7.52 9.28 5.99
15 27.99 95.37 ÿ0.44 3.50 9.33 11.27
16 27.81 92.39 0.26 4.20 9.38 16.75
17 27.04 92.64 ÿ0.58 3.36 9.52 17.84
18 34.94 92.80 7.27 11.21 9.56 17.32
19 23.49 91.99 ÿ3.94 0.00 9.24 5.45
20 18.50 91.24 ÿ8.70 0.00 9.28 17.79
21 53.53 94.99 25.21 33.91 9.17 9.56
22 43.86 94.47 15.69 24.39 9.60 10.55
23 41.48 92.29 13.96 5.10 9.79 22.11
24 40.28 93.87 12.29 3.43 9.66 16.56
25 36.59 93.00 8.86 0.00 9.84 12.57
26 37.40 102.40 6.87 4.92 9.59 21.37
27 33.50 101.51 3.23 1.28 9.57 16.84
28 33.04 104.27 1.95 0.00 9.63 12.28


a FromDGf = DHf ÿ TDS.
b �DGf = DGf(b)ÿ DGf(a).
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show that the dithione form 13 appearsto be the most
stable in both the gas and aqueous phases. The
predominanceof the dithione form is in complete
agreementwith IR gasmatrix experimentalstudies28,54


andwith theoreticalstudies.36,39,40


For 2,4-dithiothymine, the dithione form 19 is
predictedto be at least 3 kcalmolÿ1 more stable than
the other tautomersin both phases.Unfortunately,there
arenoexperimentalor theoreticaldatafor thiscompound
with which to compareour calculatedvalues.However,
looking at the good agreementbetweenour calculated
and reported experimentalrelative stabilities for 2,4-
dithiouracil,our resultsareexpectedto befairly reliable.
As expected,substitutionof 2,4-dithiouracil at the 5-
positionby CH3 doesnotchangetheorderof thestability
of the tautomer.


For the 1-methyl derivative of 2-thiocytosine, the
thione-aminotautomer20predictedto bethemoststable
form in bothphases.In thegasphase,relativestabilities
for thione-aminotautomer20 and3H-thione-iminoform
22areveryclose,whereasin solutiontheirenergyvalues
are substantiallydifferent (cf. Tables1 and 2). These
resultsillustratethedifferentialeffectsof apolarmedium
on therelativestability of tautomers.TheAM1 andPM3


calculationsfor 1-methyl-2,4-dithiouracil and1-methyl-
2,4-dithiothyminetautomersalsoshowthedominanceof
thedithioneforms25and28bothin thegasphaseandin
solution(cf. Tables1–4).Unfortunately,experimentally
andtheoreticallydeterminedtautomerizationenergiesof
thesecompoundsarenotavailable,sowecannotcompare
our calculatedvalueswith experimentaland theoretical
data.Thestablemethyltautomers(20, 25and28) arethe
sameas the main tautomers(2, 13 and 19). In other
words,substitutionof thiopyrimidine basesat the Nÿ1
positionby CH3 doesnotchangetheorderof thestability
of the tautomers.


The value of any semiempiricalmethoddependsnot
only on the ability of that method to reproduce
experimentalobservations,but alsoon the particularset
of moleculesusedfor optimizing the parameters.Some
attemptsto testthe reliability of semiempiricalquantum
chemicalmethods(AM1, PM3, MNDO andMINDO/3)
for manyorganicmoleculeswereperformedby Dewaret
al.43 and Stewart.44 They show that there are some
problemsin the caseof moleculescontaining hetero-
atoms(O, N, S), becauseof the neglectof one-centre
overlapin theINDO approximationon which MINDO/3
is based.Theseproblemsare avoided in the MNDO


Table 3. PM3-calculated thermodynamic properties for the tautomers of 2-thiocytosine, 2,4-dithiouracil and 2,4-dithiothymine
and their 1-methyl analogues in the gas phase (� = 1) at 298.15 K


DHf DS DGf
a �DGf


b IP m
Tautomer (kcalmolÿ1) (calmolÿ1 Kÿ1) (kcalmolÿ1) (kcalmolÿ1) (eV) (D)


1 37.76 84.22 12.65 0.00 9.09 7.85
2 45.46 83.73 20.49 7.84 8.57 3.18
3 51.38 85.6 25.86 13.21 8.70 8.11
4 57.81 87.09 31.84 19.19 8.84 3.90
5 58.81 84.22 33.70 21.05 8.77 1.23
6 58.38 86.35 32.63 19.98 9.04 5.95
7 65.67 86.66 39.83 27.18 7.5 5.32
8 62.89 86.74 37.03 13.56 9.31 3.87
9 68.15 87.52 42.06 18.59 8.98 4.53


10 70.75 89.68 44.01 20.54 8.91 7.37
11 68.86 87.00 42.92 19.45 8.53 6.98
12 72.76 86.56 46.95 23.48 8.91 8.06
13 49.55 87.46 23.47 0.00 9.28 4.85
14 54.58 96.01 25.95 12.75 9.18 4.23
15 59.56 95.98 30.94 17.74 8.88 4.31
16 62.82 98.83 33.35 20.15 8.81 7.76
17 61.42 94.64 33.20 20.00 8.45 6.90
18 64.94 96.15 36.27 23.07 8.79 8.45
19 41.58 95.20 13.20 0.00 9.24 5.05
20 56.12 94.71 27.88 0.00 8.42 7.69
21 58.20 94.10 30.14 2.26 8.69 4.28
22 59.28 95.05 30.94 3.06 8.91 6.15
23 72.90 96.88 44.02 3.99 8.48 7.53
24 70.69 97.61 41.59 1.56 8.74 8.14
25 69.27 98.07 40.03 0.00 9.20 5.74
26 65.09 105.70 33.58 3.05 8.41 7.47
27 62.93 107.04 31.02 0.49 8.69 8.50
28 61.81 104.92 30.53 0.00 9.15 5.99


a FromDGf = DHf ÿ TDS.
b �DGf = DGf(b)ÿ DGf(a).
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method, but at the expenseof other weaknesses,in
particularfailure to reproducehydrogenbonds,energies
that are too positive for crowded moleculesand too
negativefor onescontainingfour-memberedrings, and
activationenergiesthattendto betoo large.Theseerrors
are largely correctedin AM1. However,they alsoshow
that the AM1 method performs better than the other
methods(PM3, MNDO and MINDO/3) for six-mem-
berednitrogenheterocycles(pyrimidine,pyridazineand
pyrazine), most probably due to presenceof radial
gaussianswhich modify the core–corerepulsionterms
and the ability to reproducehydrogenbonds and the
promiseof betterestimatesof activationenergies.55 Part
of the improvementin AM1 over MNDO is due to the
fact that a betterminimum wasfound,correspondingin
particular to different orbital exponents,which have a
largeeffecton activationbarriers,andto theratiosof the
b parametersfor s andp atomicorbitals,which appearto
control the bond angles.According to our results,the
PM3 methodgives the sameorder of stability for the
thiopyrimidinebasesandtheir 1-methylanalogues.With
respectto the tautomerismin azines,the PM3 method
was found to be comparablein accuracyto AM1.56


Entropy effects, which are sometimes neglected in


quantummechanicalcalculations,alsoaffect the calcu-
latedresultsandare importantespeciallyin the thione–
thiol tautomerism.Comparisonof our resultswith the
previousMNDO, MINDO/3 and ab initio resultsis of
interest;unfortunatelythe comparisonshouldbe limited
to energies,since enthalpiesand entropieswere not
reported.However,aswe canseefrom Tables1–4, the
calculated entropy values are generally small (�100
calmolÿ1). Thisresultsindicatethattheentropyeffecton
theGibbsfreeenergyis very smallandtheentropyterm,
thatis, theTDSvalue,canbeneglectedfor thetautomeric
equilibria of thiopyrimidine bases.Thus, the entalpic
termis dominantin thedeterminationof theequilibrium
constant.


Dipole moments and ionization potentials


The calculateddipole momentsand the first vertical
ionizationpotentialsof the studiedthiopyrimidinebases
are also listed in Tables1–4. The comparisonbetween
experimental and calculated dipole moments gives
additional support for the calculated stabilities of
thiopyrimidine bases.The experimentaldipole moment


Table 4. PM3-calculated thermodynamic properties for the tautomers of 2-thiocytosine, 2,4-dithiouracil and 2,4-dithiothymine
and their 1-methyl analogues in the aqueous phase (e = 78.4) at 298.15 K


DHf DS DGf
a �DGf


b IP m
Tautomer (kcalmolÿ1) (calmolÿ1 Kÿ1) (kcalmolÿ1) (kcalmolÿ1) (eV) (D)


1 21.64 88.01 ÿ4.60 11.53 8.93 7.35
2 8.64 83.10 ÿ16.13 0.00 9.19 18.64
3 9.38 83.62 ÿ15.55 0.58 9.29 22.19
4 13.03 83.80 ÿ11.95 4.18 10.06 27.20
5 38.17 85.51 12.68 28.81 9.01 12.34
6 36.09 85.04 10.74 26.87 9.08 2.73
7 25.99 83.62 1.06 17.19 9.35 11.01
8 33.62 89.05 7.07 6.70 9.71 6.47
9 28.36 84.37 3.21 2.84 9.83 12.42


10 30.75 87.16 4.76 4.39 9.76 17.42
11 29.75 86.18 4.06 3.69 9.89 19.61
12 26.21 85.56 0.70 0.33 9.92 18.25
13 27.06 89.51 0.37 0.00 9.98 13.83
14 25.08 97.42 ÿ3.97 5.95 9.62 6.75
15 21.63 93.8 ÿ6.34 3.58 9.67 11.83
16 23.91 97.25 ÿ5.09 4.83 9.76 17.74
17 21.87 95.23 ÿ6.52 3.40 9.98 21.28
18 26.26 100.03 ÿ3.56 6.36 9.86 18.64
19 18.45 95.17 ÿ9.92 0.00 9.88 14.11
20 18.50 95.04 ÿ9.84 0.00 9.28 17.79
21 38.05 95.77 9.50 19.34 9.00 9.92
22 30.72 93.37 2.88 12.72 9.35 11.71
23 34.55 96.54 5.77 2.89 10.12 22.66
24 33.56 93.75 5.61 2.73 9.83 17.95
25 32.05 97.85 2.88 0.00 10.03 14.21
26 32.55 104.77 1.31 5.90 9.97 22.01
27 29.49 105.19 ÿ1.87 2.72 9.86 18.25
28 25.75 101.77 ÿ4.59 0.00 9.05 13.31


a FromDGf = DHf ÿ TDS.
b �DGf = DGf(b)ÿ DGf(a).
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is available only for 2,4-dithiouracil.57 The calculated
dipole momentsfor the moststabletautomerof 2-thio-
cytosineby both the AM1 and PM3 methodsare very
different from the MNDO (6.73D) and MINDO/3
predictions (9.49D).36 As previously noted, dipole
momentsare systematicallyoverestimatedon average
by 0.68D, probablyowing to atomic chargesand lone
pairsin theMNDO method.36


In the caseof 2,4-dithiouracil, the AM1- and PM3-
calculateddipole momentsfor the moststabletautomer
are4.70and4.85D, respectively.This result is in good
agreementwith theexperimentalvalue(4.67D) reported
by SchneiderandHalvestadt.57 AM1 andPM3 methods
give better values of dipole moments than do other
theoretical methods,35,36,40 such as MNDO (5.29D),
MINDO/3 (7.54D) andab initio (5.62D).


Thecalculateddipolemomentof 2,4-dithiothymineis
4.85D for AM1 and 5.05D for PM3. No experimental
andtheoreticaldataareavailablefor thecomparison,but
theresultobtainedfor 2,4-dithiothymineis fairly closeto
thevalueobtainedfor 2,4-dithiouracil.Consequently,our
result is expectedto be reliable, at least semiquan-
titatively.


Thereare no availableexperimentaldipole moments
for 1-methyl-2-thiocytosine,1-methyl-2,4-dithiouracil
and 1-methyl-2,4-dithiothymine. We cannot compare
the calculateddipole momentsof the title compounds
sinceno experimentalandtheoreticaldipolemomentsof
the thiopyrimidineshavebeenreportedin the literature.
However, some indirect support can be derived from


experimentalandtheoreticaldataon thehydroxypyrimi-
dines.After havingwell-establisheddatafor pyrimidines,
we can make someinferencesabout physico-chemical
properties(dipole momentsor ionization potentials)of
lessknown thiopyrimidines.As canbe seenin Table5,
the dipole momentsof the thiopyrimidinesare greater
thanthoseof thecorrespondingpyrimidines.Thetrendof
thechangein thedipolemomentsfor oxygen-containing
moleculesis similar to the trend of the changein the
dipole moments of the thio analogues.Taking into
accountthefact thatthedipolemomentof theC=Sbond
is higher than that of the C=O bondby 1.1 D, thereis
therefore a good correlation between the calculated
dipole momentvaluesof the pyrimidinesand their thio
analogues.


As we canseefrom Tables1–4,the calculateddipole
momentschangeonmovingfrom thegasphase(e = 1) to
aqueoussolution (e = 78.4) and the dipole momentsare
sensitiveto the polarity of the medium.The calculated
dipole momentsaresubstantiallyhigherin a mediumof
high relative permittivity, mainly owing to the major
charge redistribution in the molecule, and also by
changesin thedistancesbetweenthechargeseparations.
The magnitudeof the influenceof the solvent reaction
field on electronic structure is different in different
tautomers.This may also explain the greatvariation of
thecalculateddipolemomentsof the tautomers.


According to Koopman’stheoremand the calculated
resultsof the AM1 method,the first vertical ionization
potentialsfor themoststabletautomersof 2-thiocytosine,


Table 5. Calculated and experimental dipole moments and ionisation potentials of pyrimidine bases with respect to the most
stable tautomers


m (D) IP (eV)


Compound MNDOa
MINDO/


3b AM1c PM3c
Ab


initiod Exp.e MNDOf
MINDO/


3g AM1c PM3c
Ab


initioh Exp. i


Cytosine 5.63 — 6.32 6.68 7.11 6.0–6.5 9.54 9.38 9.28 9.00 8.94
2-Thiocytosine 6.73 9.49 7.64 7.85 5.62 — 8.52 8.01 8.78 9.09 9.54 —
Uracil 4.12 4.52 4.29 3.99 4.79 4.16 9.93 9.45 9.97 9.71 11.27 9.50
2,4-Dithiouracil 5.29 7.54 4.70 4.85 5.62 4.67 9.80 8.75 8.96 9.28 — —
Thymine 4.12 — 4.16 3.97 4.58 4.13 9.78 — 9.60 9.44 9.45 9.18
2,4-Dithiothymine — — 4.85 5.05 — — — — 8.91 9.24 — —
1-Methylcytosine — — 5.94 5.58 6.74 6.0–7.0 — — 9.22 9.03 — 8.65
1-Methylthiocytosine — — 7.43 7.69 — — — — 8.91 8.42 — —
21-Methyluracil — — 4.65 4.37 — — — — 9.70 9.52 — —
1-Methyldithiouracil — — 5.31 5.74 — — — — 8.86 9.20 — —
1-Methylthymine — — 4.49 4.20 4.83 4.10 — — 9.42 9.36 — —
1-Methyldithiothymine — — 5.36 5.99 — — — — 8.82 9.15 — —


a Ref. 17 for cytosine,Ref. 41 for 2-thiocytosine,Ref. 37 for uracil andthymine,Ref. 36 for 2,4-dithiouracil.
b Ref. 41 for 2-thiocytosine,Ref. 35 for uracil and2,4-dithiouracil.
c Ref.42 for cytosine,uracil, thymineandtheir 1-methylderivatives;from thiswork for 2-thiocytosine,2,4-dithiouracil, 2,4-dithiothymineandtheir
1-methylderivatives.
d Ref. 18 for cytosine,thymine,1-methylcytosineand1-methylthymine,Ref. 15 for 2-thiocytosine,Ref. 41 for uracil, Ref. 40 for 2,4-dithiouracil.
e Ref. 18 for cytosineand1-methylcytosine,Ref. 57 for uracil, 2,4-dithiouracil andthymine.
f Ref. 17 for cytosine,uracil andthymine,Ref. 23 for 2-thiocytosine,Ref. 36 for 2,4-dithiouracil.
g Ref. 23 for 2-thiocytosine,Ref. 35 for uracil and2,4-dithiouracil.
h Ref. 20 for cytosineandthymine,Ref. 23 for 2-thiocytosine,Ref. 24 for uracil.
I Ref. 19 for cytosine,uracil, thymineand1-methylcytosine.


Copyright  2001JohnWiley & Sons,Ltd. J. Phys.Org. Chem.2001;14: 171–179


SEMI-EMPIRICAL CALCULATIONS ON THIOPYRIMIDINES 177







2,4-dithiouraciland2,4-dithiothymineare8.78,8.96and
8.91eV, respectively.The calculatedionization poten-
tials of 1-methyl-2-thiocytosine,1-methyl-2,4-dithio-
uracil and 1-methyl-2,4-dithiothymine are 8.91, 8.86,
8.82eV, respectively,for AM1. No experimentalioniza-
tion potentials are available for these compounds.
Unfortunately,the presentresultscannotbe compared
with experimental data. However, there are some
theoretical results and our results are different from
thoseof MNDO36 andMINDO/3 predictions,35 asshown
Table 5. Dewar et al.58 haveshown,however,that the
MNDO methodsystematicallyoverestimatesthe ioniza-
tion energiesof thenitrogenlone-pairorbitalsandthata
correctionof 1 eV shouldbeappliedwhenusingMNDO
calculations to assign photoelectronspectra. Results
obtainedby thePM3 methodarenot very different from
those obtained by AM1. The PM3 results for the
investigatedthiopyrimidine basesare also close to the
ab initio calculations.20,23,24


CONCLUSION


Theresultsclearlyindicatethatthiopyrimidinebasesand
their1-methylanaloguesexistpredominantlyin thethiol-
aminoor dithionetautomericformsin thegasphaseand
the thione-aminoor the dithione tautomeric forms in
solution. Theseresultsare in agreementwith available
experimentalandtheoreticaldata.


Substitutionof 2,4-dithiouracil at the 5-position by
CH3 doesnot changethe order of the stability of the
tautomers.


Substitution of thiopyrimidine bases at the N-1
positionby CH3 doesnotchangetheorderof thestability
of the tautomers.


The results presentedin this paper confirm earlier
observationsaboutthe applicability of the AM1 method
to thepredictionof therelativestability of six-membered
nitrogenheterocyclictautomers.


AM1 also gives a good representationof the charge
distribution in moleculesin terms of calculateddipole
momentsin bothphases.


Theinclusionof thesolventreactionfield in quantum-
chemical theory is obligatory for accurateresults in
solution.


Use of the COSMO solvation model successfully
explainsthereorderingof therelativetautomericstability
on passingfrom thegasphaseto solution.


The entropy effect on the Gibbs free energyof the
thiopyrimidine bases is very small and is of little
significancefor the tautomericequilibria of thiopyrimi-
dine bases.The enthalpic term is dominant in the
determinationof theequilibrium constant.


There is a good correlation between calculated
physico-chemical properties(dipole momentsand ioni-
zationpotentials)of pyrimidinesandthiopyrimidines.
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ABSTRACT: Ligands L1 and L2 contain two ethylenediamine chains linked to the 2,9 and 6,6� positions of
phenanthroline and bipyridyl, respectively. Their molecular architecture defines a coordinative ‘cleft,’ a potential
binding site for metals and anionic species. Their coordination properties toward Zn(II), Cd(II) and Pb(II) were
studied by means of potentiometric, microcalorimetric and UV–vis spectrophotometric measurements. In the [ML]2�


complexes (L = L1 or L2), the metal is enveloped inside the ligand cleft, as shown by the crystal structure of the
[ZnL2]2� cation. On the other hand, the analysis of the thermodynamic data for metal complexation reveals that in the
[ML]2� complexes some nitrogen donors are weakly bound, or not bound, to the metal, owing to the presence of a
rigid heteroaromatic unit, which leads to a stiffening of the ligands. Both L1 and L2, in their protonated forms, behave
as multifunctional receptors for the nucleotide anions at neutral or slightly acidic pH, giving 1:1 complexes. Binding
of diphosphate, triphosphate, ATP and ADP was studied by means of potentiometry and 1H and 31P NMR
spectroscopy. Charge–charge and hydrogen bonding interactions take place between the polyphosphate chain of
nucleotides and the polyammonium groups of L1 and L2, whereas the adenine moiety shows charge–dipole
interactions with the ammonium groups and �-stacking with the heteroaromatic units of the receptors. Copyright 
2001 John Wiley & Sons, Ltd.


KEYWORDS: polyamine; proton binding; metal coordination; anion coordination; nucleotides; supramolecular
chemistry; molecular recognition
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In the last few years there has been considerable interest
in the development of new polyamine receptors.1–22


Open-chain and macrocyclic polyamine ligands, contain-
ing appropriate binding sites and/or cavities of suitable
size and shape, may be designed to form selective
inclusion complexes. Special attention has been devoted
to the design and synthesis of polyamine receptors able to
coordinate metal ions, with the aim of studying their
behavior as selective complexing agents and iono-
phores.1–12 Furthermore, even without the involvement


of metal cations, polyamine ligands may undergo
extensive protonation in aqueous solution, forming highly
charged polyammonium cations, able to coordinate
anionic species, through charge–charge and hydrogen
bond interactions.13–22 Structural factors have been
shown to play significant roles in determining the strength
of the interactions between the polyaza receptor and the
guest species. Aromatic subunits are often introduced as
integral parts of the host molecules. In particular, several
macrocycles containing 2,2�-bipyridyl or 1,10-phenan-
throline moieties have recently been synthesized.23–26


These units are rigid and provide two aromatic nitrogens
whose unshared electron pairs may act cooperatively in
cation binding. At the same time, these heteroaromatic
units may offer an optimal binding site for the coordina-
tion of nucleotide anions or nucleobases, through �-
stacking and hydrophobic interactions.


Recently, we reported the synthesis of a new series of
cyclic and acyclic polyamine ligands, such as L1, L225


and L3,26 containing a phenanthroline or a dipyridine
unit.
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A previous investigation on the metal coordination
properties of phenanthroline-containing macrocycles,
such as L3, revealed that the phenanthroline unit acts
as binding site for metal cations.26,27 On the other hand,
the insertion of this large and rigid heteroaromatic unit
within a macrocyclic framework leads to stiffening of the
macrocyclic backbone and precludes the simultaneous
participation of the heteroaromatic donors and the
benzylic amine groups, adjacent to the phenanthroline
unit in metal binding.26,27 At the same time, these
macrocycles present, in their protonated species, a
molecular organization which allows multipoint binding
with anionic forms of nucleotides, through the formation
of salt bridges between the ammonium groups and the
phosphate chains and �-stacking and hydrophobic
interactions between the phenanthroline unit and the
adenine moiety of substrates.20a


We have now extended this study to the open-chain
ligands L1 and L2, which contain two ethylenediamine


chains linked to the 2,9 and 6,6� positions of phenanthro-
line and dipyridine, respectively. The particular molecu-
lar architecture of these two ligands defines a
coordinative ‘cleft’ in which both metal ions and anions
can be lodged. In this paper we report on the binding
features of these ligands toward metal cations with
different size and stereochemical requirements, such as
Zn(II), Cd(II) and Pb(II), and toward inorganic phosphate
anions and nucleotide anions (ATP and ADP).
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Table 1 lists the thermodynamic parameters experimen-
tally determined for the protonation reactions involving
L1 and L2. The distribution of the protonated species
formed at different pH values by L2 is illustrated in Fig.
1. The protonation constants and the enthalpic and
entropic contributions of L1 and L2 are similar for each
step of protonation and follow the trend found for the
analogous polyamine ligands containing only secondary
amine groups, characterized by decreasing protonation
constants as the protonation degree, i, increases, and by
largely favourable (�Hi


o �0, i = 1–4, Table 1) enthalpic
contributions to ligand protonation.28 In particular the
enthalpy changes (��Hi


o) found in each protonation step
are significantly higher than the analogous values
reported for protonation of 1,10-phenanthroline and
6,6�-dipyridine (��Ho = 20 and 17 kJ mol�1, respec-
tively),29 which can be considered the most appropriate


#���� *+ !����	"����� ���������� 
	� )* ��" ),
��	�	���	� �#� �� $%�� �� &'(#� )*


Log K


L1 L2


L � H� = HL� 9.62(1) 9.98(1)
HL� � H� = H2L2� 9.30(1) 9.48(1)
H2L2� � H� = H3L3� 5.96(1) 6.08(1)
H3L3� � H� = H4L4� 4.63(2) 5.32(1)


��H (kJ mol�1)


L1 L2
L � H� = HL� 41.38(8) 40.67(5)
HL� � H� = H2L2� 43.05(7) 42.85(3)
H2L2� � H� = H3L3� 33.44(8) 29.89(5)
H3L3� � H� = H4L4� 38.0(1) 37.28(4)


T�S (kJ mol�1)


L1 L2
L � H� = HL� 13.4(1) 16.3(1)
HL� � H� = H2L2� 10.0(1) 11.2(1)
H2L2� � H� = H3L3� 0.5(1) 4.8(1)
H3L3� � H� = H4L4� �11.7(2) �6.9(1)


(�	��� *
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reference compounds for the heteroaromatic moieties of
L1 and L2, indicating that such moieties are not directly
involved in the protonation processes.


For both L1 and L2, the entropic contributions to each
protonation step decrease with increasing degree of
protonation, as expected considering the electrostriction
effect due to higher solvation of the more protonated
receptors.


UV spectra recorded on solutions containing L1 or L2
at various pH values do not show significant variations
in the pH range 3–11 (�max = 271 nm, � = 40500
dm3 mol�1 cm�1 and �max = 290 nm, � = 12400
dm3 mol�1 cm�1, at pH 7, for L1 and L2, respectively)
confirming that the aromatic nitrogens are not involved in
protonation. In the case of L2, however, a slight red shift
of the absorption band is observed at strongly acidic pH
(�max = 296 nm, � = 13 300 dm3 mol�1 cm�1 at pH 1.5),
suggesting that protonation of the dipyridine unit takes
place only at strongly acidic pH values. These data
suggest that the first four protonation steps of L1 and L2
take place on the four aliphatic amine groups.


To obtain further information on the protonation
pattern of L1 and L2, we also analyzed the variations
with pH of their 1H NMR spectra. Figure 2 reports the 1H
NMR chemical shifts of the protons of L2 as a function of
pH. The 1H NMR spectrum of L2 at pH 12 shows a
singlet at 2.10 ppm (integrating six protons and attributed
to the hydrogen atoms of the methyl groups, HB1), two
triplets at 2.45 and 2.57 (4H each, hydrogen atoms HB2
and HB3, respectively), a singlet at 4.77 (4H, B4), a
triplet at 8.13 ppm and two doublets at 7.65 and 8.34 ppm
for the aromatic protons HB6, HB5 and HB7. These
spectral features indicate a C2v time-averaged symmetry.
This symmetry is preserved throughout all the pH range
investigated.


In the pH range 11–8, where the first two protons bind
to the ligand (Fig. 1), the signal of the hydrogen atoms
HB1 and HB2 in the �-position with respect to N1
exhibits a downfield shift, whereas the other signals do
not shift appreciably. This suggests that the first two
protonation steps involve the terminal nitrogens N1 and
N1�. This higher proton affinity of the nitrogen atoms N1


and N1� in comparison with N2 and N2� can be ascribed
to the inductive effect of the heteroaromatic moiety on
the adjacent N2 and N2� amine groups. In the pH range 7–
4 the macrocycle binds two further protons, giving the
[H4L2]4� species (Fig. 1). The formation of this
tetraprotonated form markedly affects the pattern of the
1H NMR spectra. In particular, the signals of HB3 and
HB4 bear a remarkable downfield shift (Fig. 2). In
contrast, the signals of HB1 and HB2 do not shift
appreciably in this pH range. These spectral features
indicate that the third and fourth protonation step takes
place on the benzylic nitrogens N2 and N2�.


It is interesting that the signals of the aromatic protons
HB5–HB7 do not display significant shifts in the pH
range 11–3, indicating that the heteroaromatic nitrogens
are not involved in proton binding. A slight downfield
shift is observed for HB5 and HB7 only below pH 3,
probably due to the formation of small amounts of
pentaprotonated [H5L2]5� species, which is formed at
too low pH values to be detected by means of
potentiometric measurements. The pH dependence of
the 1H NMR spectra of L1 is almost equal to that found
for L2, indicating that a similar protonation mechanism
occurs in aqueous solution.


����� �����


��-���� ��������� �� ./),01��%23,�4+56,%+ The mol-
ecular structure consists of complexed cations [ZnL2]2�,
perchlorate anions and water solvent molecules. The
asymmetric unit contains two independent molecules.
The ORTEP30 drawings of the [ZnL2]2� cations in the
two molecules (herein denoted A and B) are shown in
Fig. 3(a) and (b), respectively. Table 2 lists selected bond
distances and angles for the coordination sphere of
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Zn(II). The Zn(II) ions in A and B display slightly
different coordination geometries, although in both cases
the coordination environments can be best described as
distorted octahedral.


In complex A the metal is hexacoordinated by the
dipyridine nitrogens N3 and N4 and by the amine groups
N1, N2, N5 and N6; N2, N3, N4 and N5 define the
equatorial plane [maximum deviation = 0.17(1) Å for
N5] and N1 and N6 the apical positions of the distorted
octahedron. The Zn—N1 and Zn—N6 bonds [Zn—N1
2.120(8) Å; Zn—N6 2.127(8) Å] form angles of 20.1(3)°
and 13.0(3)°, respectively, with the normal to the basal
plane. The metal ion lies 0.063(2) Å above the basal
plane, shifted toward N1. It should be noted that both the
benzylic amine groups N2 and N5 are coordinated at
longer distances [Zn—N2 2.315(9) Å; Zn—N5 2.362(9)
Å] than the other nitrogen donors (Table 2). As already
found for other phenanthroline- and dipyridine-contain-
ing polyamine ligands,26,27 the rigidity of the heteroaro-
matic moiety does not allow the simultaneous optimal
coordination of both heteroaromatic and benzylic nitro-


gen donors to the metal. As a consequence, the benzylic
nitrogen atoms are usually not bound26,27 or, as in the
present case, are weakly bound to the metal.


In complex B the basal plane of the octahedron is
defined by the N8, N9, N10 and N11 donors [maximum
deviation 0.08(1) Å for N9] while N7 and N12 occupy the
apical positions. The Zn—N7 and Zn—N12 bonds form
angles of 12.7(3)° and 11.7(3)° with the normal to the
basal plane. The metal ion lies in this plane. As in the A
complex, the two benzylic nitrogens N11 and N8 are
coordinated at longer distances [Zn2—N11 2.275(9) Å;
Zn2—N8 2.294(9) Å] than the other nitrogen donors (see
Table 2).


Considering the ligand conformation, in both A and B
complexes the two aromatic rings of the dipyridine
moiety are almost coplanar, forming dihedral angles of
6.8(4)° and 7.0(4)° in the A and B complexes,
respectively. In both complexes the two aliphatic diamine
chains lie on opposite sides with respect to the mean
plane defined by the dipyridine unit. The most significant
difference between the ligand conformation in the A and
B complexes concerns the C—N—C—C and N—C—
C—N torsional angles of the two aliphatic side chains. In
complex A, the two aliphatic moieties N1—N2 and N5—
N6 show different sequences of torsional angles (g g � t g
and t g � t g, respectively), whereas in complex B, both
the N7—N8 and N11—N12 chains show the same
sequence (�t g g � g).


In both the A and B complexes, however, the resulting
screw conformation allows the ligand to ‘wrap’ around
the metal cation, which is, in consequence, enveloped
inside the ligand cleft.


Inspection of the crystal packing reveals that the two
conformers are associated through a hydrogen bond
interaction involving a bridging perchlorate anion. In
particular, the O14 oxygen of this anion gives rise to a
hydrogen bond with the N5 nitrogen of complex A
[N5� � �O14 3.41(2) Å] and two hydrogen bonds with the
N7 and N11 nitrogen atoms of a symmetry-related (x � 1,
�y � 1/2, z � 1/2) complex B [N7� � �O14 3.31(2) Å,
N11� � �O14 3.34(2) Å]. This structural constraint may
contribute to the generation of two non-equivalent
complexes in the asymmetric unit.


/1!!3� ��1!!3 �� ��1!!3 ���������� � �7�����
�������+ The formation of the Zn(II), Cd(II) and Pb(II)
complexes with ligands L1 and L2 was investigated by
means of potentiometric and microcalorimetric measure-
ments in aqueous solution (0.1 M NMe4Cl, 298.1 K). The
complexes formed and the corresponding thermody-
namic parameters are reported in Table 3. The thermo-
dynamic parameters for the metal complexes with the
aliphatic hexaamine 1,14-bis(methylamino)-3,6-9,12,-
tetrazatetradecane, L4,12b where an ethylenediamine unit
replaces the phenanthroline or dipyridyl units of L1 and
L2, are also reported in Table 3 for comparison. The


������ 8+ 01!+2 "��3��� 	
 ��� 45�),6&� ���	� � ��� $�* 7
��" $/* 8 �	���.��� $��� ��,�*
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distribution diagrams of the L1 complexes are reported in
Fig. 4. These data allow one to infer some general trends.


(i) Ligands L1 and L2 show a similar good ability to
coordinate Zn(II), Cd(II) and Pb(II) and the com-
plexes are formed in aqueous solution even at acidic
pH values (Fig. 4).


(ii) The [ML]2� complexes (L = L1 and L2) are easily
protonated at neutral or acidic pH values, forming, in
the case of Cd(II) and Pb(II), up to tri- or
tetraprotonated species.


(iii) The Zn(II) and Cd(II) complexes show a similar
thermodynamic stability, much higher than that of
the Pb(II) complexes. This trend is generally
observed with polyamine ligands.29


Both L1 and L2 are strong metal binders in aqueous
solution. The stability of their complexes is noticeably
higher than that reported for the corresponding com-
plexes with L4.12b,c This observation indicates that the
insertion of the heteroaromatic binding unit within the
ligand backbone leads to an enhancement of complex
stability.


In order to obtain further information on the role
played by the phenanthroline and bipyridyl units in metal
coordination, the reaction of complex formation was
followed by means of UV spectra recorded on aqueous
solutions containing ligand L1 or L2 (3 � 10�4 M) and
Zn(II), Cd(II) and Pb(II) in various molar ratios at pH 7.
In the case of L1 the phenanthroline moiety gives a
family sharp band at 271 nm (� = 37100
dm3 mol�1 cm�1). Solutions containing L1 and increas-
ing amounts of metals, up to a 1:1 molar ratio, show a
marked decrease of the adsorbance. A linear correlation
between the metal to ligand ratio and the � values is found


up to a 1:1 molar ratio (under these conditions,
�max = 269 nm, � = 33 600 dm3 mol�1 cm�1). As re-
ported for Zn(II) binding to 2,2� -dipyridine alone, Zn(II)
complexation by L2 gives a marked red shift of the
absorption band. Significant shifts of the UV band are
also observed for Cd(II) and Pb(II) complexes with this
ligand. A summary of the spectral features of the metal
complexes with L1 and L2 are reported in Table 4. The
UV data in Table 5 account for the involvement of the
phenanthroline and bipyridyl moieties in metal binding in
the [ML]2� complexes in aqueous solution. This
suggestion is further confirmed by the crystal structures
of the [ZnL2](ClO4)2 complex, which shows that both the
aromatic nitrogens are bound to the metal.


The higher stability of the complexes with phenanthro-
line- and dipyridyl-containing ligands with respect to the
L4 ligands can be ascribed, in principle, to the different
molecular topology of the ligands and/or to the different
binding ability of aliphatic secondary amine groups with
respect to heteroaromatic groups. On the other hand, the
analysis of the thermodynamic parameters in Table 3
shows that the higher stability of the L1 and L2
complexes than the L4 complexes is mainly due to the
entropic contributions, at least in the case of Zn(II) and
Cd(II) complexation, whereas the enthalpic contributions
to the formation of the L1 and L2 complexes are less
favorable compared with those found for the L4
complexes.12b


The comparison of the enthalpic terms for the formation
of the [ML1]2� and [ML2]2� complexes with those of the
[ML4]2� complexes suggests a lower overall interaction
of L1 and L2 with metal ions with respect to L4, for which
it was suggested that five or six nitrogen donors are
involved in metal coordination.12b Indeed, both L1 and L2


#���� ,+ 9������" /	�" ������� $7: * ��" ������ $°* 
	� 45�),6$��0 *&��#�-&0


A molecule B molecule


Zn(1)— N(3) 2.120(8) Zn(2)— N(10) 2.069(10)
Zn(1)— N(1) 2.125(10) Zn(2)— N(9) 2.133(9)
Zn(1)— N(6) 2.127(8) Zn(2)— N(12) 2.150(9)
Zn(1)— N(4) 2.153(9) Zn(2)— N(7) 2.154(9)
Zn(1)— N(2) 2.315(9) Zn(2)— N(11) 2.275(9)
Zn(1)— N(5) 2.362(9) Zn(2)— N(8) 2.294(9)
N(3)— Zn(1)— N(1) 108.3(4) N(10)— Zn(2)— N(9) 75.0(4)
N(3)— Zn(1)— N(6) 100.0(3) N(10)— Zn(2)— N(12) 97.5(4)
N(1)— Zn(1)— N(6) 147.8(4) N(9)— Zn(2)— N(12) 99.5(4)
N(3)— Zn(1)— N(4) 74.1(3) N(10)— Zn(2)— N(7) 100.4(3)
N(1)— Zn(1)— N(4) 100.6(4) N(9)— Zn(2)— N(7) 97.7(4)
N(6)— Zn(1)— N(4) 101.5(3) N(12)— Zn(2)— N(7) 157.8(4)
N(3)— Zn(1)— N(2) 74.2(4) N(10)— Zn(2)— N(11) 77.0(4)
N(1)— Zn(1)— N(2) 78.1(4) N(9)— Zn(2)— N(11) 151.7(4)
N(6)— Zn(1)— N(2) 95.8(3) N(12)— Zn(2)— N(11) 80.4(4)
N(4)— Zn(1)— N(2) 145.9(4) N(7)— Zn(2)— N(11) 91.0(4)
N(3)— Zn(1)— N(5) 145.3(4) N(10)— Zn(2)— N(8) 150.0(4)
N(1)— Zn(1)— N(5) 86.6(4) N(9)— Zn(2)— N(8) 75.3(4)
N(6)— Zn(1)— N(5) 78.3(3) N(12)— Zn(2)— N(8) 91.6(4)
N(4)— Zn(1)— N(5) 72.4(4) N(7)— Zn(2)— N(8) 79.2(3)
N(2)— Zn(1)— N(5) 140.5(4) N(11)— Zn(2)— N(8) 132.9(4)
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show a fairly high tendency to give protonated complexes
and, as shown in Fig. 4 for the [ML1]2� complexes,
protonated species are formed in large amounts at slightly
acidic pH. Most likely, water molecules occupy the free
binding sites at the metal in these protonated species. The
enthalpy contributions for the first protonation step of the
[ML]2� complexes are very high (Table 3), in some cases
similar to those found for protonation of the free amines.
These observations strongly suggest that in both the
[ML1]2� and [ML2]2� complexes some amine groups are
not bound, or are only weakly bound, to the metal. Most
likely, the rigidity of the heteroaromatic units does not
allow the simultaneous binding of all six donors, as
previously observed in metal complexes with phenanthro-
line-containing polyazamacrocycles.26,27 Actually, the
crystal structure of the [ZnL2]2� cation shows that the two
benzylic nitrogens [N2 and N5 in Fig. 3(a)] are only
weakly involved in metal coordination, interacting with
the metal at longer distances (ca 2.3 Å) than the other
nitrogen donors (2.0–2.1 Å).


As anticipated above, the stabilization of the L1 and
L2 complexes with respect the L4 complexes is mainly
due to a more favorable entropic contribution. Two main
factors can be invoked to rationalize this aspect: (i) L1
and L2 present a preformed cavity where the metals can
be lodged, with a consequent lower entropic cost for the
process of ligand rearrangement upon metal complexa-
tion. (ii) Complexes with primary or secondary amines


are normally more solvated than complexes with tertiary
or heteroaromatic amines, owing to the inability of the
latter to give N—H� � �OH2 hydrogen bonds. This may
result in a larger desolvation of ligands L1 and L2 upon
metal complexation, leading to a more favorable entropic
contribution with respect to L4.


�	���	��� ��� ����� � �7����� �������


Protonation of the receptors gives charged species which
may enable L1 and L2 to form stable complexes with
anionic species in aqueous solution. Binding of ATP,
ADP, diphosphate and triphosphate by L1 and L2 was
studied by means of potentiometric measurements and, in
the case of ATP and ADP, by 1H and 31P NMR
measurements.


The formation of anionic complexes with polyammo-
nium receptors is strictly pH dependent and, therefore,
the solution equilibria can be studied by pH-metric
titrations. Table 5 gives the cumulative and stepwise
equilibrium constants for the species formed by L1 and
L2. The stability constants of the L1 complexes with
diphosphate are too low to be determined confidently by
means of potentiometric measurements. Although in
some cases the formation of both 1:1 and 2:1 anion–
macrocycle complexes has been observed,31 the data
analysis with the program HYPERQUAD32 under our


#���� 8+ !����	"����� ���������� 
	� 5�$��*� �"$��* ��" 2/$��* �	����,��	� 3�� )*� ), ��" )2 $�#� �%�� ��� &'(#� )*


Reaction Log K ��G° (kJ mol�1) ��H° (kJ mol�1) T�S° (kJ mol�1)


Zn2� � L1 = ZnL12� 16.17(2) 91.9(1) 44.3(1) 47.6
ZnL12� � H� = ZnL1H3� 8.86(3) 50.5(1) 40.9(1) 9.6
Zn2� � L2 = ZnL22� 16.52(3) 94.1(1) 46.5(1) 47.6
ZnL22� � H� = ZnL2H3� 4.35(4) 24.8(1) 21.3(1) 3.5
Zn2� � L4 = ZnL42� 14.02a 79.8 49.3 30.5
ZnL42� � H� = ZnL4H3� 3.93
Cd2� � L1 = CdL12� 16.03(2) 91.4(1) 59.0(1) 32.4
CdL12� � H� = CdL1H3� 5.19(2) 29.6(1) 35.1(1) �5.5
CdL1H3� � H� = CdL1H2


4� 4.67(5) 26.6(1) 27.6(1) �1.0
CdL1H2


4� � H� = CdL1H3
5� 3.43(5) 19.6(1) 30.1(1) �10.5


Cd2� � L2 = CdL22� 16.31(2)a 93.0(1) 47.5(6) 45.5
CdL22� � H� = CdL2H3� 4.92(4) 28.0(1) 30.1(1) �2.1
CdL2H3� � H� = CdL2H2


4� 4.88(2) 27.8(1) 32.7(1) �4.9
CdL2H2


4� � H� = CdL2H3
5� 3.73(7) 21.2(1) 20.8(1) 0.4


Cd2� � L4 = CdL42� 15.29 86.9 64.8 22.1
CdL42� � H� = CdL4H3� 5.83
Pb2� � L1 = PbL12� 12.78(5) 72.7(3) 47.2(1) 25.5
PbL12� � H� = PbL1H3� 8.22(5) 46.8(3) 44.3(1) 2.5
PbL1H3� � H� = PbL1H2


4� 5.26(4) 30.1(3) 30.9(1) �0.8
PbL1H2


4� � 2H� = PbL1H4
6� 6.29(5) 35.9(3) 13.0(1) 22.9


Pb2� � L2 = PbL22� 11.28(4) 64.4(3) 43.9(1) 20.5
PbL22� � H� = PbL2H3� 8.49(2) 48.4(1) 43.0(1) 5.4
PbL2H3� � H� = PbL2H2


4� 5.67(1) 32.2(1) 33.9(1) �1.7
Pb2� � L4 = PbL42� 9.97b


PbL42� � H� = PbL4H3� 9.29
PbL4H3� � H� = PbL4H2


4� 6.72


� ���� ���	 
��	
� ���� ���	 
�	
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experimental conditions revealed 1:1 stoichiometries for
all the species detected.


By examining the different values of the stability
constants, several main features can be readily noticed.
For a given ligand the strength of the interaction
generally increases with increase in the degree of ligand
protonation. For instance, the stability constants for the
interaction of ATP4� with L1 and L2 vary, respectively,
from log K = 4.08 and 4.46 for the diprotonated
macrocycles to log K = 4.26 and 5.45 for the macrocycles
in their tetraprotonated forms. An increasing number of
protonated polyammonium functions increases the re-


ceptor ability to give charge–charge and hydrogen
bonding interactions with the anionic substrates. High
degrees of protonation of the complexes imply protona-
tion of nucleotides and, therefore, a low negative charge
of the substrates. As a consequence, no interaction
between protonated macrocycles and the uncharged
H3ADP and H4ATP or monocharged H2ADP� and
H3ATP� substrates was found by potentiometry. The
formation of the substrate–polyammonium receptor
adducts, therefore, takes place mainly from weakly
alkaline to slightly acidic pHs, as shown in Fig. 5, which
displays the distribution diagrams for the ADP–L2 and
ATP–L2 systems. For the system ATP–L2, the percen-
tage of overall complexed species is almost 90% in the
pH range 4.5–7, whereas for the system ADP–L2 it is
more than 40% in the pH range 4.0–6.5. In both cases, the
overall percentages of substrate–receptor complexes
decrease at more strongly alkaline or acidic pH. For
instance, the percentage of the ATP–L2 adduct becomes
almost negligible at pH 2 and above pH 10.


Comparison of Fig. 5(a) and (b) also indicates a lower
interaction of ADP with L2 with respect to ATP. As can
be seen from Table 5, for the same degree of protonation,
the ADP complexes with L1 and L2 show a lower
stability in comparison with the ATP adducts. This
behavior can be reasonably ascribed to weaker charge–
charge interactions in the ADP complexes, due to lower
negative charge on the ADP anion.


Finally, Table 5 indicates that the two receptors show a
similar binding ability toward ATP and ADP, as expected
considering the similar molecular architecture of the two
ligands and the similar charge distribution in their
protonated forms. The slightly higher stability of the
L2 adducts may be ascribed to the somewhat higher
flexibility of this ligand, which could allow better charge
matching between the ammonium function of the
protonated receptor and the anionic phosphate chains of
nucleotides.


Anion complexation was also followed by recording
31P NMR spectra on solutions containing receptors and
substrates in a 1:1 molar ratio at different pH values.
Figure 6 shows the 31P chemical shifts of the phosphate
groups of ATP in the presence of L1 (1:1 molar ratio)


������ 2+ ����/.�	� "������ 
	� ��� ������� $�* 5�;)*� $/*
�";)* ��" $�* 2/;)*# 4)*6 < 4�6 < �� ���= �	� "��=


$� < 5�� �" 	� 2/*� �#� � %�� ��� &'(#� )


#���� 2+ ����� "��� 	
 ����"� )* ��" ), ��" ���� 5�$��*�
�"$��* ��" 2/$��* �	����,��


Parameter L1 L2


� (nm) [�(dm3 mol�1 cm�1)] 271 [37 000] 290 [12 400]


[ZnL1]2� [ZnL2]2�


� (nm) [�(dm3 mol�1 cm�1)] 269 [31 600] 312 [13 300]


[CdL1]2� [CdL2]2�


� (nm) [�(dm3 mol�1 cm�1)] 271 [30 200] 305 [13 200]


[PbL1]2� [PbL2]2�


� (nm) [�(dm3 mol�1 cm�1)] 268 [27 700] 308 [13 100]
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at different pH values, together with those of free ATP,
and Table 6 reports the complexation-induced 31P
chemical shifts (CIS) for the nucleotides–L1 or and–L2
systems.


The data in Fig. 6 and Table 6 indicate that
complexation of substrates produces significant varia-
tions in the 31P chemical shifts, as already observed for
analogous complexes with other polyammonium macro-
cyclic receptors.18,19 Considering ADP complexation, the
resonances of both the phosphate groups shift downfield
in the presence of the macrocycles. In the case of the ATP
complexes with L1 and L2, only the signals of two
phosphate groups, P� and P�, show a clear downfield shift
upon complexation, while the chemical shift of P� is
almost not influenced by the interaction with the
receptors. These observations seem to indicate that in
both ATP and ADP the polyammonium functions of the
receptors mainly interact with two contiguous phosphate
groups of nucleotides. Furthermore, the higher CIS
values observed for P� and P� in the ADP and ATP
complexes, respectively, suggest a stronger interaction of
the terminal phosphate groups with the polyammonium
functions of the receptors. At the same time, in the case of
ATP, P� would give an almost negligible interaction. As
shown in Fig. 6 for the system ATP–L1, the variations of
the chemical shifts are strongly pH dependent, being
greater in the pH range 4–8 and much lower above pH 9.
A similar behavior is also observed for L2. This result is
in agreement with the potentiometric study of these
systems, which has shown that large amounts of the 1:1
receptor–substrate adducts are formed from slight alka-


line to acidic pHs, i.e. in the pH region where highly
protonated species of the receptors and anionic species of
ADP or ATP are simultaneously present in solution. It
should also be noted that the CIS values for the L2
complexes are higher than those for the L1 adducts,
suggesting, once again, a slightly stronger electrostatic
interaction between the phosphate groups of nucleotides
and the two polyammonium chains of L2.


Both the potentiometric and 31P NMR data confirm the
important role played by electrostatic force and hydrogen
bonding in this kind of interaction. Both ligands contain
two diamine chains separated by a rigid spacer. As
discussed above, protonation takes place on the aliphatic
amine groups. Therefore, it can be proposed that a spatial
charge matching between the two protonated polyamine
chains and two adjacent phosphate groups of nucleotides
gives the major contribution to the complex stability,
allowing the formation of multiple electrostatic and
hydrogen bond interactions.


On the other hand, comparing the binding of nucleo-
tides and inorganic phosphate anions (P2O7


4� and
P3O10


5�), the data in Table 5 show that, for the same
negative charge on the anions, triphosphate gives weaker
interaction with L1 and L2 than ATP, which contains a
triphosphate chain similar to that of P3O10


5� (e.g. the
addition constants of the triply charged H2P3O10


3� to
H3L13� and H4L14� are 3.19 and 3.25 log units, whereas
the addition constants of HATP3� to H3L13� and
H4L14� are 4.71 and 5.01 log units). Similarly, the
stability of the diphosphate adducts is lower than that of
the ADP adducts. In addition to electrostatic interactions


#���� 5+ 9��/��� �	������� $�	� )*� 	
 ��� 7�2� 7!2� "��	������ ��" ����	������ �"".��� 3�� )* ��" ),� "�������" /�
����� 	
 �	����	����� ����.������� � �#� �	� "��= %�� �� �� &'(#� )


Reaction L1 L2 Reaction L1 L2


A = ADP3� A = ATP4�


L � 2H� � A3� = H2LA� 21.55(7) L � 2H� � A4� = H2LA2� 23.15(5) 24.65(8)
L � 3H� � A3� = H3LA 28.95(3) 29.4(1) L � 3H� � A4� = H3LA� 30.18(8) 31.00(8)
L � 4H� � A3� = H4LA� 34.96(3) 35.3(1) L � 4H� � A4� = H4LA 36.78(4) 37.71(7)
L � 5H� � A3� = H5LA2� 39.71(2) 40.5(1) L � 5H� � A4� = H5LA� 41.70(3) 43.49(5)


H2L2� � A3� = H2LA� 2.63(7) H2L2� � A4� = H2LA2� 4.22(5) 5.19(8)
H2L2� � HA2� = H3LA 3.44(4) 3.1(1) H2L2� � HA3� = H3LA� 4.08(8) 4.46(8)
H3L3� � HA2� = H4LA� 3.48(3) 3.2(1) H3L3� � HA3� = H4LA 4.71(4) 4.99(7)
H4L4� � HA2� = H5LA2� 3.61(2) 3.4(1) H4L4� � HA3� = H5LA� 5.01(3) 5.45(5)


Reaction L2 Reaction L1 L2


A = P2O7
4� A = P3O10


5�


L � 4H� � A4� = H4LA 37.13(8) L � 3H� � A5� = H3LA2� 29.93(3)
L � 4H� � A5� = H4LA� 37.40(2) 37.47(5)
L � 5H� � A5� = H5LA 42.37(2) 43.32(5)
L � 6H� � A5� = H6LA� 47.06(2)


H2L2� � H2A2� = H4LA 2.62(8) H2L2� � HA4� = H3LA2� 2.51(3)
H3L3� � HA4� = H4LA� 4.02(2) 3.93(5)
H3L3� � H2A3� = H5LA 3.19(2) 3.47(5)
H4L4� � H2A3� = H6LA� 3.25(2)


� ������ �� ����������� ��� �������� ���������� �� ��� ���� ���������� ������	
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between the phosphate chain and the polyammonium
macrocycles, other effects (hydrogen bond interactions
between adenine nitrogens and/or hydroxyl groups of
nucleotides and polyammonium functions, hydrophobic
and/or �-stacking interactions between the heteroaro-
matic moieties and cation–� system interactions between
the charged ammonium group and adenine) may
contribute to the complex stability.


The 1H NMR spectra of these systems provide
unambiguous evidence for the participation of �-stacking
interactions in the stabilization of the adduct species with
L1 and L2 (for labeling, see Scheme 1). For both ligands,
throughout the pH ranges in which interaction occurs,
significant upfield displacements are observed for the
resonances of the adenine protons H2 and H8 and for the
anomeric proton H1� of the nucleotides and also for the
signals of phenanthroline (HF5, HF6 and HF7) or
dipyridine (HB5, HB6 and HB7). Minor shifts are
observed for the benzylic protons F4 or B4 and for the
other protons of the aliphatic chains (�0.2 ppm). Figure 7
shows the 1H chemical shifts for the phenanthroline
hydrogens of L1 in absence and in presence of ATP [Fig.
7(a)] and for the hydrogens H2, H8 and H1� of ATP
[Figure 7(b)] in absence and in presence of L1 (1:1 molar


ratio). As previously observed for the 31P resonances of
the phosphate chains, the 1H NMR displacements are
strongly pH dependent, being larger at neutral or slightly
acidic pHs, where the largest extent of complexation
occurs. It is interesting that, once again, these differences
are substantially reduced at strongly acidic or alkaline
pH, where the interaction vanishes. Table 7 reports the
complexation-induced 1H chemical shifts (CIS) for the
interaction of L1 and L2 with ADP and ATP. It should be
noted that the CIS values for ATP and ADP complexation
are very high, in particular in the case of L1 (more than
1 ppm for adenosine protons of ADP or ATP complexed
by L1), if compared with the CIS values found for ATP or
ADP complexation by other polyammonium macro-
cycles containing phenylene spacers.19 This can be
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	� ��� )* ��" ), �"".���
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$������� 7!2;), ��" 7�2;),*� &'( )


L1 L2


ADP P� P� P� P�


� (ppm) �6.90a �4.52 �6.77 �3.93
CIS 1.02b 3.31 1.15 3.91


L1 L2
ATP P� P� P� P� P� P�


� (ppm) �7.40 �18.31 �4.24 �7.46 �17.86 �3.62
CIS 0.24 1.27 3.30 0.20 1.72 3.90


� ���� ������������ �� ��� �������� �� �� � ��������  !"#L1 ���
 �"#L1$ ��� �	� ��������  !"#L2 ���  �"#L2$% �&'	
 (% )��� �
�������*��������� ����� ����� �� 
*
	 +���� ����� ��������� ���
������� �� �����,����� ��� ��- � �"#L1$% .'- � !"#L1$% �/-
� �"#L2$ ��� &0- � !"#L2$	
� 123 ���� 
00- �����,�����$ �������� ����� �� �4���������
�������� ���� !���� �	
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attributed to the insertion in the macrocyclic framework
of a large heteroaromatic system, such as phenanthroline,
which can give strong �-stacking interactions with the
adenine moiety of nucleotides. Lower CIS values are
found for the L2 complexes, probably owing to the less
extended aromatic system of dipyridine with respect to
phenanthroline.


High CIS values, however, may also be indicative of
inclusion, or partial inclusion, of the substrate inside the
ligand cleft, as already observed in the case of other
polyammonium receptors.14c,19 Partial inclusion may
allow for the simultaneous involvement of electrostatic
and �-stacking interactions in the stabilization of the
adducts and, additionally, adenine nitrogens and/or
hydroxyl groups of the ribose subunits could be properly
disposed to give hydrogen bonds with the polyammo-
nium groups of the receptor.


�:��$!��"#�)


>������ ��	��".���# Ligands L1 and L2 were obtained
as described previously.25 Crystals of
[ZnL2](ClO4)2�0.5H2O were obtained by slow evapora-
tion of an aqueous solution (pH 7) containing
Zn(ClO4)2�6H2O and L2 in an equimolecular ratio. The
300.07 MHz 1H and 75.46 MHz 13C NMR spectra in D2O
solutions at different pH values were recorded at 298.1 K
in a Varian Unity 300 MHz spectrometer. In the 1H NMR
spectra peak positions are reported relative to HOD at
4.75 ppm. Dioxane was used as a reference standard in
the 13C NMR spectra (� = 67.4 ppm). 1H–1H and 1H–13C
2D correlation experiments were performed to assign the
signals. Small amounts of 0.01 mol dm�3 NaOD or DCl
solutions were added to a solution of L1�4HBr or
L2�4HBr to adjust the pD. The pH was calculated from
the measured pD values using the following relation-
ship:33


pH � pD � 0�40


The 31P NMR spectra were recorded at 81.01 MHz
with a Bruker AC-200 spectrometer. Chemical shifts are
relative to 85% H3PO4 as external reference. UV–vis
spectra were recorded on a Shimadzu UV-2101PC
spectrophotometer.


?���� ���.��.��� �������# ������� "���#
C36H58Cl4N12O17Zn2, M = 1203.48, monoclinic,
a = 14.714(5) Å, b = 21.220(10) Å, c = 16.47(2) Å,
� = 99.87(5)°, volume = 5066(7) Å3 (by least-squares
refinement on diffractometer angles for 25 automatically
centered reflections, � = 0.7107 Å), space group P21/c,
Z = 4, calculated density 1.578 g cm�3, F(000) = 2488.
Colorless prismatic crystal of approximate dimensions
0.25 � 0.15 � 0.1 mm, � = 1.237 mm�1, T = 25°C.


���� �	�����	� ��" ���.��.�� �������# Analysis on a
single crystal of [ZnL2](ClO4)2�0.5H2O was carried out
with an Enraf-Nonius CAD4 x-ray diffractometer that
uses an equatorial geometry; � �2� scan with � scan
width = 0.9 � 0.35tan �, � scan speed variable, graphite
monochromated Mo K� radiation, 5588 reflections
measured (5° �2� �40°). Intensity data were corrected
for Lorentz and polarization effects and an absorption
correction was applied once the structure had been solved
by the Walker and Stuart method.34


The structure was solved by direct methods of
SIR92.35 Anisotropic displacement parameters were used
with all the non-hydrogen atoms. All the hydrogen atoms
were introduced in calculated positions and their
coordinates refined in agreement with the linked atoms,
with overall refined temperature factors.


The final agreement factors for 644 refined parameters
were R1 = 0.0616 [for 2788 reflections with I �2�(I)]
and wR2 = 0.1868 (all data). Refinement was performed
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by means of the SHELXL-93 program.36 The function
minimized was �w�F2


o � F2
c �2 with w =


1�		2�F2
o� � �aP�2 � bP
and P � �F2


o � 2F2
c ��3, where


a and b are adjustable parameters.


2	����	����� ����.�������# Equilibrium constants
for protonation and complexation reactions with L1 and
L2 were determined by pH-metric measurements
(pH = �log [H�]) in 0.1 mol dm�3 NMe4Cl at
298.1 � 0.1 K, by using the potentiometric equipment
and method described previously.12,37 The combined
glass electrode was calibrated as a hydrogen concentra-
tion probe by titrating known amounts of HCl with CO2-
free NaOH solutions and determining the equivalence
point by Gran’s method,38 which allows one to determine
the standard potential E° and the ionic product of water
[pKw = 13.83(1) at 298.1 K in 0.1 mol dm�3 NMe4Cl]. In
the metal complexation study 1 � 10�3–
2 � 10�3 mol dm�3 ligands and metal ion concentrations
were employed, and in the anion coordination study the
ligand:anion molar ratio was varied from 0.5 to 5.
Protonation constants of phosphate anions were taken
from Ref. 20. At least three titration experiments were
performed (about 100 data points each) in the pH range
2.5–10.5. The computer program HYPERQUAD32 was
used to calculate equilibrium constants from e.m.f. data.
All titrations were treated either as single sets or as
separate entities, for each system, without significant
variation in the values of the determined constants.


���	���	������ ����.�������# The enthalpies of
ligand protonation and metal complexation were deter-
mined in 0.1 M NMe4Cl aqueous solutions at 298.1 K by
means of the apparatus described previously.20b Proto-
nation enthalpies were determined by addition of


NMe4OH (0.1 M, addition volumes 0.015 cm3) to an
acidic solution of the ligand (5 � 10�3 M, 1.2 cm3). The
complexation enthalpies were determined by means of
titration with NMe4OH (0.1 M, addition volumes
0.015 cm3) of acidic solutions, containing ligand and
M(II) (M = Zn, Cd, Pb). Metal and ligand concentrations
were ca 5 � 10�3 mol dm�3. The ionic medium was
NMe4Cl (0.1 M). Under the reaction conditions and
employing the protonation and/or stability constants
determined at 298.1 K, the concentrations of the species
present in solution before and after addition were
calculated and the corresponding enthalpies of reaction
were determined from the calorimetric data by means of
the AAAL program.39 At least three titrations were
performed for each system. The titration curves for each
system were treated either as a single set or as separate
entities without significant variation in the values of the
enthalpy changes.
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Neighboring group participation in the gas phase. The
homogeneous elimination kinetics of 5-(N-phenylamino)-1-
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ABSTRACT: The elimination kinetics of the title compounds were determined over the temperature range 370–
420°C and pressure range of 36–91 Torr (1 Torr = 133.3 Pa). The reactions carried out in seasoned vessels with the
free radical suppressor toluene always present are homogeneous, unimolecular and obey a first-order rate law. The
overall rate coefficient is expressed by the following Arrhenius equations: for 5-(N-phenylamino)-1-pentyl acetate,
log k1 (sÿ1) = (13.56� 0.19)ÿ (211.8� 2.2) kJ molÿ1 (2.303RT)ÿ1 and for 5-(N-methyl-N-phenylamino)-1-pentyl
acetate, logk1 (sÿ1) = (12.29� 0.41)ÿ (182.9� 5.2) kJ molÿ1 (2.303RT)ÿ1. The formation ofN-phenylpiperidine in
both reactions suggests the anchimeric assistance of the PhNH and Ph(CH3)N groups for a backside displacement. An
intimate ion-pair type of mechanism is assumed in the pyrolytic elimination of these phenylaminoalkyl acetates.
Copyright  2001 John Wiley & Sons, Ltd.


KEYWORDS: neighboring group participation; gas phase; homogeneous elimination; kinetics; phenylaminopentyl
acetates


INTRODUCTION


It is well known that the homogeneous unimolecular gas-
phase pyrolysis of carboxylic esters generally leads to the
formation of the corresponding olefin and carboxylic
acid:1,2


(1)


However, the presence of a (CH3)N substituent at the 4-
position of butyl acetate, i.e. 4-N,N-dimethylaminobutyl
acetate, was found to assist anchimerically atrans-
elimination process as described in reaction (2).3 The
formation ofN-methylpyrrolidine and methyl acetate was
explained in terms of a modest intimate ion-pair


intermediate, where the acetoxy leaving leaving group
proceeds by an intramolecular solvation or autosolvation
to give the products described in reaction (2).


(2)


Along this line of thought, an additional study4 was
carried out to examine the influence of the phenyl group
at the N atom for neighboring group participation in the
pyrolytic elimination of 4-(N-phenylamino)-1-butyl
acetate (PhNHCH2CH2CH2CH2OAc) and 4-(N-methyl-
N-phenylamino)-1-butyl acetate [Ph(CH3)NCH2CH2


CH2CH2OAc]:


�3�


While this work was in progress, our findings of a
substituent effect in the gas-phase pyrolysis of aryl-
aminobutyl and arylaminopentyl acetates5 revealed the
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anchimericassistanceof the arylaminosubstituentfor a
trans-elimination. Moreover, the greater the electron
delocalizationof the substituentat the 4-positionof the
benzenering, the moreeffectiveis the participationand
the faster the elimination rate. The mechanismwas
explainedin termson an intimateion-pair intermediate.


Sincea six-memberedstructureis lessfavoredthana
five-memberedstructurein neighboringgroupparticipa-
tion,6 the presentwork wasaddressedat examiningthe
extentto which thesePhNHandPh(CH3)N groupsat the
5-position of alkyl acetates, i.e., PhNHCH2CH2


CH2CH2CH2OAc and Ph(CH3)NCH2CH2CH2CH2


CH2OAc, may assist anchimerically the elimination
processof thesesubstratesin thegasphase.


RESULTS AND DISCUSSION


5-(N-Phenylamino)-1-pentyl acetate


Themoleculardecompositionof this substratein thegas
phaseproceedsaccordingto reaction(4):


�4�


The stochiometryof Eqn. (4) requiresthat for long


reactiontime Pf/Po = 2.0, wherePf andPo are the final
and initial pressures,respectively.The averageexperi-
mentalresultsat four different temperaturesand10 half-
lives is 2.0 (Table 1). Additional examinationof the
abovestoichiometryof Eqn.(4) wasmadeby comparing,
up to 30% decomposition,the pressuremeasurements
with theresultsof quantitativetitrationof aceticacidwith
0.05M NaOHsolution(Table2).


Theeffectof thesurfaceon therateof decomposition
wastestedby carryingout severalrunsin a vesselwith a
surface-to-volumeratio of 6.0 relative to that of the
normal vessel, which is equal to 1.0. Packed and
unpackedPyrex vesselsseasonedwith allyl bromide
showedno effecton thereactionrates.However,packed
and unpacked clean Pyrex vessels had a marked
heterogeneouseffect on the rate coefficient of 5-(N-
phenylamino)-1-pentylacetate(Table3).


Theeffectof thefreeradicalinhibitor tolueneis shown
in Table4. Thekinetic runshadto becarriedout with at
leasta threefoldexcessof toluenein orderto preventany
freeradicalprocessesof thesubstrateand/orproducts.No
inductionperiodwasobserved.Theratecoefficientswere
reproduciblewith arelativestandarddeviationof�5%at
anygiven temperature.


The first-order rate coefficient of this substrate
calculatedfrom k1 =ÿ(2.303/t) log [(2Poÿ Pt)/Po] was
independentof the initial pressure(Table 5). A plot of
log(2Poÿ Pt) againsttime t gavea goodstraightline up
to 60% reaction. The variation of the overall rate
coefficientwith temperatureis shownin Table6, where
theratecoefficientsat the90%confidencelimit obtained
by a least-squaresprocedurearegiven.


The partial ratesfor the formationof the productsas
describedin reaction (4) were determinedup to 60%
decomposition of the substrate by the quantitative
chromatographicanalysis of N-phenylpiperidine, 5-
(phenylamino)pentenesandaniline.The variationof the
ratecoefficientsfor theformationof theseproductswith
temperature (Table 7) gives by the least-squares
procedure and with 90% confidence the following


Table 1. Ratio of rate of ®nal (Pf) to initial (Po) pressure.a


Temperature Po Pf
Substrate (°C) (Torr) (Torr) Pf/Po Average


5-(N-Phenylamino)-1-pentylacetate 391.2 78 155.5 1.99 2.01
407.7 48 92 1.92
410.2 61 119 1.95
420.0 62 136 2.19


5-(N-Methyl-N-phenylamino)-1-pentylacetate 389.6 47.5 108 2.27 2.27
399.7 41 88.5 2.16
410.0 44 99 2.25
420.0 58.5 139.5 2.38


a Vesselseasonedwith allyl bromideandin thepresenceof tolueneinhibitor. 1 Torr = 133.3Pa.
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Table 2. Stoichiometry of the reactions


5-(N-Phenylamino)-1-pentylacetateat 400.7°C:
Time (min) 1.5 3 5
Reaction(%) (pressure) 11.5 21.9 31.3
Acetic acid (%) (titration) 9.8 18.9 30.2


5-(N-Methyl-N-phenylamino)-1-pentylacetateat 399.7°C:
Time (min) 3 5 10 12 15
Reaction(%) (pressure) 15.8 24.2 43.5 49.5 57.3
Acetic acid (%) (GC) 12.5 16.5 29.5 33.7 37.9
Methyl acetate(%) (GC) 5.0 7.8 13.9 16.4 18.9


Table 3. Homogeneity of the reactions


Compound S/V(cmÿ1)a 104k1(s
ÿ1)b 104k1(s


ÿ1)c


5-(N-Phenylamino)-1-pentylacetateat 391.2°C 1 19.67d 7.90
6 12.56d 8.06


5-(N-Methyl-N-Phenylamino)-1-pentylacetateat 399.7°C 1 14.91 15.40
6 15.77 15.67


a S= surfacearea;V = Volume.
b CleanPyrexvessel.
c Vesselseasonedwith allyl bromide.
d Averagek value.


Table 4. Effect of the inhibitor toluene on ratesa


Substrate Po (torr) Pi (torr) Pi/Po 104 k1 (sÿ1)


5-(N-phenylamino)-1-pentylacetateat 400.7°C 45 — — 13.52b


52.5 154.5 2.9 13.43c


48 178 3.7 13.59c


30 128.5 4.3 13.54c


36 185 5.1 13.36c


5-(N-Methyl-N-phenylamino)-1-pentylacetateat 389.6°C 92 — — 5.32
80 79 1.0 5.82
71 139 2.0 8.00
43 114.5 2.7 9.64
47.5 175.0 3.7 9.52


a P0 = pressureof the substrate;Pi = pressureof tolueneinhibitor. Vesselseasonedwith allyl bromide.
b k-Value up to 20%reaction.
c k-valueup to 60%reaction.


Table 5. Variation of overall rate coef®cients with initial pressure


5-(N-Phenylamino)-1-pentylacetateat 400.7°C:
Po (torr) 36 48 52.5 70 91
104 k1 (sÿ1) 13.36 13.59 13.93 13.71 13.70


5-(N-Methyl-N-phenylamino)-1-pentylacetateat 389.6°C:
Po (Torr) 37 47.5 51.5 62 81
104 k1 (sÿ1) 9.35 9.52 9.70 9.65 9.88


Table 6. Temperature dependence of the overall rate coef®cientsa


5-(N-Phenylamino)-1-pentylacetate:
Temperature(°C) 380.0 391.2 400.7 410.2 420.0
104 k1 (sÿ1) 4.10 7.90 13.59 22.68 39.20


Rateequation:log k1 (sÿ1) = (13.56� 0.17)ÿ (211.8� 2.2)kJmolÿ1 (2.303RT)ÿ1; r = 0.99997


5-(N-Methyl-N-phenylamino)-1-pentylacetate:
Temperature(°C) 370.1 380.1 389.6 399.7 410.0 420.4
104 k1 (sÿ1) 3.18 5.59 9.62 15.40 25.90 45.84


Rateequation:log k1 (sÿ1) = (12.29� 0.48)ÿ (182.9� 5.2)kJmolÿ1 (2.303RT)ÿ1; r = 0.99964
a Seasonedvesselandin thepresenceof tolueneinhibitor.
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Arrheniusequations:


for N-phenylpiperidine:


log k1�sÿ1� � �13:23� 0:10� ÿ �210:3


� 1:3� kJmolÿ1�2:303RT�ÿ1; r
� 0:99997


for 5-(N-phenylamino)-1-and2-pentene:


log k1�sÿ1� � �12:82� 0:14� ÿ �210:6


� 1:9� kJmolÿ1�2:303RT�ÿ1; r
� 0:99997


for aniline:


log k1�sÿ1� � �12:63� 0:18� ÿ �210:3


� 2:3� kJmolÿ1�2:303RT�ÿ1; r
� 0:99996


Product analysis and kinetic data for reaction (4)
suggesttwo different mechanisms(seeeqn.5 above).


Sincethe bondpolarizationof C �� … O �ÿ may be
rate determining,the discretecarbocationis stabilized
through the anchimericassistanceof the phenylamino


susbtituent.Apparently,an intimateion-pair mechanism
seemsto betheprocessof decomposition,leadingto the
formationof productsdescribedin reaction(5).


5-(N-Methyl-N-phenylamino)-1-pentyl acetate


Theexperimentalstoichiometryfor theeliminationof 5-
(N-methyl-N-phenylamino)-1-pentyl acetatein the gas
phase [reaction (6)] demandsPf/Po = 2.0 (see eqn 6
below).


The averagePf/Po at four different temperaturesand
10 half-lives was 2.27 (Table 1). The small departure
from the theoretical stochiometry was due to the
formation of very small amounts of methylaniline,
dimethylanilineand methylphenylacetamide. However,
a check of stoichiometryof reaction (6), up to 60%
decomposition,waspossibleby comparingthe pressure
measurementswith the sumof the quantitativechroma-
tographic analysesof acetic acid and methyl acetate
(Table2).


Table 3 indicatesthat reaction (6) is homogeneous,
sincenosignificantvariationof therateswasobservedin
the experimentswhen using both clean Pyrex and
seasonedPyrex vesselswith a surface-to-volumeratio
of 6.0 relativeto thatof thenormalvessel.Theeffectof
the free radical suppressoris shown in Table 4. The
kinetic determination had to be carried out in the


�5�


�6�
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presenceof toluene(the concentrationof tolueneis at
leastthreetimesthe initial pressureof the 5-(N-methyl-
N-phenylamino)-pentyl acetate,to inhibit any possible
chain processesof the substrateand/or the products
(Table 4). No induction period was observed.The rate
coefficients are reproduciblewith a relative standard
deviationnot greaterthan�5% at a given temperature.


Theratecoefficientalsocalculatedfrom k1 =ÿ(2.303/
t)log [(2Poÿ Pt)/Po] was independentof their initial
pressure.When plotting log(2Poÿ Pt) againsttime t, a
good straight line, up to 55% reaction, was obtained
(Table 5). The temperaturedependenceof the rate
coefficientand the correspondingArrheniusequationis
given in Table 6 (90% confidencecoefficient from the
least-squaresprocedure).


To determinethe partial ratesof product formation
from the pyrolysis of this substrate, up to 55%
decomposition, the rate of elimination towards N-
phenylpiperidineand N-methyl-N-phenylaminopentenes
[reaction(6)] wasestimatedby thequantitativechroma-
tographicanalysesof theseproducts.The temperature
dependenceof theratecoefficientsfor productformation
are given in Table 8. The Arrhenius equation (90%
confidencecoefficientfrom the least-squaresprocedure)
aregivenasfollows:


for N-phenylpiperidine:


log k1�sÿ1� � �11:59� 0:42� ÿ �194:5


� 5:4� kJmolÿ1�2:303RT�ÿ1; r
� 0:99996


for 5-(N-methyl-N-phenylamino)pentenes:


log k1�sÿ1� � �12:19� 0:41� ÿ �194:3


� 5:2� kJmolÿ1�2:303RT�ÿ1; r
� 0:99997


seeequation7 below.
According to product formation analysis of this


substrate[reaction (6)], togetherwith the kinetic data,
one can suggesta mechanismwith a common inter-
mediateas describedin reaction (7). The neighboring
groupparticipationof theN-methyl-N-phenylminogroup
may lead to the formationof N-phenylpiperidine,5-(N-
methyl-N-phenylamino)-1-and-2-pentenes,andtracesof
N-methylaniline.


As reported before,4 the order in rate elimination
throughthe anchimericassistanceof the N atom in the
gas-phasepyrolysis of 4-substitutedphenylaminobutyl
acetateswas (CH3)2N> PhCH3N� PhNH (Table 9).
This sequenceis contrary to the neighboring group
participation of the 5-substitutedaminopentylacetates
obtained in the presentwork, i.e. PhNH> PhCH3N.
Sincethesix-memberedstructureis lessfavoredthanthe
5-memberedstructure in neighboringgroup participa-
tion,6 the nucleophilicityof the aminosubstituentat the
5-position may not be so effective in its anchimeric
assistanceandin thestabilizationof thepolarizedC ��…
O �ÿ bond intermediate.This appearsto suggestthat
steric factorscausemoredifficulty for the formation of
thecyclic productN-phenylpiperidine.


Table 7. Variation of rate coef®cients with temperature for formation of products from 5-(N-phenylamino)-1-pentyl acetate


104 k1 (sÿ1)


Temperature(°C) N-Phenylpiperidine 5-(N-Phenylamino)-1-and2-pentene Aniline


380.0 2.59 0.95 0.66
391.2 4.92 1.81 1.25
400.7 8.37 3.08 2.13
410.2 14.23 5.24 3.62
420.0 24.19 8.90 6.16


�7�


Copyright  2001JohnWiley & Sons,Ltd. J. Phys.Org. Chem.2001;14: 180–186


184 G. CHUCHANI ET AL.







EXPERIMENTAL


5-(N-Phenylamino)-1-pentyl acetate. A solution of 5-
bromopentyl acetate (10.45g., 0.05mol) and aniline
(4.65g, 0.05mol) in 20ml. of toluenewasrefluxedfor
10h. The solution was cooled and acidified with 10%
hydrochloricacid. The toluenelayer wasseparatedand
the aqueouslayer was basifiedby the slow addition of
solid sodiumhydrogencarbonate.It wasthenrepeatedly
extractedwith diethyl ether,dried over sodiumsulfate
andconcentratedin vacuo. The productwaspurified by
distillation to give5-(N-phenylamino)-1-pentylacetateat
140C°C/0.73mbar in 60% yield. Anal. Calcd for
C13H19NO2 (221), C, 70.59; H, 8.59; N, 6.63. Found:
C,70.49;H, 8.43;N, 6.56%.1H NMR (CDCl3): � 1.36–
1.78 (m, 6H, 3CH2), 2.03 (s, 3H, CH3), 3.01–3.20
(t, 2H, CH2), 3.98–4.19(t, 2H, CH2) 6.52–6.72(m, 3H,
Ar-H), 7.03–7.21(m, 2H, Ar-H). MS, m/z 221 (M�),
162 [(PhNH(CH2)5


�], 120 (PhNHCH2CH2
�), 106


(PhNHCH2
�), 77 (Ph�), 43 (CH3CO �).


5-(N-Methyl-N-phenylamino)-5-pentyl acetate. A solu-
tion of 5-bromopentylacetate(10.45g, 0.05mol) andN-
methylaniline(5.36g, 0.05mol) in 15ml of toluenewas
refluxedfor 10h. The solution was acidified with 10%
hydrochloricacid. The toluenelayer wasseparatedand
theaqueoussolutionwasbasifiedby theslowadditionof
solid sodiumhydrogencarbonate.It wasthenrepeatedly
extractedwith diethyl ether,dried over sodiumsulfate
andconcentratedin vacuo. The productwaspurified by


distillation to afford 5-(N-methyl-N-phenylamino)-1-
pentyl acetateat 122–124°C/0.6mbar in 75% yield.
Anal. Calcdfor C14H21NO2 (235),C, 71.48;H, 8.93;N.
5.95. Found: C, 71.21; H, 8.72; N, 6.26%. 1H NMR
(CDCl3): � 1.41–1.81(m, 6H, 3CH2), 2.05(s, 3H, CH3),
2.92(s,3H, N-CH3), 306-3.41(t, 2H, CH2), 3.92–4.09(t,
2H, CH2) 6.56–6.81(m, 3H, Ar-H), 7.10–7.36(m, 2H,
Ar-H). MS, m/z 235 (M�), 220 [PhN(CH2)5OAc�],
162 [PhN(CH3)(CH2)4


�], 120 [PhN(CH3)CH2
�], 106


[PhN(CH3)
�], 77 (Ph�), 43 (CH3CO �).


The quantitativeanalysesand identificationsof sub-
stratesand productswere determinedby gas chroma-
tography–massspectrometry with a Saturn 2000,
instrument(Varian) using a DB-5MS capillary column
30m� 0.250mm i.d., 0.25mm film thickness. The
internal standardusedfor quantitativeGC analysiswas
piperidine.


Kinetics. The kinetic experimentswere carriedout in a
static reaction systemas describedpreviously,7,8 with
somemodificationsand additionsof modernelectronic
andelectricaldevices.Thereactionvesselwasseasoned
with the productof decompositionof allyl bromideand
eachpyrolytic run wascarriedout in thepresenceof the
freeradicalchainsuppressortoluene.Theamountof the
aminopentylacetateemployedfor eachdecomposition
processwas around0.05–0.1ml. The temperaturewas
controlledby a ShinkoDIC-PS25RTresistancethermo-
meter controller and an OmegaModel SSR240AC45
solid-state relay, maintained within �0.2°C and


Table 8. Variation of rate coef®cients with temperature for formation of products from 5-(N-methyl-N-phenylamino)-1-pentyl
acetate


104 k1 (sÿ1)


Temperature(°C) N-Phenylpiperidine
5-(N-Methyl-N-phenylamino)-1-and2-


pentene


370.1 0.62 2.56
380.1 1.10 4.49
389.6 1.89 7.73
399.7 3.02 12.38
410.0 5.08 20.82
420.4 8.98 36.86


Table 9. Comparative kinetic parameters for neighboring group participation at 380.0°C


Substrate 104 k1 (sÿ1) Ea, kJmolÿ1 Log A, (sÿ1) Ref.


(CH3)2NCH2CH2CH2CH2OAc 678.19 163.5� 4.8 11.91� 0.43 3
PhNHCH2CH2CH2CH2OAc 6.22 188.1� 5.5 11.84� 0.44 4
PhNHCH2CH2CH2CH2CH2OAc 2.57 210.3� 1.3 13.23� 0.10 This work
Ph(CH3)NCH2CH2CH2CH2OAc 7.76 210.4� 4.4 13.72� 0.35 4
Ph(CH3)NCH2CH2CH2CH2CH2OAc 1.07 194.5� 5.4 11.59� 0.42 This work
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measuredwith a calibrated platinum–platinum–13%
rhodium thermocouple.No temperaturegradient was
found along the reaction vessel. The overall rate
coefficientsfor 5-(N-phenylamino)-1-pentylacetatewere
determinedby pressureincreaseandthe partial ratesfor
the products N-phenylpiperidineand 5-(N-phenylami-
no)pentenesandaniline werecalculatedby gaschroma-
tographicanalyses.Theoverall ratecoefficientsof 5-(N-
methyl-N-phenyamino)-1-pentyl acetatewere estimated
by pressureincreaseandthepartial ratesof formationof
N-phenylpiperidine and the mixture of N-methyl-N-
phenylaminopentenes by gaschromatographicanalyses.
Thesubstrateswereinjectedwith a syringedirectly into
the reactionvessel,througha silicone-rubberseptum.
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ABSTRACT: The solid-state thermal transformation of rac-3,8-di(tert-butyl)-1,5,6,10-tetraphenyldeca-3,4,6,7-
tetraene-1,9-diyne (1) into 4,5,9,10-tetraphenyltricyclo[6.2.0.02,6]deca-1,3,5,7,9-pentaene (3) was investigated by
x-ray crystallography and atomic force microscopy (AFM) on two different faces. The enantiopure crystals of 1 that
were picked from the conglomerate were monoclinic in the chiral space group C2 (No. 5) and were refined to an R-
factor of 0.0375. The monolayers stack in a straight manner without displacement leaving (001) cleavage planes. The
layered structure is seen in AFM traces at certain stages of the reaction. The overall shape of single crystals of 1 does
not change even though they turn deeply blue–green at 140–150°C. However, the initial roughness in the micrometer
region is flattened out or thoroughly rearranged by long-range molecular movements giving phase rebuilding and
phase transformation without detachment of the product from the parent crystal. Thus, the chemical reaction is limited
to the surface region and to internal cracks of the crystal. A topotactical transformation is experimentally excluded
and cannot be modelled at the given crystal structure. The chemical yield depends on the crystal size and is significant.
The thermochrome 3 reverts to 1 but only in the outer surface region at anaerobic storage, whereas the known solid-
state oxidations occur in air. The topographic differences of these processes were traced with AFM. The release of
strain in the surface region is evidenced by anisotropic crack formation that initially follows the crystal packing of 1
and could be imaged and compared with an ordinary microscope after the thermal reversion or oxidation. Copyright
 2001 John Wiley & Sons, Ltd.
Additional material for this paper is available from the epoc website at http://www.wiley.com/epoc


KEYWORDS: atomic force microscopy; thermochrome; x-ray crystallography; crystal structure analysis; molecular
migrations; solid-state reactions
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Organic reactions in crystals may proceed topotactically
or non-topotactically. The former require that the overall
geometric changes stay below 4% (Nakanishi criterion).1


In such cases single crystal to single crystal conversions
may occur.2 The latter lead to molecular migrations and
disintegration of the initial crystal.2 Our previous
observation that heating of the crystalline diallene 1 to
140°C gives the solid thermochrome benzodicyclobuta-
diene 33,4 (Scheme 1) without change in the overall
crystal shape5 was at odds with these findings because the
molecular shapes of 1 and 36 have nothing in common.


We therefore performed an x-ray study of 1 and an
atomic force microscopic (AFM) study of its thermal
conversion and report on unexpected results.
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The crystal structure of 1 was solved by direct methods
using a Rigaku AFC7R diffractometer and refined to an
R-factor of 0.0375. The molecular structure and number-
ing of 1 are given in Fig. 1 with important bond lengths
and ellipsoid representation (50%).


Enantiopure monoclinic crystals of the chiral space
group C2 (No. 5) were selected from the conglomerate of
racemic 1 with a = 24.425(3), b = 7.431(2), c = 9.456(2),
� = 98.50(2) and two formula units in the unit cell with a
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calculated density of 1.062 g cm�3. The prismatic crystal
forms exhibit prominent {001} (rhombus) and {100}
faces (rectangles with skew {110} faces on top and
bottom). Full data, including structure factors, are listed
in the epoc material at http://www.wiley.com/epoc.
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Heating of single crystals, micronized powders and KBr
pellets (mortar) of 1 for 2 or 4 h at 140–150°C created the
blue–green color of 3. If the heating was performed under
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vacuum the yield was 17–25, 20–28 and 50% (the pellet
must be prepared under Ar or N2), respectively. The rest
of the material was 1. The ratio of 1 and 3 was judged
from the intensities of the out-of-plane deformation
vibrations of 1 (692 and 759 cm�1) and 3 (713 and
741 cm�1). If similar heating was carried out in air the


single crystals of 1 gave 8–10% of 3, besides the
oxidation products 4 and 5,5,7 and much unreacted 1. If
the green pellets or the crystals of pure 3 were stored
under Ar or N2 they did not change their color for months
at room temperature. The crystals’ deep blue–green color
faded to yellow at the surface in the course of several
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days both in vacuum and in air. The shape of the crystals
did not change visibly,5 but microscopic inspection at
100-fold magnification revealed marked microscopic
changes (Fig. 2). Clearly, sharp edges remained at the
rhombic and rectangular faces despite the chemical
reactions. In the left image in Fig. 2 irregular yellow
crystallites grew on the still green crystal and this color
persisted for several weeks. The yellow material consists
of 1 (singlet at 1.22 ppm in CDCl3). It could by easily
removed. The initial roughness of that face was of
profoundly different character.


Heating of 1 in air for 5, 30, 60 and 120 min with
interrupts for AFM measurements (see below) and then
resting in air led to totally different results. The initially
rough surface (heights and depths of about 1 �m) became
very smooth with initially three microscopic trenches on
(001) along the long crystal edge. The trenches that are
seen in the middle and right images of Fig. 2 developed
gradually after 1–6 and 3 days in air when the color
changed to yellow with residual green spots under the
surface. The trenches in the middle image on (001) go
along [010] and [100] and those in the right image on
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(100) along [010] and [001]. Therefore, Fig. 2 shows that
in the presence of oxygen roughly orthogonal cracks in
three directions cut numerous small crystals out of the
mother crystal but these stick together on the surface.
Such behavior was enhanced further if the heating to
140°C was not interrupted but applied in one step: the
cracks in all three directions appeared immediately at
roughly the frequency of Fig. 2 and more distinct. Hence
the change in color is not related to the crack formation.
The chemical result was studied after 1 month’s rest in
air, when all residual green 3 had disappeared. 1H NMR
analysis indicated the presence of 1 with 8% of 4 and 4%
of 5 and a singlet peak of unknown origin at 1.55 ppm. If
the micronized material that had largely faded in vacuum
was analyzed, only 1 was detected in the 1H NMR
spectrum besides the oxidation products of residual 3 that
form upon dissolution in CDCl3: 4, 5 and the epoxide
precursor7 to 4. Therefore, we have a thermochrome in
the solid state. However, the left image of Fig. 2 indicates
that the reversion of 3 to 1 occurs primarily at the surface
and thus the thermochromic behavior may profit from the
cracks in the crystal that provide additional surface.
Similarly, the higher yield of 3 upon heating of ground 1
in KBr pellets is explained by the higher surface area for
the product formation. However, if the surface is
excessively enlarged by using micronized powder of 1,
there is no marked increase in the yield as compared with


that found in the single crystal. This observation shows
that not much 3 survives as its transformation into 1
occurs primarily at the surface region and not in the bulk.
A submicroscopic AFM study revealed further mechan-
istic details for the understanding of the rather involved
behavior.


�$� 	�0���	���	��


The starting crystals of enantiopure 1 (C2) (conglomerate
from acetone) were very rough on their most prominent
(001) and (100) faces [Figs 3(a), 4(a), 5(a) and 6(a)].
They were measured by AFM at various sites to establish
the roughness everywhere. They were then heated at
140°C for 5, 30, 60 and 120 min both in vacuum and in
air with intermittent measurement of the surface changes
by AFM. It turned out that the rough surface on (001)
changed considerably at the submicroscopic level if the
heating was performed in a vacuum. The initially smooth
large blocks, that extend at an angle of 30° to the long
crystal axis [010], became structured with floes and later
with islands (300–450 nm high) and smaller volcano-like
hills (up to 110 nm high). Figure 3 indicates that the
initial surface was completely changed with the straight
edges becoming irregular, even though the macroscopic
shape of the crystal was retained. A rather drastic change
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of the surface is seen in images (e) and (f) after 12 days
rest in a vacuum when the dark green color at the surface
had essentially turned to yellow owing to re-formation of
1. Both islands and terrace-like structures are seen after
that transformation in crystal regions of lower roughness
(cf. Fig. 2, left image). Anyhow, the material anisotro-
pically migrates over long distances above the crystal
surface upon the thermal reactions and we have
thermochromism at the surface. As expected, the
behavior is different on (100) of 1 (Fig. 4). The initially
rectangular basins are completely lost and the surface
becomes fairly smooth with some islands on it. Clearly, a
levelling of the surface prevails.


These experimental findings indicate long-range
anisotropic movements of molecules upon thermal
isomerizations of 1 via 2 to 36 and of 3 to 1. They
exclude topotactic reactions even though the macro-
scopic crystal shape is retained. It is known that
crystalline 3 oxidizes slowly at room temperature in air
to give 13% of the tetrabenzoylbenzene 4 and 50% of the
quinomethide 5.5,7 It was of interest to study that reaction
by heating 1 in air and storing the green crystal in air.
Interestingly, but not unexpectedly, the AFM results from
aerobic heating were totally different from those from
anaerobic heating (Figs 5 and 6). It turned out, that the
surfaces became increasingly flatter the longer the
heating period, while the crystal turned green owing to
formation of 3 and some 4 and 5 (IR evidence).


The irregular surface shape in Fig. 5(a) became flatter
and structured after 5 min (b) and 30 min heating (c).
After 120 min heating sporadic trenches parallel to the


long crystal axis are seen (d), but the now formed plane is
very flat in the areas without trenches (e) (roughness:
Rms = 0.36 nm). If the deep green sample was left under
ambient conditions for 3 or 6 days it developed a yellow–
greenish color and steep slopes (typically 30°, some
�55°) were found at selected sites at dislocations (f) that
have heights in the range of 1 �m and run along the long
crystal edges [010] and more rarely at right-angles to it.


A different behavior was found on (100) of 1. The
initially rough surface [Fig. 6(a)] became flat more
directly [Fig. 6(b)–(d)] and high dislocations with steep
(�55°) trenches along [010] were found upon standing
for 3 days in air on the now more yellow crystal surface
[Fig. 6(e) and (f)]. Interestingly, the sharp edges may be
straight or wavy and there was a further decrease in the
roughness Rms from 1.44 [Fig. 6(d), left] to 0.3–0.4 nm on
the plateaux in Fig. 6(e) and (f).


������	��	� #	�����	��


��
	#������ ������	��� The microscopic and submi-
croscopic investigations of the thermally transformed
crystals of 1, that form 3 apparently via 26 and keep their
overall shape even upon further reaction to give back 1 or
4 and 5, show that we do not see topotactic single crystal
to single crystal reactions but controlled crystal disin-
tegrations without detachment of material at outer and
inner surfaces (cracks). The calculated crystal densities
of 1 are 1.060 and of 3 1.195 g cm�3, which represents an
increase of 13%. The resulting strain is certainly not fully
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developed as we have a mixture of 1 with 3 in the surface
region of the single crystal. The strain is relieved but
slowly if oxygen is excluded {only a few sporadic cracks
in the [100] direction of the original crystal; not seen in
Fig. 2 (left)} and it takes a long time to form the increased
features of the Figs 5 and 2 (left) by the reverse thermal
reaction.


Conversely, the strain is released by crack formation if
oxygen had formed the additional products 4 and 5, as
can be seen in the early stages by AFM and later after the
reverse reaction on the surface by ordinary light
microscopy (Figs 2, 5 and 6). It is essential for these
results that the reacted surface material does not detach
after the phase rebuilding [e.g. Fig. 5(b) and (c)] and
phase transformation steps [e.g. Fig. 5(d) and (e)].
Otherwise, the thermal transformation of 1 into 3 could
be complete, although 3 would revert into 1 at room
temperature.


The molecular packing of 1 exhibits interlocked
monolayer sheets of molecules of 1 with one methyl
group and five aromatic hydrogen atoms per molecule
pointing outward on either side. That feature is most
easily visualized with a large section of the crystal (four
stacks along a, three along c and three along b, the latter
hidden behind the front molecules). The (001) cleavage
planes are seen at the (long) a-axes of the unit cell in Fig.
7. These cannot, of course, be used on the (001) face.
That feature fits very well with the AFM results: owing to
the interlocking we obtain no trenches initially [such
trenches would be expected on the non-occurring (010)
face] but only at the end of the reaction when the reacted
crystal relaxes. The first cracks on (001) (cleavage plane)
appear in the [010] direction (Fig. 5), but that finding
cannot be derived from the initial lattice of 1. A second
feature is the involvement of layers on (001) particularly
in Fig. 5(b), that gives a good impression of how they
help in having the molecules move from the surface
roughness to form a very smooth flat crystal surface.
Importantly, it is easier to generate cracks on (100) along
[010], as the cleavage planes end there. The (nearly)
orthogonal cracks that follow later cannot be derived
from the original lattice as they occur after completion of
long-range molecular movements that are evident from
the flattening of the very high (although submicroscopic)
roughness in Figs 5 and 6 as detected by AFM.


��
���
� ������	��� The interpretation of the mol-
ecular mechanism has to take into account the enormous
geometric changes in the crystal confinement. The lack of
melt phases is confirmed by the DSC results (that have
exotherms well above the reaction temperature) and the
very distinct AFM images. The possibilities for internal
rotation and twist in crystals have been investigated in
detail,2,8 whereas the structures and mechanistic details
for 1 → 2 → 3 have been exhaustively investigated for
the solution reaction.6 It does not appear that these
processes may occur in the solid bulk. In particular, it is


not possible to envisage an internal rotation step as
formulated in Scheme 1 within the crystal of 1: rotation
around the central bond in the fixed lattice by as little as
�10° or �10° leads to severe van der Waals interactions
(e.g. 64% of the standard distance). These become
unsurmountable at 20° rotation (e.g. 39% of C/H, 43% of
H/H and 50% of C/C standard distances). Fortunately,
both the AFM and microscopic images and the variation
in yield in relation to the crystal size point to mere surface
reactions both at the rough outer surface and at cracks
that may be present inside the crystal. That is, the internal
rotations occur only outside the confinement of the
crystal and a significant conversion is possible by the
long-range molecular movements with formation of
characteristic surface structures if 3 is formed. A similar
problem exists for the reverse reaction of 3 to 1. Again it
occurs only outside the crystal confinement. At room
temperature it does not easily penetrate into the
previously formed new phase. Thus, the green color
survives for several days (shorter in the presence of
oxygen) and that is true even at elevated temperatures of
40–50°C. Importantly, the crystal photos (Fig. 2) indicate
that the green that was formed at certain spots inside the
crystal survives for several weeks as there is a higher
confinement. Most importantly, the surface dependence
of the yield of 3 (no increase with micronized powder but
about double the yield with ground material in KBr)
supports well what the careful look at the images
indicates.


+(!+-*�&(!�


The presumed single crystal to single crystal transforma-
tion of the thermochromic system 1/3 could not be
verified by close scrutiny with AFM, microscopy and
yield determinations. The fact that sharp crystal edges are
only slightly modified is insufficient evidence for a
topotactic conversion. Clearly, a surface reaction that
produced a very deep green color and significant
transformation due to long-range molecular movements
(phase rebuilding and phase transformation2 as guided by
the crystal packing) and the lack of detachment of reacted
material hid the fact that nothing occurred under the
surface region in the bulk except at internal cracks. A
1 �m high roughness and more was levelled or created on
the crystals of 1 upon the thermal reaction. However, the
yield of 3 was considerably larger than what might be
derived from a 1 �m layer on the single crystal.
Therefore, it is important to note that microscopic images
of thermochromic crystals and even AFM measurements
on those crystals (the same applies to photochromic
crystals) may give an incomplete analysis and require
further tests with regard to yields and their dependence on
the grain size. The puzzle of internal rotation around a
single bond within the crystal lattice that could not be
modelled owing to unsurmountable interactions was
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resolved: the forward and backward reactions occur only
at the surface in this particular case even though
considerable conversion is observed.


,.3,'&�,!��-


IR spectra were measured with a Perkin-Elmer 1720-X
FT-IR spectrometer and 1H NMR spectra with a Bruker
WP300 spectrometer. AFM measurements were made
with a NanoScope II; all AFM surface data are given in
fully interactive VRML files at the epoc website at http://
www.wiley.com/epoc.


Compound 1 was prepared as described previously3


and recrystallized from acetone. Single crystals of 1
having approximate dimensions of 3.2, 1.3 and 0.5–1 mm
were glued to a magnetic support for easy mounting on
the AFM head. The AFM procedure and imaging details
have been described elsewhere.2 After measuring the
untreated crystal, the sample was heated in a vacuum or in
ambient air to 140–145°C and probed after the specified
times, after remounting as close as possible to the initial
site where a change in the angle of measurement might
have been necessary for an optimized image, owing to the
particularly strong changes in the topographies.


Microscopic inspection and photography were per-
formed on a standard Zeiss microscope at 100-fold
enlargement with illumination from above. Anaerobic
manipulations were performed in a glove-box under
99.998% argon. The ball-mill technique has been
described elsewhere.2 A Teflon beaker and Teflon balls
were used for micronizing 1 down to largely adhering
particles about 1 �m in size.


.��� ���
��	�� ���� 	����	����8 A colorless prismatic
crystal of 1 (C42H38) having approximate dimensions of
0.34 � 0.20 � 0.16 mm was mounted on a glass fiber. All
measurements were made on a Rigaku AFC7R diffract-
ometer with graphite monochromated Mo K� radiation
and a rotating anode generator.


Cell constants and an orientation matrix for data
collection, obtained from a least-squares refinement
using the setting angles of 25 carefully centered
reflections in the range 23.89 � 2� � 28.48°, corre-
sponded to a C-centered monoclinic cell with dimensions
a = 24.425(3) Å, b = 7.431(2) Å, c = 9.456(2) Å, � =
98.50(2)°, V = 1697.6(7) Å3. For Z = 2 and FW =
542.76, the calculated density is 1.062 g cm�3. Based
on the systematic absences of hkl (h � k ≠ 2n) packing
considerations, a statistical analysis of intensity distribu-
tion and the successful solution and refinement of the
structure, the space group was determined to be C2 (No.
5). The data were collected at a temperature of 23 � 1°C
using the � �2� scan technique to a maximum 2� value
of 55.0°. Omega scans of several intense reflections,
made prior to data collection, had an average width at
half-height of 0.42° with a take-off angle of 6.0°. Scans of


(1.57 � 0.30tan�)° were made at a speed of 16.0° min�1


(in omega). The weak reflections [1 � 10.0�(I)] were
rescanned (maximum of five scans) and the counts were
accumulated to ensure good counting statistics. Station-
ary background counts were recorded on each side of the
reflection. The ratio of peak counting time to background
counting time was 2:1. The diameter of the incident beam
collimator was 1.0 mm and the crystal to detector
distance was 235 mm. The computer-controlled slits
were set to 3.0 mm (horizontal) and 3.0 mm (vertical).


���� ����	����8 Of the 2412 reflections which were
collected, 2113 were unique (Rint = 0.011). The inten-
sities of three representative reflections were measured
after every 150 reflections. No decay correction was
applied.


The linear absorption coefficient, �, for Mo K�
radiation is 0.6 cm�1. An empirical absorption correction
based on azimuthal scans of several reflections was
applied which resulted in transmission factors ranging
from 0.96 to 0.99. The data were corrected for Lorentz
and polarization effects. A correction for secondary
extinction was applied (coefficient = 2.05915 � 10�6).


The structure was solved by direct methods9 and
expanded using Fourier techniques.10 The non-hydrogen
atoms were refined anisotropically. Hydrogen atoms
were included but not refined. The final cycle of full-
matrix least-squares refinement was based on 2303
observed reflections (all data) and 191 variable par-
ameters and converged with unweighted and weighted
agreement factors of R(F) = 0.0375 for observed data
[l � 2�(I)] and wR(F2) = 0.1080 for all data. All calcula-
tions were carried out using the teXsan crystallographic
software package11 (CCDC 159144).


,��� ����	�



The supplementary material available at the epoc website
at http://www.wiley.com/epoc contains the crystal struc-
ture details of 1 in CIF format together with the structure
factors as well as the color images in GIF format and
interactively usable full original 3D data of the images in
VRML format in high and low resolution in order to
allow for critical evaluation of the AFM results, their
analytical use with suitable imaging software and future
data mining. Interactive viewing is possible with public
domain software, e.g. Cosmo Player or Blaxxun via
Internet Explorer.


',$,',!+,�


1. Nakanishi H, Jones W, Thomas JM, Hursthouse MB, Motevalli M.
J. Phys. Chem. 1981; 85: 3636–3642; J. Chem. Soc., Chem.
Commun. 1980; 611–612; Nakanishi H, Jones W, Thomas JM.
Chem. Phys. Lett. 1980; 71: 44–48; Kaupp G. Adv. Photochem.
1995; 19: 149–177.


Copyright  2001 John Wiley & Sons, Ltd. J. Phys. Org. Chem. 2001; 14: 444–452


A NON-TOPOTACTICAL THERMAL REARRANGEMENT 451







2. Kaupp G. In Comprehensive Supramolecular Chemistry, vol. 8,
Davies JED (ed). Elsevier: Oxford, 1996; 381–423.


3. Toda F, Ohi M. J. Chem. Soc., Chem. Commun. 1975; 506.
4. Toda F, Garratt P. Chem. Rev. 1992; 92: 1685–1707.
5. Toda F. Eur. J. Org. Chem. 2000; 1377–1386.
6. Boese R, Benet-Buchholz J, Stanger A, Tanaka K, Toda F. Chem.


Commun. 1999; 319–320.
7. Toda F, Dan N, Tanaka K, Takehira Y. J. Am. Chem. Soc. 1977;


99: 4529–4530.
8. Kaupp G, Haak M. Angew. Chem., Int. Ed. Engl. 1996; 35: 2774–


2777; Kaupp G, Schmeyers J. http://www.photobiology.com/


photobiology99/contrib/kaupp/; J. Photochem. Photobiol. B.
2001; 59: 15–19.


9. Altomare A, Burla MC, Camalli M, Cascarano M, Giacovazzo C,
Guagliardi A, Polidori G J. Appl. Crystallogr. 1994; 27: 435.


10. Beurskens PT, Admiraal G, Beurskens G, Bosman WP, de Gelder
R, Israel R, Smits JMM The DIRDIF-94 Program System.
Technical Report of the Crystallography Laboratory, University
of Nijmegen: Nijmegen, 1994.


11. teXsan: Crystal Structure Analysis Package. Molecular Structure
Corporation, The Woodlands, USA, 1985, 1992.


Copyright  2001 John Wiley & Sons, Ltd. J. Phys. Org. Chem. 2001; 14: 444–452


452 G. KAUPP ET AL.








�������� ��	 
�������
 � 
����������� ��	 ����������� �
����������������������������������������


������ ��	���� �! "���#� $������ � ������ $��������� ��	 %�&����' �� ��� �(��


���������	� 
� ���	�� ���������� ������� 
� �������� ����	
�
�� �	�������� 
� ���������� ��� � �! � "��#� $%$� $&' �( ���������� �)���
*�������
'��������	� 
� +	�������� ���������� ������� 
� �������� ����	
�
�� �	�������� 
� ���������� ��� � �! � "��#� $%$� $&' �( ����������
�)��� *�������


Received 29 May 2000; revised 9 October 2000; accepted 23 November 2000


ABSTRACT: The kinetics of methoxide ion-catalysed solvolysis of 1-acyl-3-(2-halo-5-nitrophenyl)thioureas and
cyclization of fluoro derivatives were studied in methanol at 25°C. The cyclization involved the substitution of
fluorine by sulphur anion of thiourea and proceeded in two steps. With the acetyl derivative, the first step is
methanolysis and the second step is much slower cyclization of the 2-fluoro-5-nitrophenylthiourea anion formed to
give 2-amino-5-nitro-1,3-benzothiazole. With the benzoyl derivative, the first step involves parallel methanolysis of
the benzoyl group and cyclization to 2-benzoylamino-5-nitro-1,3-benzothiazole. At concentrations of sodium
methoxide higher than ca 0.01 mol l�1 the rates of solvolyses of all the acyl halothioureas decreased and at
concentrations higher than ca 0.4 mol l�1 there was an increase in the formation of other product(s) than the product
of cyclization. After the addition of 18-crown-6, the side products were not formed and the cyclizations of fluoro
derivatives were considerably accelerated. The slowing of the solvolytic reaction and acceleration of the cyclization
reaction are most probably due to the formation of dianions. Copyright  2001 John Wiley & Sons, Ltd.


KEYWORDS: reaction kinetics; cyclization; benzothiazoles; acylthioureas; dissociation constants
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Phenylthioureas are suitable starting substrates for the
preparation of 2-amino-1,3-benzothiazole derivatives.
The presence of an oxidation agent, which oxidizes the
leaving hydride anion to the proton, leads to ring closure.
The most frequent oxidizing agents involve bromine in
chloroform1 or in acetic acid.2 The reaction is not
regioselective, and the cyclizations of 3-substituted
phenylthioureas usually give mixtures of 5- and 7-
substituted 2-amino-1,3-benzothiazoles.2 Therefore, we
have suggested the regioselective (SNAri) cyclizations
of 1-acyl-3-(2-halo-5-nitrophenyl)thioureas (1a–d), the
mechanism of which we studied in some detail in the
present work.


In earlier papers we described the kinetics and
reaction mechanisms of intramolecular base-catalysed
reactions3–5 of ureas, thioureas and their benzoyl
derivatives with an ester group in water and methanol.
In all these cases the nitrogen atom reacted with the
carbon atom of the carboxylic group. The benzoyl group


was split off either during the cyclization or in the
subsequent slower step.


The aim of this work was to study the kinetics and
mechanism of methoxide-catalysed methanolysis and
intramolecular nucleophilic aromatic substitution of
fluorine in 1-acetyl-3-(2-fluoro-5-nitrophenyl)thiourea
(1a) and substitution of fluorine in 1-benzoyl-3-(2-
fluoro-5-nitrophenyl)thiourea (1b) complemented by the
reactions of analogous chloro derivatives, 1-acetyl-3-(2-
chloro-5-nitrophenyl)thiourea (1c) and 1-benzoyl-3-(2-
chloro-5-nitrophenyl)thiourea (1d), with methoxide.


1231,)�1*+45


The 1-acyl-3-(2-halo-5-nitrophenyl)thioureas (1a–d)
were prepared by reactions of 2-fluoro- or 2-chloro-5-
nitroaniline with acetyl or benzoyl isothiocyanate. The
starting anilines were prepared by known methods.6


,�	���� ��
������- 1-acyl-3-(2-halo-5-nitrophenyl)-
thioureas (1a–d). A 100 ml flask was charged with
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532 10 Pardubice, Czech Republic.
E-mail: milos.sedlak@upce.cz
Contract/grant sponsor: Ministry of Education, Youth and Sports of
the Czech Republic; Contract/grant number: CI MSM 253 100 001.







40 mmol of 2-halo-5-nitroaniline and 20 ml of dry
acetone. After dissolution, the mixture was treated with
a solution of 45 mmol of acyl isothiocyanate7 in 30 ml of
acetone added in one portion. The reaction mixture was
refluxed on a water-bath for 6 h (1a, c) and then cooled
and left to stand at room temperature 2 h (1b, d). The
separated crystalline solid was collected by filtration and
recrystallized from a suitable solvent.


�.+�����.&./'.0�
�
.$.	���
���	��1���
���� /��1 The
yield after recrystallization from acetone was 4.9 g
(48%) of white crystals with m.p. 173–175°C (with
decomposition). TLC [Silufol plates/CHCl3-EtOAc
(1:1)]: RF = 0.61. 1H NMR (�): 2.24 (s, 3H, CH3); 8.77
(bs, 1H, NH); 12.7 (bs, 1H, NH); 7.31 (m, 1H, H3); 8.14
(m, 1H, H4); 9.54 (m, 1H, H6).13C NMR (�): 24.2 (CH3);
173.9 (C=O); 180.8 (C=S); 128.5 (C–NH); 159.3 (d,
J = 257 Hz, C–F); 117.3 (d, J = 22.6 Hz, C3); 121.5 (d,
2.6, C4); 146.1 (d, J = 254 Hz, C–NO2); 123.5 (d,
J = 10, Hz, C6). MS (m/z,%): [M � H � CH3CN � HF]�


279, 22.7; [M � H]� 258, 0.01; [M � H � CH3CN �
HF � NO]� 249, 38.7; [M � H � HF]� 238, 100; [M �
H � HF � NO]� 208, 80.0. Elemental analysis (%
calculated/% found): C 42.02/41.95; H 3.13/3.10; N
16.34/16.22; S 12.46/12.53.


�.2�	)
��.&./'.0�
�
.$.	���
���	��1���
���� /�(1 The
yield after recrystallization from toluene was 10.2 g
(80%) of yellowish needles with m.p. 199–200°C. TLC
(Silufol plates/CHCl3): RF = 0.47. 1H NMR (�): 7.92 (m,
2H, H-o); 7.56 (m, 2H, H-m); 7.68(m, 1H, H-p); 9.22 (bs,
1H, NH); 13.04 (bs, 1H, NH); 7.34 (m, 1H, H3); 8.16 (m,
1H, H4); 9.66 (m, 1H, H6). 13C NMR (�): 131.9 (C-i);
129.0 (C-o); 128.6 (C-m); 133.5 (C-p); 168.8 (C=O);
180.4 (C=S); 127.5 (d, J = 13 Hz, C–NH); 158.9 (d,
J = 257 Hz, C–F); 117.0 (d, J = 22.6 Hz, C3); 121.8 (d,
J = 2.5 Hz, C4); 144.9 (d, J = 268 Hz, C–NO2); 123.5 (d,
J = 10.1 Hz, C6). Elemental analysis (% calculated/%
found): C 52.66/52.62; H 3.16/3.20; N 13.16/13.21; S
10.04/10.15.


�.+�����.&./'.���
�
.$.	���
���	��1���
���� /��1 The
yield after recrystallization from toluene was 5.5 g
(50%) of white crystals with m.p. 194–195°C. TLC
[Silufol plates/ CHCl3-EtOAc(1:1)]: RF = 0.49. 1H NMR
(�): 2.24 (s, 3H, CH3); 11.90 (bs, 1H, NH); 12.87 (bs, 1H,
NH); 7.91 (d, J = 8.87 Hz, 1H, H3); 8.16 (dd, J = 8.87,
2.73 Hz, 1H, H4); 9.21 (d, J = 2.51 Hz, 1H, H6). 13C
NMR (�): 23.9 (CH3); 173.1 (C=O); 179.9 (C=S);
136.4 (C–NH); 134.5 (C–Cl); 130.7 (C3); 122.1 (C4);
145.8 (C–NO2); 121.4 (C6). Elemental analysis (%
calculated/% found): C 39.50/39.60; H 2.95/2.91; Cl
12.95/13.02; N 15.35/15.20; S 11.71/11.80.


�.2�	)
��.&./'.���
�
.$.	���
���	��1���
���� /�	1 The
yield after recrystallization from toluene was 10.8 g
(80%) of yellowish needles with m.p. 203–204°C. TLC


[Silufol plates/CHCl3–EtOAc(1:1)]: RF = 0.62. 1H NMR
(�): 8.06 (d, J = 7.27 Hz, 2H, H-o); 7.61 (t, J = 7.66 Hz,
2H, H-m); 7.73 (t, J = 7.32, 1H, H-p); 12.15 (bs, 1H, NH);
12.97 (bs, 1H, NH); 7.96 (d, J = 8.87 Hz, 1H, H3); 8.22
(dd, J = 8.84, 2.63 Hz, 1H, H4); 9.18 (d, J = 2.25 Hz, 1H,
H6). 13C NMR (�): 131.8 (C-i); 128.5 (C-o); 128.9 (C-m);
133.4 (C-p); 168.7 (C=O); 180.4 (C=S); 136.7 (C–NH);
135.0 (C–Cl); 130.8 (C3); 122.2 (C4); 145.9 (C–NO2);
121.9 (C6). Elemental analysis (% calculated/%
found): C 50.74/50.81; H 3.28/3.21; Cl 11.52/11.63; N
13.65/13.72; S 10.42/10.35.


'.���
�
.$.	���
���	�����
���� /��1 MS (m/z,%):
[M � H � CH3CN]� 256.6, 6.9; [M � H � CH3CN �
HF]� 236.6, 22.8; [M�H]� 215.5, 49.4; [M � H � HF]�


195.4, 100; [M � H � HF � NO]� 165.4, 41.1; [M � H
� HF � NO2]� 149.4, 7.0.


'.���
�
.$.	���
���	�����
���� /�(1 A 100 ml Erlen-
meyer flask was charged with 1 g (3 mmol) of 1d together
with 60 ml of 0.1 mol l�1 sodium methoxide solution.
The yellow-orange solution formed was left to stand at
room temperature overnight, then neutralized with
methanolic hydrogen chloride to pH � 7. The resulting
yellow solution was treated with 10 ml of water and the
mixture was concentrated to 20 ml by vacuum distilla-
tion. The separated yellow crystalline solid was collected
by filtration. After recrystallization from water–acetone
(2:1), the yield was 0.35 g (45%) of crystals with m.p.
167–168°C. 1H NMR (�): 9.68 (bs, 1H, NH); 7.73 and
8.35 (2�bs, 2H, NH2); 7.84 (d, J = 8.87 Hz, 1H, H3);
8.07 (dd, J = 8.87, 2.76 Hz, 1H, H4); 8.86 (d, J = 2.52 Hz,
1H, H6). 13C NMR (�): 182.2 (C=S); 138.7 (C–NH);
134.8 (C–Cl); 130.5 (C3); 122.7 (C4); 145.8 (C–NO2);
120.7 (C6). Elemental analysis (% calculated/%
found): C 36.29/36.24; H 2.61/2.55; Cl 15.30/15.38; N
18.14/18.21; S 13.84/13.87.


,�	���� ��
������- 2-acylamino-5-nitro-1,3-benzothia-
zoles (3a and b). A 100 ml Erlenmeyer flask was charged
with 0.5 g (1.94 mmol) of 1a or 1b and 30 ml of tert-butyl
alcohol. After dissolution of the starting compound, the
mixture was heated at 30–40°C, whereupon 30 ml of
0.1 mol l�1 potassium tert-butoxide were added within
several seconds. The mixture was stirred for another
5 min and then neutralized with acetic acid to pH � 7.
The solid substance was collected by filtration on a pre-
heated sintered-glass filter and washed with 15 ml of
methanol.


'.+��������	
.$.	���
.��&.��	)
����)
�� /��1 Yield
0.37 g (80%). 1H NMR (�): 2.24 (s, 3H, CH3); 8.47 (d,
J = 2.09 Hz, 1H, H4); 8.12 (dd, J = 8.69, 2.23 Hz, 1H,
H6); 8.23 (d, J = 8.71 Hz, 1H, H7). 13C NMR (�): 23.6
(CH3); 171.5 (C=O); 163.0 (C2); 149.2 (C3a); 122.6
(C4); 146.2 (C–NO2); 114.4 (C6); 117.1 (C7); 139.1
(C7a). MS(m/z,%): [M � H � CH3CN]� 279, 22.6;
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[M � H � CH3CN � NO]� 249, 27.3; [M � H]� 238,
100; [M � H � NO]� 208, 55.3; 196, 17.6; 166, 21.3.
Elemental analysis (% calculated/% found): C 45.57/
45.49; H 2.97/2.80; N 17.71/17.84; S 13.51/13.64.


'.2�	)
�����	
.$.	���
.��&.��	)
����)
�� /�(1 Yield
0.35 g (75%) of yellowish crystals, sublimation point at
ambient pressure 233–235°C lit.2(m.p. 239–240°C). 1H
NMR (�): 8.17 (m, 3H, H-o); 7.59 (m, 2H, H-m); 7.69 (m,
1H, H-p); 13.21 (bs, 1H, NH); 8.51 (d, J = 2.12 Hz, 1H,
H4); 8.17 (m, 3H, H6); 8.30 (d, J = 8.71 Hz, 1H, H7). 13C
NMR (�): 131.8 (C-i); 128.5 (C-o); 128.7 (C-m); 133.1
(C-p); 166.5 (C=O); 162.5 (C2); 148.7 (C3a); 122.9
(C4); 146.4 (C-NO2); 114.9 (C6); 117.8 (C7); 139.1
(C7a).


'.+��	
.$.	���
.��&.��	)
����)
�� /61 A 100 ml
Erlenmeyer flask equipped with a CaCl2 closure was
charged with 0.5 g (1.94 mmol) of 1a and 40 ml of
methanol. After dissolution of the starting compound,
13 ml of 0.5 mol l�1 sodium methoxide were added
within several seconds. The yellow solution formed was
left to stand at room temperature overnight to separate
yellow crystals, which were collected by filtration on a
sintered-glass filter. Yield 0.37 (97%), m.p. 308–310°C
lit.8 (m.p. 308–309°C).


A 100 ml Erlenmeyer flask equipped with a reflux
condenser was charged with 0.5 g (2.16 mmol) of 2b or
0.5 g (2.10 mmol) of 3a and 50 ml of 0.5 mol l�1 sodium
methoxide. The reaction mixture was refluxed for 2 h and
then neutralized with methanolic hydrogen chloride to
pH � 7, whereupon 15 ml of water were added, and
30 ml of distillate were distilled off from the mixture. The
residue on cooling separated 0.2 g (47% from 2b) or 0.3 g
(70% from 3a) of product 4 with m.p. 310°C.


1H NMR (�): 7.99 (bs, 2H, NH2); 8.06 (d, J = 2.20 Hz,
1H, H4); 7.88 (dd, J = 8.62, 2.27 Hz, 1H, H6); 7.94(d,
J = 8.62 Hz, 1H, H7). 13C NMR (�): 169.2 (C2); 153.2
(C3a); 121.6 (C4); 146.2 (C-NO2); 111.5 (C6); 115.5
(C7); 139.2 (C7a). MS (m/z,%): [M � H � CH3CN]�


237, 68.0; [M � H]� 196, 100; [M � H � NO]� 166,
33.3.


The data given agree with those given in the literature9.


2���	�� �3������	� �	 ( � �
� ��� �4&��� A 250 ml
Erlenmeyer flask was charged with 0.5 g (1.6 mmol) of
1b and 50 ml of 0.1 mol l�1 sodium methoxide. After
mixing, the reaction mixture was left to stand for 15 h,
whereupon 0.26 g (85%) of 4 was collected by filtration.
The filtrate was neutralized with acetic acid, whereupon
0.07 g (15%) of white crystals of 3b separated.


2���	�� �3������	� �	 � ( �
� ��� �4&��� A 250 ml
Erlenmeyer flask was charged with 0.5 of (1.6 mmol) of
1b and 50 ml of 1.0 mol l�1 sodium methoxide. After
mixing, the reaction mixture was left to stand for 15 h,
whereupon it was neutralized with acetic acid to the final


methoxide concentration of 0.1 mol l�1. The separated
white crystals of 3b (0.21 g; 45%) were collected by
filtration. The filtrate was evaporated until dry and the
residue was washed with water. Yield 0.15 g (50%) of
yellow crystals of 4.


5��������	�� 1H and 13C NMR spectra were measured
at 360.14 and 90.57 MHz, respectively, on a Bruker
AMX 360 spectrometer at 25°C. Compounds 1a and b
were measured as saturated solutions in CDCl3, and the
chemical shifts were referenced to hexamethyldisiloxane
[�(1H) = 0.05] and to the solvent signal [�(13C) = 77.0].
Compounds 1c and 1d, 2a, 3a and 3b and 4 were
measured as saturated solutions in hexadeuteriodimethyl
sulfoxide, and the chemical shifts were referenced to
tetramethylsilane [�(1H) = 0] and the solvent signal
[�(13C) = 39.6]. The CH, CH3 and Cquart groups in the
13C NMR spectra were distinguished by the APT method.


Mass spectra of compounds 1a, 2a, 3a and 4 were
measured on a VG Platform II mass spectrometer
(Micromass, Manchester, UK) with chemical ionization
at atmospheric pressure (APCI) and a quadrupole
analyser (0–3000 Da). The mass spectrometer was
equipped with a preliminary separation unit composed
of a Waters 616, high-pressure pump, Waters 717
autosampler Waters 996 UV detector (all from Waters,
Milford, MA, USA) and a Separon SGX C18 HPLC
column (Tessek, Prague, Czech Republic). For the
mobile phase we used a 1:1 mixture of acetonitrile
(Merck, Darmstadt, Germany) and redistilled water.


Kinetic measurements were carried out on an HP UV/
VIS 8453 diode-array apparatus. A 1 cm quartz cell was
charged with 2 ml of methanolic sodium methoxide or
phenolate buffer. At 25°C, 50 �l of a methanolic solution
of substrate were injected and the absorbance was
measured at the selected wavelength. In the experiment
with 18-crown-6, the concentration of the latter was
always 2 � 10�3 mol l�1 higher than that of sodium
methoxide. The stability constant10 for complexation of
18-crown-6 with Na� at 25°C is log K = 4.36.


The percentages of individual products formed by the
reactions 1b → 3b and 1b → 2a → 4 were determined
spectrophotometrically using an HP UV/VIS 8453
diode-array apparatus and 1 cm closeable cells placed
in the cell compartment of the apparatus kept at 25°C.
The following procedure was used: 10 ml calibrated
flasks were charged with 5 ml of methanolic sodium
methoxide (0.1–0.7 mol l�1) (added from a pipette) and
placed in a thermostat; after attaining a temperature of
25°C, 1 ml of a methanolic solution of 1b
(c = 2.11 � 10�4 mol l�1) was added and the flask
contents were thoroughly mixed and left to stand at
25°C for 6–7 h. Thereafter, the samples were taken and
their absorbance was measured at 313 nm. The popula-
tion of individual solvolysis and cyclization products
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was calculated from Eqns (1) and (2):


A313nm
� � �313nm


3b c3b � l � �313nm
4 �c4 � l �1	


c1b � c3b � c4 �2	
where A� is the absorbance of the reaction mixture after
the completed reaction, �3b and �4 are the molar
absorption coefficients of the respective substances and
l is the optical pathlength.


The measurement was carried out at a wavelength of
313 nm, at which only the products in question absorb
light.


The molar absorption coefficients at 313 nm were
determined with the use of standards of substances 3b
and 4: �3b = 22 600 l mol�1 cm�1 and �4 = 5000
l mol�1 cm�1. Similarly, the composition of reaction


mixtures was estimated after the reactions 1a → 3a and
1a → 2a → 4 carried out in sodium methoxide solutions
with added 18-crown-6. In this case, the measurements
were carried out at 268 and 291 nm. The molar
absorption coefficients of 3a were �268 nm = 1290
l mol�1 cm�1 and �291 nm = 4000 l mol�1 cm�1. The
molar absorption coefficients of 4 changed with changing
sodium methoxide concentration, and its values are given
in Table 3.


,1�/5+� 4*. .)�0/��)-*


The reaction of 1a with 0.1 mol l�1 sodium methoxide
gives 2-amino-5-nitro-1,3-benzothiazole (4) in an almost
quantitative yield. With 2-acetylamino-5-nitro-1,3-ben-
zothiazole (3a) prepared by the reaction of 1a with t-


����
� �


+�(�� �7 *��� �
	���	�� 6
�� /���1 
� ��� �����	
����� 
� �.����.&./'.���
.$.	���
���	��1���
����� /��� �� 	1 �	 �����	
���
�
����
	� 
� �.��
�
���	
3��� ������� /�-787-�1 �	� ��� 9�/��� �� 	1 /� �
���1� �9� �	� 6� /� �
��� ���1 ������ 
� ��� � �	� 	 �	
��� ���� ������


kobs � 103 (s�1)


[CH3ONa] �104 (mol l�1) 1a 1c 1d


1.24 2.28 2.06 0.71
1.65 3.30 2.83 0.82
2.47 5.14 4.13 0.96
4.94 7.42 6.99 1.10
9.90 11.4 8.79 1.23
14.8 12.1 9.45 1.40
19.8 12.4 9.61 1.34
K1 (1a, c, d) 1658 
 262 2086 
 342 7257 
 620
pKa 13.70 
 0.07 13.60 
 0.07 13.06 
 0.04
km 27.99 
 2.91 26.05 
 2.97 10.77 
 0.76
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BuOK in t-BuOH, the methanolysis takes place to only a
slight extent under the same conditions. This means that
the reaction goes in two steps. The first consists in
methanolysis of 1a giving 2-fluoro-5-nitrophenylthiourea
(2a), and the second involves cyclization of 2a to 4
(Scheme 1).


The reaction of 1b with 0.1 mol l�1 sodium methoxide,
after completion on a preparative scale, gave 15% 2-
benzoylamino-5-nitro-1,3-benzothiazole (3b) and 85% 4,
whereas the analogous reaction in 1.0 mol l�1 sodium
methoxide gave 45% 3b and 50% 4 (as isolated without
further purification).


Since 3b (prepared also from 1b by reaction with t-
BuOK in t-BuOH) reacts with methoxide even more
slowly than 3a, the reaction must take two steps again:
the first produces a mixture of 2a and 3b and the second
involves cyclization of 2a to 4 (in analogy with the
reaction of 1a; see Scheme 1).


�������� � 
����������� � �� � ��	 	


(a) The methanolysis kinetics were measured at 340 nm
in p-bromophenoxide buffers at a constant concentration
of sodium p-bromophenoxide (0.05 mol l�1; see Table 1).
The reactions exhibited pseudo-first-order kinetics up to
90% of reaction.


The p-bromophenol/p-bromophenoxide ratio varied
from 1:4 to 4:1. The concentration of methoxide ion was


calculated from Eqn. (3):


pKa�p � bromophenol	 � pKs�CH3OH	 � log�CH3O��


� log
�p � bromophenoxide�
�p � bromophenol� �3	


where the value of pKa(p � bromophenol) is 13.61 in
methanol11 and the autoprotolytic constant of methanol12


is pKS(CH3OH) = 16.916.
The reaction mechanism is presented in Scheme 2. The


methanolysis rate constants km (l mol�1 s�1) and the
equilibrium constants K (l mol�1) were calculated from
Eqn. (4) and the pKa values from Eqn. (6) (Table 1). The
methanolysis rate constant km is defined by Eqn. (5).


vm � kobs � c1a � km � �CH3O��
1 � K � �CH3O�� � c1a �4	


km � k1k2


k�1 � k2
�5	


pKa � pK � pKs�CH3OH	 �6	


vc � kobs � c2a � kc � K � �CH3O��
1 � K � �CH3O�� � c2a �7	


There are only very small differences in pKa and km


values between the chloro- and fluoroacetyl derivatives
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1a and c. The methanolysis rate of acetyl derivative
1c at sodium methoxide concentrations above 5 �
10�3 mol l�1 is about one order higher than that of the
benzoyl derivative 1d at the same sodium methoxide
concentrations. We suppose that the difference between
the methanolysis rates of the fluoro derivatives 1a and 1b
is also the same.


(b) The methanolysis kinetics were measured in
sodium methoxide solutions with concentrations from
0.01 to 1.4 mol l�1. With all the three acyl derivatives
(1a, c, and d), increasing methoxide concentration at first
causes a drop in the observed rate constant but then,
starting from about 0.4 mol l�1 methoxide concentration
(for 1-acetyl derivatives 1a and c) or 0.2 mol l�1


methoxide concentration (for 1-benzoyl derivative 1d),
the reaction rate shows an increase (Fig. 1), a new
reaction product being gradually formed (�max = 260 and
360 nm for the 1-acetyl derivatives and �max = 328 and
455 nm for the 1-benzoyl derivative).


Within the whole methoxide concentration range used,
the reaction is pseudo-first order, but the isosbestic points
are not sharp at the higher concentrations, obviously
owing to the formation of side product(s). From the mass
spectra it was found out that neither of the chief products


formed from 1c and d at high methoxide concentrations
contains a chlorine atom. However, the spectra in
2.0 mol l�1 methoxide (for 1c) and 1.0 mol l�1 methox-
ide (for 1d) [a further increase in methoxide concentra-
tion brings about only small changes in the spectra] differ
substantially from those of the cyclizates 3a and b and 4,
and also from those of 2-chloro-5-nitrophenylthiourea
(2b) and 2-mercapto-5-nitro-1,3-benzoimidazole (the last
being a conceivable cyclization product formed by the
reaction of nitrogen atom) in the given medium. These
products seem to be stable only in the given medium and
their structures have not been determined. The formation
of these products cannot involve methanolysis as the first
step because the methanolysis product obtained from 2b
is stable under these conditions.


�������� � ����������� � ��


The cyclization kinetics were measured in sodium
methoxide solutions. The kinetic experiments showed
that the subsequent cyclization of 2a is about two orders
of magnitude slower than the methanolysis of 1a, hence
the kinetics of both the reactions can be measured
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independently of each other starting from 1a. [Note:
attempts to isolate 2a failed. Even at concentrations of 1a
as low as about 0.1 mol l�1 a rather small amount of 2a
besides the starting compound 1a and cyclizate 4 was
detected by means of HPLC in the reaction products. The
decrease in the rate of methanolysis of 1a is probably due
to its association at higher concentrations. The formation
of 2a in kinetic runs was proved by combining HPLC
with MS. After about seven half-lives of the methanolysis
of 1a at a concentration of sodium methoxide of
2 � 10�3 mol L�1 there was virtually only one compound
detected by HPLC, which was proved by MS to be 2a.
The reaction exhibited pseudo-first-order kinetics within
the whole range measured (six half-lives). At concentra-
tions higher than 0.05 mol l�1 the observed rate constant
kobs of the cyclization reaction increases slowly and
approximately linearly, although almost all thiourea 2a is
transformed into anion (Fig. 2).


The mechanism of the reaction is also presented in
Scheme 2. The cyclization rate constant kc =
(2.31 
 0.05) � 10�4 l mol�1 s�1 and the equilibrium
constant K(2a) = 284 
 27 were calculated from Eqn. (7).
The value of pKa(2a) = 14.46 
 0.04 was calculated from
Eqn. (6).


�������� ��	 
�������
 � ���'������ ��	 ��������
���� � �(


The methoxide-catalysed reaction of 1b takes place in
two steps again. However, the measured rate constants of
the first step are equal to km � kc, i.e. the sum of parallel


methanolysis and cyclization of 1b (Scheme 1). Their
values are almost one order of magnitude higher than the
rate constants of subsequent cyclization of thiourea 2a,
and the absorbance changes were measured at isosbestic
points of the products from the first and the second steps.
The dependence of the calculated constants km and kc on
the concentration of sodium methoxide is shown in Fig.
3. At methoxide concentrations above 0.7 mol l�1,
increasing amounts of side products were formed, hence
it was impossible to determine the observed rate
constants of cyclization and methanolysis in the first
step.


The subsequent cyclization of thiourea 2a was usually
measured at the �max of the cyclizate formed, i.e. at
263 nm. The observed rate constants of the second step
were the same as those of the second step of reaction of
1a, but the error of measurement gradually increased as
the proportion of thiourea 2a in the first step decreased
with increasing methoxide concentration.


���	� � ��������� � ��:	 ��	 �� �� ��� ��������
� �;����<��=


The decrease in the observed rate constant kobs in the
reactions of 1a–1d with methoxide at concentrations
above 1 � 10�2 mol l�1 (Fig. 1) may be due to the fact
that the anions formed in the acid-base reactions of 1a–1d
with sodium methoxide are stabilized by interaction with
sodium cation, which shifts the acid-base equilibrium.
The concentrations of starting thioureas are lower than
corresponds to the methoxide concentrations, and the
methanolysis rate decreases with increasing concentra-
tion of sodium methoxide. The subsequent increase can
be caused by a reaction of the ion pair CH3O�Na� with
the complexes of thiourea anions and sodium cation.
Such an increase in reaction rate necessitates that the
transition state of this reaction be stabilized more than
methoxide anion with sodium cation.13,14 In that case, the
presence of a reagent forming firm complexes with
sodium cation (e.g. 18-crown-6) should substantially
change the reaction course. With the acyl derivatives 1c
and d the only reaction in the presence of 18-crown-6 was
methanolysis of both substrates (Fig. 1), and even at the
highest sodium methoxide concentrations neither the
increase in the observed rate constant kobs nor the
formation of the products as in the absence of 18-crown-6
were observed. The most likely interpretation of the drop
in observed rate constant kobs is the increasing content of
the dianion with increasing concentration of sodium
methoxide and the corresponding drop in concentration
of neutral starting substrate. In order to verify this
presumption, we measured the spectra of 1a immediately
after mixing its solution with a solution of sodium
methoxide and 18-crown-6. With increasing methoxide
concentration, the absorbance of the solution gradually
increased at � �297 nm and decreased at � �297 nm,
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which is characteristic of an acid–base equilibrium. In
further experiments, we tried to find out the effect of 18-
crown-6, and hence also increasing concentration of
dianion, on the observed rate constants of cyclization in
the two-step reaction of 1a and in the first reaction step of
1b. With 1b we only used 18-crown-6 at a concentration
of 0.8 mol l�1; under these conditions, the cyclization to
3b was almost the only reaction, so the whole reaction
proceeded virtually in one step with observed rate
constant kobs = 4.1�10�3 s�1, i.e. ca 50% higher than
that in the absence of 18-crown-6.


In the reaction of sodium methoxide with 1a, the effect
of 18-crown-6 on both the reaction steps at concentra-
tions of sodium methoxide from 0.7 to 1.2 mol l�1 was
studied (Figs 1 and 2 and Table 2). In the first step the
observed rate constant kobs decreased except for the
highest methoxide concentration (Table 2) whereas the
rate of cyclization of thiourea 2a in the second step
increased rapidly (Fig. 2), hence at the highest methoxide
concentration the second reaction step was only about
four times as fast as the first step (Table 2).


At higher concentrations of methoxide ion, the
cyclization of 1a to 3a gradually started to make itself
felt (Table 2). In 0.8 mol l�1 sodium methoxide the rate
of cyclization is already higher than the rate of
methanolysis. In the absence of 18-crown-6 the ratio of
cyclization to methanolysis rates and its increase with
increase in sodium methoxide concentration is much
smaller because the formation of complexes of anions
with sodium cations decreases the rates of both
methanolysis and cyclization reactions. The rate constant
kc = 4.95 � 10�3 s�1, of 1a in 0.8 mol l�1 sodium
methoxide is almost the same as the observed rate
constant of cyclization of benzoyl derivative 1b
(kobs = 4.3 � 10�3 s�1) measured under the same condi-
tions. The 15% yield of benzoyl cyclizate 3b and, on the
other hand, the almost exclusive solvolysis of acetyl
derivative 1a at a sodium methoxide concentration of
0.1 mol l�1 in the absence of 18-crown-6 are obviously
largely due to the fact that the solvolysis rate of 1a is ca
10 times higher than that of 1b.


The absence of cyclization reactions of chloro
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[CH3ONa] 4 kobs � 103 (s�1) km � 103 (s�1) kc � 103 (s�1) kc � 103 (s�1)
(mol l�1) 268 nm 291 nm (1a) (1a) (1a) (2a)


0.7 19000 9800 9.80 5.80 4.00 0.96
0.8 18400 10900 9.35 4.40 4.95 1.10
0.9 16500 12950 8.70 3.20 5.50 1.44
1.0 14600 14500 8.70 2.60 6.10 1.70
1.2 12400 18450 9.10 1.40 7.70 2.50
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derivatives 1c and d, both with and without 18-crown-6,
means that the rate-limiting step of the cyclization
reactions is the formation of Meisenheimer adducts,15


but a concerted reaction with advanced formation of a
C—S bond and a small extent of C—F bond splitting
cannot be excluded.


From the results of kinetic experiments with and
without 18-crown-6, the sequence of reactions of 1a and
b as given in Scheme 3 can be suggested. The same
scheme can be written for chloro derivatives with the
exception of cyclization reactions.
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ABSTRACT: Laser flash photolysis (308 nm) of 1,4-naphthoquinonediazide-2-carboxylic acid 1 in 2-methyl-
tetrahydrofuran (MTHF) leads to the detection of a long-lived (5.3 �s) triplet excited state, whose triplet energy,
obtained by measuring the phosphorescence spectrum of 1 in an Ar- matrix at 10 K, is ca 55 kcal mol�1 (1 kcal
= 4.184 KJ). The first triplet excited state of 1 is quenched efficiently by 1,3-dienes and molecular oxygen. By
calculating the spin density distribution it can be shown that 31 is not a typical naphthalene triplet, as it bears
significant spin density at the diazo moiety. Copyright  2001 John Wiley & Sons, Ltd.


KEYWORDS: 1,4-naphthoquinonediazide-2-carboxylic acid; triplet excited state; laser flash photolysis


'�()*+,-('*�


Carbenes are generally generated by photolysis or
thermolysis of diazo compounds or diazirines. As the
decomposition mechanism may be of importance for
product distribution, the question of whether carbene
formation occurs via primary C=N scission and
subsequent intersystem crossing (ISC) on the carbene
surface, or via an intermediate triplet excited state of the
diazo precursor, has been adressed in mechanistic
studies.


Carbene and biradical precursors that form reactive
intermediates by photodediazotation usually do so fairly
efficiently, and their excited states are very short-lived.
Exceptions to this rule have only recently been
discovered. A class of relatively rigid polycyclic
derivatives of 2,3-diazabicyclo[2.2.1]hept-2-ene was
found to have triplet lifetimes up to 630 ns, with triplet
energies of 62.5 � 1 kcal mol �1 (1 kcal = 4.184 kJ). The
triplet quantum yield was determined in one case to be as
high as 0.5 � 0.2.2 In the case of 2,3-diazabicyclo-
[2.2.2]octane, the first excited singlet state is exceedingly
long lived; fluorescence lifetimes up to 1 �s have been
reported.3,4 In this case, however, the ISC efficiency is
very low, and sensitization experiments have led to an
estimated lifetime of ca 7 ns for the first excited triplet
state of this compound.5,6


Diazo compounds (and diazirines) with alkyl sub-
stituents attached to the diazo carbon atom may undergo


hydrogen shifts on the excited singlet surface. Examples
of such reactions have been presented by Celebi et al.7


and Reed and Modarelli.8 The degree of rearrangement
occuring on the surface of the excited diazo compound
depends on the C—H bond enthalpy of the bond being
broken during the rearrangement. Thus, cyclopropylphe-
nyldiazomethane (with a relatively strong tertiary C—H
bond) yields almost exclusively products derived from
carbene reactions, and a high yield of the carbene can be
trapped by pyridine, while the pyridine ylide of
isopropylphenylcarbene (the tertiary C—H bond being
significantly weaker in this system) is formed only in low
yield.7 In the photochemistry of diaryldiazo compounds
hydrogen shifts cannot occur, and dediazotation usually
is a highly efficient and very rapid process. Dupuy et al.
have studied the photolysis of diphenyldiazomethane by
picosecond time-resolved techniques and found the
fluorescence attributed to triplet diphenylcarbene to grow
in within 15 ps9.


To the best of our knowledge, only one instance of a
diazo compound with an excited state lifetime compar-
able to those of the azo compounds mentioned above has
been reported. 2-Diazo-1,3-diphenyl-1,3-propadienone
has been reported to have a triplet lifetime of 15 �s.10


In this paper, we report the finding of a second example
of such a diazo compound and on the characterization of
its first triplet excited state.


).&,/(& 0�+ +'&-,&&'*�


When 1,4-naphthoquinonediazide-2-carboxylic acid (1)
in 2-methyltetrahydrofuran (MTHF) was subjected to
laser flash photolysis (10 ns/100 mJ pulses from an XeCl
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excimer laser, 308 nm) (the LFP and matrix isolation
setup used in these experiments has been described
before;11) a transient signal with a lifetime �� 5.3 �s and
�max = 460 nm was detected (Fig. 1). The transient was
quenched efficiently by molecular oxygen and 1,3-
cyclohexadiene, and not at all by 1,4-cyclohexadiene or
cyclopentene.


A number of possible reactive intermediates have to be
considered, among which the most obvious candidate is
the carbene 2, but 2,4-didehydro-1-naphthol (3), which is
formed by decarboxylation of 2, is another intermediate
to be taken in account. Further possibilities are the
naphthoxy radical 4, the bicyclic compound 5, and the
MTHF ylide 6 (Scheme 1).


For a number of reasons, an assignment of the transient
observed to the carbene 2 appears highly unlikely. First, 2
has been characterized by matrix isolation spectro-
scopy.12 Its UV–Vis spectrum in an Ar matrix consists
of two strong absorption maxima at � = 342 and 358 nm,
plus a weak and broad band between �� 425 and


600 nm, which clearly is not consistent with the transient
spectrum monitored here. Second, 2 is unlikely to survive
in MTHF for more than 10 ns. This can be inferred from
the known reactivity of carbene 7, which reacts with
cyclohexane (which is less reactive than MTHF) with a
rate constant k = 8.4 � 106 l mol�1 s�1.13 Less clear is the
situation when biradical 3 is considered, as no derivative
of m-benzyne has ever been characterized by LFP. But
again, its UV–Vis spectrum in an Ar matrix (�max � 350
nm)9 is not consistent with the spectrum obtained by LFP
in MTHF, which also applies to cyclopropene 5
(cyclopropene 5 is unknown, but the UV–Vis spectrum
of unsubstituted benzobicyclo[3.1.0]hexadienone has
been measured.14). As far as the naphthoxy radical 4 or
the ylide 6 is concerned, it appears unlikely that they
would be quenched rapidly by 1,3-cyclohexadiene, but
not by 1,4 cyclohexadiene. Overall, all reactive inter-
mediates typically encountered after LFP of diazo
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compounds can be ruled out. Instead, the reactivity
pattern of the transient monitored resembles that of a
naphthalene derivative in its triplet excited state. In order
to check for this possibility, we performed two series of
experiments.


First, some rate constants for quenching of the
transient were measured Fig. 2. Table 1 gives the values
obtained for 1,3-cyclohexadiene, (Z)-piperylene and
isoprene. A correlation between the triplet energy of
the quencher used and the rate constant measured is
evident.


Second, the luminescence spectrum of 1, matrix-
isolated in Ar at 10 K, was measured.11 Upon excitation,


the compound emitted a blue fluorescence plus a weak
green phosphorescence. The luminescence spectrum
shows a broad fluorescence maximum with
�max � 430 nm and two phosphorescence bands with
�max = 515.1 and 530.1 nm (Fig. 3). The occurence of a
double phosphorescence band can be explained in terms
of a vibrational fine structure with a spacing of 549 cm�1;
the position of the lower wavelength band indicates a
triplet energy of 1 of ca 55 kcal mol�1, typical of
naphthalene derivatives.15,16


Why would diazo compound 1 have a relatively long-
lived first triplet excited state, whereas for example, a
very similar molecule such as 8, the diazo precursor to
carbene 7, does not show such a property?13 The answer
has to be sought in differences between the electronic
structures of the two molecules. Hints towards what may
be the reason for the differences can be found in the
infrared spectra of the two molecules. Here, a comparison
of the C=O and N�N stretching frequencies (Ar matrix,
10 K) is particularly useful: Whereas 8 shows a �N�N at
2062.0 cm�1 and �C=O = 1635.8 cm�1,17 which is typi-
cal for quinone diazides, these values are shifted to
�N�N = 2105.1 and 2086.5 cm�1 (band split due to
matrix site effects) and �C=O = 1585.9 cm�1 in the case
of 1. The electronic structure of quinone diazides can be
described in terms of a diazocyclohexadienone and an
internal diazonium–phenolate mesomeric structure
(Scheme 2).


Owing to the strong intramolecular hydrogen bridge
present in 1,12 the zwitterionic structure b gains
additional weight, which is revealed by the changed IR
frequencies, which indicate a higher bond order of the
N�N bond and a lower bond order of the C=O bond in
1 as compared with 8. Thus, the properties of 1 shift more
towards that of a naphthalenediazonium chromophore. It
should be noted that some arenediazonium cations do
indeed show phosphorescence when irradiated at 77 K; in
the case of the parent benzenediazonium cation (as
tetrafluoroborate), the phosphorescence maximum was
determined to be �max = 410 nm.18 In this study, the
quantum yield of phosphorescence was dependent on the
irradiation wavelength. Phosphorescence (as well as
fluorescence) was only detected upon irradiation with
� = 295 nm, whereas shorter wavelength irradiation
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Quencher
kq � 10�7


(l mol�1S�1)
ET


(kcal mol�1)b


1,3-Cyclohexadiene 75.5 52.4
(Z)-Piperylene 1.7 57.4
Isoprene 1.1 60.0


a In MTHF, ambient temperature.
b Triplet energy of quencher.16
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(� = 259 nm) gave no luminescence, but resulted in
efficient dediazotation instead. Diazo compound 1 may
thus bear sufficient diazonium character to display
characteristics typical of this chromophore.


In order to gain further insight in to the properties of
the first triplet excited state of 1, its geometry was
optimized at the UB3LYP/6–31G* level of theory.
According to the calculation, the CNN moiety is no
longer linear in the triplet excited state, but bent with an
angle of 124.6°. Figure 4 shows a spin density isosurface
projected on to the molecular framework. It reveals that
the spin density is localized mostly on the diazo
functionality and in the cyclohexenone subunit, while
the annelated benzene ring and the carboxy functionality
only receive little spin density. Thus, the triplet excited
state of 1 is not a typical naphthalene triplet.


.45.)'6.�(0/


Diazo compound 1 was prepared as described before.12


The equipment used for laser flash photolysis and for
matrix isolation spectroscopy has been described be-
fore.11 In experiments involving matrix isolation spectro-
scopy, 1 was sublimed at 155°C/10�6 mbar. For laser
flash photolysis, a 0.1 mmol solution of 1 in MTHF was
employed. In order to avoid depletion of the precursor
and product build-up, a flow cell was used. The MTHF
used was freshly distilled prior to use. Calculations were
performed using the Gaussian 98 suite of programs,19


employing the hybrid B3LYP method.20
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ABSTRACT: Dicationic N,N�-dibenzylated cyclophane-type derivative 1 of a bisisoquinoline macrocyclic alkaloid,
S,S-(�)-tetrandrine, was prepared and characterized. In aqueous solution 1 undergoes dimerization, which was
studied by the concentration dependence of its 1H NMR signals. The salt effect on the dimerization constant was
analyzed by using different versions of Debye–Hückel-type equations. 1H NMR titration of 1 by 10 dicarboxylate
anions of different structures revealed strong peak binding selectivity for succinate in the series of �,�-dicarboxylates.
Aromatic carboxylates have larger binding constants and for o-phthalate the formation of both 1:1 and 1:2 host–guest
complexes is observed. Binding of nucleotides (AMP, ADP and ATP) to 1 is surprisingly insensitive to the guest
charge, indicating a major contribution of stacking interactions of the nucleobase with 1. Copyright  2001 John
Wiley & Sons, Ltd.


KEYWORDS: complexation; dicarboxylates; phosphates; alkalord-based cyclophane
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Anions are important components of chemical and
biological systems, and their recognition by synthetic
receptors attracts considerable interest (for reviews, see
Ref. 1). Often fairly selective anion complexation via
hydrogen bonding to neutral receptors is efficient only in
aprotic solvents.2 In protic solvents, in particular in
water, the main driving forces for anion complexation are
ion pairing and ionic hydrogen bonding.3–7 With anions
possessing sufficiently large apolar moieties, additional
hydrophobic8 and/or stacking9 interactions with the
receptor apolar surface can also contribute significantly.
Large binding constants and significant selectivity were
reported for recognition of highly charged tricarboxy-
lates6,10,11 and phosphates12,13 by polyprotonated aza-
macrocycles and cleft-type receptors containing multiple
ammonium or guanidinium groups. Complexation of


dicarboxylates in water is generally weak and of low
selectivity.3a,4 Ion pairing of dicarboxylates with open-
chain diammonium cations was found to be essentially
independent of the structure of both components with log
K = 2.1 � 0.2 at zero ionic strength.14 A recently reported
cleft-type diamidinium receptor specially designed for
dicarboxylate binding shows high binding constants of
the order of 104 l mol�1, but in non-aqueous media
(methanol), and demonstrates only marginal selec-
tivity.15


We demonstrated previously that the use of natural
macrocyles may be a viable and easily accessible
alternative to synthetic receptors.16 Specifically, the
cationic form of a bisisoquinoline alkaloid, d-(�)-
tubocurarine, was found to be an efficient receptor for
organic anions.16a The purpose of this work was to test
the dicarboxylate recognition properties of a semisyn-
thetic cyclophane-type receptor obtained by quaterniza-
tion of nitrogen atoms of another bisisoquinoline
alkaloid, S,S-(�)-tetrandrine.


The crystal structure of tetrandrine shows that it has the
conformation of a triangle with a small cavity.17 We
expected that quaternization of both nitrogen atoms of the
alkaloid with large apolar groups would transform it into
a dicationic receptor with an extended cavity capable of
significant hydrophobic interaction with apolar moieties
of dicarboxylates. In addition, a rigid aromatic skeleton
of the macrocycle may create increased binding se-
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lectivity due to steric effects. With this in mind, we pre-
pared a bisbenzylated derivative (1) of tetrandrine which
indeed demonstrated significant complexation selectivity
towards dicarboxylates. For comparison, the complexa-
tion of adenosine mono-, di- and triphosphates with 1 was
studied.


$,-$ �.$()��


S,S-(�)-Tetrandrine, carboxylic acids, adenosine mono-,
di- and triphosphates, inorganic salts and components of
buffer solutions were purchased from commercial
suppliers and used without further purification. All
solutions were prepared in purified water (Milli-Q
Reagent Water System). NMR spectra were recorded
on Varian UNITY INOVA 400 and 500 MHz spectro-
meters.


%�%�/��0��1#������������ ��0������ 2�3. To a solution of
S,S-(�)-tetrandrine (0.467 g, 0.735 mmol) in acetone
(130 ml) a solution of benzyl bromide (0.38 g, 2.2 mmol)
in acetone (7 ml) was added and the mixture was refluxed
for 15 h. The solid precipitate was washed with acetone
and recrystallized from acetone–water affording 1
(0.596 g, 84%). FAB-MS: m/z 402.3 (1�2Br�, M2�),


885.7 (1�Br�, MBr�). 1H NMR (DMSO-d6, 500 MHz):
� = 2.57 (s, 3H); 2.76 (d, J = 16.5 Hz, 1H); 3.14 (dd, 1H);
3.19 (s, 3H); 3.241 (d, J = 6 Hz, 1H); 3.278 (d, J = 6 Hz,
1H); 3.34 (s, 3H); 3.42 (m, 1H); 3.43 (m, 1H); 3.467 (s,
3H); 3.52 (m, 1H); 3.56 (m, 1H); 3.72 (d, J = 7.5 Hz, 1H);
3.76 (s, 3H); 3.78 (s, 3H); 3.88 (m, 1H); 4.34 (m, 1H);
4.40 (m, 1H); 4.515 (m, 1H); 4.54 (m, 1H); 4.59 (dd,
J = 5.75, 11.25 Hz, 1H); 4.644 (m, 1H); 4.939 (d,
J = 9.5 Hz, 1H); 6.05 (s, 1H); 6.4 (d, J = 1.5, 1H); 6.56
(dd, J = 2, 8.5 Hz, 1H); 6.69 (dd, J = 3, 8.3 Hz, 1H); 6.8
(s, 1H); 6.91 (dd, J = 2, 8.5 Hz, 1H); 6.95 (d, J = 8.5 Hz,
1H); 7.1 (dd, J = 2, 8 Hz, 1H); 7.113 (s, 1H); 7.52 (m,
1H). Anal. calc. for C52H56N2O6Br2�4H2O (1036.92), C
60.23, H 6.22, N 2.70; found, C 60.18, H 6.1, N 2.69%.
Assignment of 1H NMR signals of 1 in DMSO-d6 was
done by using standard two-dimensional techniques
(COSY, ROESY, TOCSY, HMBC and HMQC) (Table
1). Chemical shifts of 1 in water were poorly resolved and
concentration dependent (see Results and discussion).
Assignment of signals in water was made by comparison
of spectra recorded at the lowest possible concentrations
with that in DMSO-d6. Benzylation of nitrogen atoms of
tetrandrine leads to the formation of two new chiral
centers and therefore a mixture to four stereoisomers can
be produced. There are, however, several pieces of
evidence in favor of the formation of a single isomer.


����	 �#
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First, the 1H NMR spectrum shows a single set of signals
for all hydrogens. Second, the reversed-phase HPLC
analysis of 1 shows a single elution peak under different
elution conditions (in a typical experiment a 40.3
mg ml�1 stock solution of 1 in DMSO was prepared,
the injection volume was 50 �l, the chromatographic
column (C18) was 250 � 4.6 mm i.d., the mobile phase
was 40% methanol –60% water, the flow-rate was 0.5 ml
min�1, UV detection was used and the capacity factor
was k� = 4.49).


�4 %�5 ����������. The diacids were converted into the
respective dianions by adjusting the pH of their solutions
in D2O to be 2–3 units above second pKa value by adding
Na2CO3. Titrations were performed on Varian UNITY


INOVA 400 and 500 MHz spectrometers by adding
aliquots of the dianion stock solutions (typically 0.4 M) to
a ca 4 mM solution of 1 in D2O containing desired amount
of background NaCl electrolyte. All titrations were
repeated twice. The experimental data were fitted using
non-linear least-squares regression with the Microcal
Origin 3.5 program. At least 10 signals of different
protons of 1 were used for the fitting and the binding
constants obtained were averaged.


 $/+�)/ �(* *�/�+//��(


/���������
�	
�� �� �


In preliminary experiments we observed a significant
concentration dependence of the chemical shifts of 1 in
water indicative of self-association of the dication. Figure
1 shows as an example the concentration profile of the
observed chemical shift for the H-11 proton. Similar
upfield shifts of the proton signals were observed on
addition of NaCl to a solution of 1 in water (Table 2).
Self-association of charged hydrophobic species in water
is often observed, e.g. for charged porphyrins18 and
cyclophanes.19 A positive salt effect on such aggregation


)���� �# ��������� �! �4 %�5 ������ �! ��


Proton � in DMSO- d6(ppm) � in D2O (ppm)


2-N-CH3 2.57 2.428
2-N-CH2 4.515, 4.644 4.317, –
2�-N-CH3 3.34
2�-N-CH2 4.54, 4.644 4.346, –
1 4.939 4.783
1� 4.59 4.467
3 3.88, 4.34 –, 4.16
3� 3.72, 4.40 3.63, –
4 3.278, 3.42
4� 3.241, 3.43
6 6.8 6.675
6� 7.113 7.053
9� 6.05 5.892
11 2.76, 3.52 2.636, –
11� 3.14, 3.56 3.017, 3.474
13 6.40 6.112
13� 6.56 6.54
14� 6.69 6.54
16 6.95 6.88
16� 6.91 6.74
17 7.10 6.824
17� 7.52 7.177
7-O-CH3 3.76 3.674
7�-O-CH3 3.78 3.7
8-O-CH3 3.19
15-O-CH3 3.467 3.4


a Chemical shifts of aromatic protons of benzyl groups appear between
7.33 and 7.55 ppm.


0
12�� �# ������������� �� ������� �! �"� �0���
��
�"������ �"�!� �! 4/�� �! �. 6"� ����� ���� �� �"� 7���� ���
�
�� ���������� &��" �8�. 2+3


)���� %# �!!��� �! %��� �� �"������ �"�!�� �! *.�- �� � �� &���� 2�������� ������ &"��" ������ ������ ����/������� �"�!��3 ���
������1����� ��������� 9� �� ��!!����� %��� ��������������


[NaCl] (M) H-11 H-9� H-13 H-13� H-16� KD (l mol�1)


0 2.72 5.97 6.15 6.55 6.76 23 � 8
0.05 2.64 5.88 6.1 6.53 6.72 34 � 5
0.1 2.57 5.85 6.09 6.525 6.71 42 � 6
0.15 2.53 5.82 6.07 6.52 6.69 49 � 7
0.2 2.51 5.79 6.06 6.51 5.68 53 � 8
0.3 2.48 5.77 6.05 6.505 6.67 63 � 8
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processes is also well documented and is attributed to
decreased repulsion of similarly charged species at higher
solution ionic strength.20


Quantitative analysis of this and other similar profiles
for the chemical shifts of different protons shows that
they are perfectly fitted to a simplest model involving
dimerization of charged macrocycles according to the
equation


2M2� � M2
4� �1�


where M is the monomeric and M2 is the dimeric species
with the equilibrium dimerization constant KD defined as


KD 	 
M2��
M�2 �2�


The equation for observed chemical shift �obs on
assumption of fast exchange between dimeric and
monomeric forms has the form


�obs 	�M � ��D � �M�
1 � �1 �


�������������������������
1 � 8KD
H�T


�
��4KD
H�T


� �
�3�


where �M and �D are the chemical shifts of monomer and
dimer, respectively, and [H]T is the total concentration of
the host. Fitting of concentration profiles for different
protons gives after averaging the value KD = 23 � 8
l mol�1 in water without added electrolyte.


Since carboxylates and phosphates are charged
species, titration with them should be performed in the
presence of supporting electrolyte in order to minimize
the possible increase in the degree of dimerization of 1
with increase in titrant concentration. In order to estimate
the salt effect on KD we calculated KD values at different
concentrations of NaCl added by Eqn. (3) using data from
Table 2 and assuming that NaCl does not affect �M and �D


values taken from fitting the concentration dependences.
Averaged values of KD calculated from salt-induced
shifts for different protons are given in Table 2.


It has been shown that salt effects on host–guest
equilibria can be treated satisfactorily in terms of a
simple Debye–Hückel equation [Eqn. (4)] with the
apparent charges of reacting species equal to or some-
what lower than the true charges:7,21


log K 	 log K0 � 0�5�zR
2 � zP


2�
��
I


�
��1 �


��
I


�
� �4�


where I is the ionic strength, K0 is the equilibrium
constant at I = 0, zR


2 is the sum of squares of charges of
reactants and zP


2 is the sum of squares of charges of
products. The fitting of the results from Table 2 to Eqn.
(4) shown in Fig. 2 (dashed line) gives KD


0 = 22 l mol�1


and zR
2 � zP


2 = �2.42, which means that the dication of 1
behaves as a species with effective charge zM = �1.1.
However, the fitting to the Eqn. (4) shows an obvious


systematic deviation from the experimental points. In a
search for a better fit we tested also an empirical Debye–
Hückel type equation [Eqn. (5)] successfully employed
for a large number of ionic association equilibria with
both organic and inorganic ions:14,22


log K 	 log K0 � �zR
2 � zP


2�
��
I


�
��2 � 3


��
I


�
�


� CI � DI
��
I


�
�5�


where C = 0.11p* � 0.20 (zR
2 � zP


2), D = �0.075
(zR


2 � zP
2) and p* is the difference in number of moles


of reactants and products. The fitting to Eqn. (5) shown
in Fig. 2 by a dotted line gives KD


0 = 22 l mol�1 and
zR


2 � zP
2 = �3.5 (zM = �1.3), but the quality of the fitting


is even worse than that with Eqn. (4). Bearing in mind the
purely empirical nature of the fitting of these results to a
Debye–Hückel-type equation derived for small, spherical
ions rather than for large organic ions possessing highly
dispersed charges, we tried also to use as an adjustable
parameter the size parameter B in the original Debye–
Hückel equation:


log K 	 log K0 � 0�5�zR
2 � zP


2�
��
I


�
��1 � B


��
I


�
� �6�


The fitting to Eqn. (6) is shown in Fig. 2 by a solid line.
It is considerably better and gives KD


0 = 23 l mol�1,
zR


2 � zP
2 = �1.68 (zM = �0.92) and B = 0.074. Remark-


ably, the results of the application of all three equations
agree reasonably well with each other in spite of the
obvious difference in fitting quality. The equilibrium
constant at zero ionic strength is virtually the same for all
three fitting equations and the effective monomer charge
varies in a narrow range from 0.9 to 1.3. Most probably


0
12�� %# $��� �!!���� �� �"� ������1����� �������� �! � 29��
��!� ����� ����� �8�����3 ��� 0����� �������� �! ���� "�"�����
����� �� � 29� ��"� ����� � �� �8�����3. $���� ����� ��� �"�
7���� ���
�� �� ���������� &��" �8�. 2�3 ���  ���������
�
�� �� �"� ����: ���"�� ��� ������ ����� ��� �"� 7����
���
�� �� �8�� 2*3 ��� 2-3� ��� ����
��#
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the estimated low effective charge of the dication reflects
a high degree of charge delocalization in 1.


In the practical sense, on the basis of above results we
chose for further studies the concentration of added NaCl
as 0.05 M and that of 1 as ca 0.004 M. Under these
conditions ca 80% of 1 should remain in the monomeric
form on variation of the titrant concentration from 0 to ca
0.04 M, provided that the ‘ionic strength’ created by the
titrant is equivalent to that created by NaCl. Another
problem in the titration of a self-associating host is the
unknown degree of self-association of the host–guest
complex. If it is higher than for the free host, the observed
binding constant will be larger than its true value. The
positive salt effect on the dimerization of 1 indicates that
in principle neutral host–guest complexes may have
larger dimerization constants than the dicationic host.
Such a complexation-induced increase in the dimeriza-
tion constant should affect the shape of the titration


curve, but within the limits of experimental errors the
deviation may be difficult to detect. On the other hand,
the contribution of this effect evidently should be larger
for higher host concentrations. Therefore, titrations with
several guests (isomeric phthalate anions) were per-
formed at different concentrations of 1 in the range 2–
8 mM in the presence of 0.05 M NaCl. The observed
binding constants were found to be independent of the
host concentration, indicating a small if any contribution
of possible complexation-induced increases in the
dimerization constant.


��
�� ��������	
��


The anionic guests used in this study are listed in Table 3.
In all cases, addition of a guest anion induced upfield
shifts of proton signals of 1 and the plots of observed


)���� '# )����� ��������� �! ������ �� ��� ��� ��������/������� �"���� �� �������� �"������ �"�!�� �! � �� ���������� �� �-°�
��� 	 ; �.�- �� &�����


Changes in chemical shifts at saturation


Anion K, (l mol�1) H-11 H-11� H-9� H-13 H-13�


�10


58.0 � 5.3 �0.033 �0.025 �0.032 �0.015 –c


�10


–b


43.2 � 4.2 �0.062 �0.040 �0.061 �0.042 –c


46.7 � 4.1 �0.024 �0.013 –c ��0.008 –c


11.6 � 3.3 �0.38 �0.21 �0.33 �0.43 �0.26


110 � 4 �0.123 �0.115 �0.106 �0.107 �0.105


48.9 � 3.6 �0.284 �0.236 �0.226 �0.22 �0.205


K1 = 135 � 12
K3 = 12.4 � 1.5


�0.017
�0.290


�0.05
�0.06


�0.033
�0.25


�0.01
�0.16


�0.01
�0.13


AMP2 K1 = 48 � 7 �0.081 �0.02 �0.014 �0.134 �0.079
K2 = 55 � 10 �0.246 �0.14 �0.084 �0.201 �0.221


ADP3 39.6 � 3.6 �0.244 �0.214 �0.11 �0.298 –c


ATP4 110.2 � 8.5 �0.211 �0.155 �0.108 �0.264 –c


a Errors in K are the standard deviations from mean values calculated by the averaging of values obtained by fitting of experimental points for 10
NMR signals measured in duplicate; errors in changes in chemical shifts at saturation obtained as the second fitting parameter were typically within
�10%).
b No interaction detected.
c Not determined because of signal overlapping.
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chemical shifts vs guest concentration followed Eqn. (7)
derived for a 1:1 complexation scheme:


�obs 	 �H � 0�5���
H�T � 
G�T � 1�K


�
��������������������������������������������������������������������
�
H�T � 
G�T � 1�K�2 � 4
H�T
G�T


�
��
H�T


�7�


where �H is the chemical shift of 1, �� is the difference in
chemical shifts of complexed and free 1 (complexation-
induced shift at saturation, CIS), [H]T and [G]T are the
total concentrations of the host 1 and the guest and K is
the binding constant. Also, a simplified equation [Eqn.
(8)] which assumes the free guest concentration to be
approximately equal to its total concentration was used
when appropriate:


�obs 	 �H ���K
G�T��1 � K
G�T� �8�


The 1:1 stoichiometry was confirmed by the construction
of Job plots for terephthalate as the guest using chemical
shifts of different protons.


Additions of anions of aliphatic monocarboxylic acids
did not induce any detectable changes in the 1H NMR
spectra of 1, but dicarboxylates showed such changes, as
is illustrated in Fig. 3. Only the results for succinate show
sufficient curvature to allow an estimation of K and CIS
values. The respective binding constants and selected
(largest) CIS values for some protons are given in Table
3. With malonate and glutarate rather dispersed linear
dependences of chemical shifts on guest concentrations
are observed. In order to obtain at least an upper estimate
of the binding constants for these anions, the results were
fitted to Eqn. (8) assuming that the CIS values for these
anions are similar to those for succinate. Such estimates
show that the K values for both anions are lower than 10


l mol�1. Additions of adipic acid did not induce notice-
able spectral changes.


The existence of a sharp optimum in the series of
guests �OOC(CH2)nCOO� might indicate the best
complementarity of guest negative charges and ammo-
nium charges of 1 at n = 2, but the distance between the
N-2 and N-2� atoms in tetrandrine is 9.75 Å,17 whereas
the distance between carboxylate oxygens of succinate
is only ca 6 Å. Quaternization of nitrogens in 1 may
change the distance, but most probably it will be even
larger because of repulsion of ammonium cations.
Therefore, better charge complementarity should be
expected for guests with larger n and the optimum for
succinate may be due to the best complementarity of its
hydrocarbon chain to the host shape. Probably its
methylenes are included in the small and rigid host
cavity, which allows van der Waals contacts of both
carboxylates with ammonium sites, but owing to steric
restrictions larger chains cannot be accommodated inside
the cavity.


Typical titration plots for fumarate and maleate are
shown in Fig. 4. These anions have binding constants
similar to that for succinate (Table 3). Inspection of CIS
values (Table 3) for all three anions shows that although
they differ considerably in absolute magnitude, in all
cases complexation affects the chemical shifts of protons
situated around both ammonium groups of 1 and no guest
shows a preferable location around one of the host
nitrogens. It is worth noting that CIS values with all
anions studied show a non-specific pattern, being of
similar magnitude for very distant protons (Table 3).
Therefore, analysis of the complexation-induced shifts of
different signals is unfortunately of limited help for the
identification of the location of the bound guest in this
case. It seems that the association of anions with 1 leads
to the formation of a series of rapidly equilibrating, on the
NMR time-scale, isomeric complexes with each guest
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and the observed changes in chemical shifts are the
averaged values. Hence one should rely more on
structure–affinity relationships in determining the mode
of anion binding to 1.


With aromatic carboxylates one may expect an
additional contribution from stacking or hydrophobic
interactions. Indeed, benzoate anion, in contrast to
aliphatic monocarboxylates, interacts with 1 although
with a small binding constant, (Table 3, Fig 4). As
discussed above for dicarboxylates, benzoate induces
changes in the chemical shifts of protons situated around
both ammonium groups (Table 3). Since the monoanion
certainly cannot form a salt bridge with both ammonium
groups of 1, the observation of considerable CIS values
for distant protons can be explained only by assuming
that benzoate participates in a fast equilibrium between
two or more isomeric complexes in which the carboxy-


late group is in a contact with either the N-2 or N-2� site,
in agreement with the assumption made above for
dicarboxylates.


Typical titration plots for terephthalate and isophtha-
late are shown in Fig. 5. Terephthalate has the larger
binding constant, but the CIS values for the less tightly
bound isophthalate are larger (Table 3). The situation
with the ortho-isomer is more complicated. Fitting of the
titration plots for o-phthalate monitored by the chemical
shifts of different protons was satisfactory, but the
binding constants were very much different for different
monitored protons, ranging from ca 5 to ca 100 l mol�1.
As an example, Fig. 6 shows the titration plots for o-
phthalate monitored by the chemical shifts of H-7� and H-
11. Their fitting to Eqn. (7) shown by dashed lines gives
K = 87 and 5.4 l mol�1, respectively. Such behavior
indicates a more complex reaction scheme for this anion.
Fitting these results to the equation


�obs 	 ��H � �HGK1
G� � �HG2 K1K2
G�2���1
� K1
G� � K1K2
G�2� �9�


where �H, �HG and �HG2 are chemical shifts of free host,
1:1 complex and 1:2 complex, respectively, and K1 and
K2 are stepwise formation constants of these complexes,
allowed us to obtain signal-independent binding con-
stants K1 = 135 and K2 = 12.4 l mol�1 with major CIS
values accompanying the formation of the second
complex.


The association constants for terephthalate were
determined at different concentrations of added NaCl
(Fig. 2). Evidently the salt effect on the association
equilibrium is much stronger than that on the dimeriza-
tion of 1. Fitting the results for terephthalate to Eqn. (6)
gives logK0 = 2.65 and zR


2 � zP
2 = 5.74 with B = 0.074.


Assuming that terephthalate behaves as a ‘normal’
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dianion with an effective charge of �2, one obtains from
these parameters an effective charge of 1 of �1.36, in
agreement with estimates from the salt effect on
dimerization (see above).


Titration plots for ADP and ATP are illustrated in Fig.
7 and the respective binding constants are given in Table
3. In the case of AMP as in the case of o-phthalate, fitting
to Eqn. (7) gives binding constants strongly dependent on
the signal used for the fitting. As an example, the titration
curves for two different protons are shown in Fig. 8.
Again, fitting to Eqn. (9) allowed us to obtain signal-
independent binding constants for the first and second
complexes (Table 3). It is worth noting that in the case of
AMP the experimental titration points do show clear
deviations from the fitting curve corresponding to a 1:1
binding isotherm.


Large CIS values for nucleotides similar to those for
aromatic carboxylates (Table 3) indicate possible con-
tributions of stacking interactions for both types of


guests. In the series of nucleotides the negative charge
increases from 2 to 4 on going from AMP to ATP but the
binding constants show little and irregular dependence on
the guest charge: K decreases on going from AMP to
ADP and then increases, but only by factor of ca 3, for
ATP. The situation resembles that recently reported for
nucleotide binding by a cationic porphyrin dimer.9 Purely
electrostatic binding of ATP to diammonium dications of
different structures has K values of the order of 105


l mol�1 at I = 0,23 much higher than the K = 110 l mol�1


found for ATP and 1. The association constants of ATP
with ammonium monocations are of the order of 102–103


l mol�1 at I = 0.24 Taking into account the fact of the
formation of both 1:1 and 1:2 complexes between 1 and
AMP, in which the dianion apparently is bound to only
one of the host ammonium groups, we assume that ADP
and ATP also are bound to only one of the host
ammonium groups but the formation of 1:2 complexes
for these anions is unfavorable because of mutual
repulsion of highly charged guests. On the other hand,
the values of K1 and K2 for AMP are too large for purely
electrostatic binding of a dianion to a monocation.
Typical values of association constants for such ionic
pairs are ca 10 l mol�1 at I = 0.14 The large binding
constants for AMP therefore indicate a contribution from
stacking interactions, which probably is less significant
for nucleotides possessing higher negative charges.


Trends in the complexation of dicarboxylates by 1 can
be considered together with extensive literature data on
ion pairing with these guests. Since any discussion of
ionic equilibria requires corrections for salt effects, we
estimated the association constants for dicarboxylates at
I = 0 by using Eqn. (6) with parameters found for
terephthalate. Logarithms of the thus corrected binding
constants together with literature values for dicarboxylate
binding to different cations are given in Table 4. As
mentioned in the Introduction, purely electrostatic
binding of dicarboxylates is rather non-specific. Dica-
tions possessing very different charge distributions, such
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12� Ca2�a H3N(CH2)3NH3
2�a H3N(CH2)6NH3


2�b H2N(CH2)6NH3
�b 32�c 26�d


Malonate 1 2.5 2.0 0.9
Succinate 2.4 2.0 2.11 2.0 1.1 3.15
Glutarate 1 1.78 1.86 1.55a,f 3.36
Adipate –e 2.2 2.61 3.41
Maleate 2.3 2.43 3.38
Fumarate 2.2 2.0 3.61
o-Phthalate 2.73 2.47 2.23 1.97a,f


Isophthalate 2.3 2.0 2.74
Terephthalate 2.65 2.05 2.15 2.27a,f 2.85 4.40


a Ref. 24.
b Ref. 14.
c Ref. 7.
d Ref. 4.
e No binding.
f N,N�-Permethylated diamine.
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as spherical Ca2� or diprotonated diamines with different
spacers between ammonium groups, all bind dicarboxy-
lates with logK � 2. As an example of recognition by
polyprotonated macrocycles, data for the macrobicyclic
anion receptor 24 are included, which show, of course,
larger binding constants but practically no discrimination
between aliphatic dicarboxylates. Complexation with the
aromatic dication 37 is stronger owing to some contribu-
tion from stacking and/or hydrophobic interactions, but
also non-selective.


The most interesting feature of 1 in comparison with
other dications is the strong peak selectivity for succinate
in the series of �,�-dicarboxylates. The similar binding
constant for fumarate probably reflects similar conforma-
tions of this anion and succinate, but equally strong
binding of maleate seems surprising. Comparison of CIS
values (Table 3) shows that for maleate they are
substantially smaller than for succinate and fumarate. It
is possible, therefore, that in contrast to succinate and
fumarate, maleate is bound to only one of the ammonium
centers of 1 with its hydrocarbon moiety located outside
the macrocycle cavity. Indirect evidence in favor of this
assumption is the observation of formation of 1:1 and 1:2
complexes with o-phthalate, which possesses an arrange-
ment of carboxylate groups similar to maleate and
apparently forms complexes with each ammonium center
of 1. In the case of maleate, formation of the second
complex can be easily overlooked because of the very
small complexation-induced spectral shifts. Ion pairing
of dicarboxylates with monocations is usually weak, as
illustrated in Table 4 for malonate and succinate
complexes with monoprotonated diaminohexane, which
have association constants of only 10 l mol�1. However,
as can be seen from the data for Ca2� (Table 4), maleate
and o-phthalate form more stable ion pairs than other
dicarboxylates owing to the higher charge density created
by proximate carboxylate groups.


Binding constants for isomeric phthalates are in the
range of values expected for ion pairing between
dicarboxylates and dianions (Table 4), and the com-
plexation is rather non-specific. An interesting feature is
the ability of o-phthalate to form both 1:1 and 1:2
complexes, apparently due to the above-mentioned effect
of higher negative charge density which allows suffi-
ciently strong binding to a single ammonium center.


��(��+/��(/


The use of natural macrocycles for the development of
new receptors is promising in several respects. First, in
this way one avoids the usually difficult step of
macrocyclization inevitable in the preparation of syn-
thetic receptors. Second, natural compounds often
provide interesting three-dimensional arrangements of
functional groups, which potentially may create high
binding selectivity. Third, natural compounds are often


chiral and are of a special interest for potential chiral
recognition. The results obtained in this paper with
bisbenzylated tetrandrine showed never before reported
high peak selectivity of complexation of �,�-dicarboxy-
lates. We also observed significant contributions of
stacking or hydrophobic interactions in the complexation
of benzoate anion and nucleotides. These results create
bases for further applications of 1 for more important
chiral recognition of anions, e.g. N-acylated amino acids.
Preliminary measurements with enantiomeric anionic
derivatives of phenylalanine showed that 1 does have a
significant capacity for chiral discrimination.
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ABSTRACT: The cis/trans ratios for six model secondary amides were determined by 1H NMR in a range of solvent
systems. The trans to cis equilibrium in chloroform is only slightly affected by addition of the hydrogen bond donor,
trifluorethanol, but the cis rotamer is stabilized by an average of 0.7 kcal mol�1 when acetic acid is used as an
intermolecular donor–acceptor template. Conversely, amide interaction with anionic hydrogen bond acceptors
decreases the percentage of cis rotamer. 15N NMR spectroscopy was used to determine the effect of hydrogen bonding
on the trans amide structure. The direction and the magnitude of 15N complex-induced-shifts indicate that both
hydrogen bond donors and acceptors raise the secondary amide rotational barrier by increasing the C—N bond order.
The relationship of these results to protein structure is discussed. Copyright  2001 John Wiley & Sons, Ltd.


KEYWORDS: 15N NMR; hydrogen bonding; secondary amide groups; secondary urea groups; cis/trans ratio
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Surveys of the Protein Structure Data Bank show that
around 0.03% of the secondary amide bonds are assigned
as cis rotamers.1 These cis amides are usually located
near the functional site in a protein2,3 and thus play an
important role in protein function. For example, the
binding ability of the saccharide-binding protein con-
canavalin A is controlled by a calcium-induced cis/trans
isomerization.4 It is speculated that the cis bond is an
energy source that can be utilized during protein
function.1,5


The fraction of cis amide bonds in proteins is much
lower than the 1.5% cis reported for N-methylacetamide,
a compound that has often been viewed as a model for the
peptide bond.1,5 A recent study showed that the fraction


of cis amide for dipeptides drops to around 0.4% for
amino acids with C� side chains.6 Furthermore, peptide
elongation eliminates the electrostatic stabilization and
lowers the amount of cis rotamer to 0.11%. This is still
almost four times higher than that seen in the data bank
surveys. A possible explanation is that many cis amide
bonds have been misassigned because X-ray refinement
programs automatically refine amides as trans rotamers.
Evidence in favor of this view is the observation that
high-resolution structures (�2.0 Å) have 0.04% cis
whereas low-resolution structures (�2.5 Å) have 0.01%
cis.1 Two other explanations for the scarcity of cis amides
in proteins are: (a) restrictions in conformational space
lower the likelihood of a cis amide; (b) non-covalent
stabilization of trans amide bonds.


There is literature evidence that secondary amide
conformations can be affected by non-covalent interac-
tions. For example, protein structures show a preference
for one of the amino acid residues involved in a cis amide
bond to be an aromatic group, suggesting that aromatic
residues are able to stabilize the cis conformation via C—
H� � �� interactions.5 With regard to model studies,
Wolfenden and coworkers examined solvent effects and
found that the fraction of cis isomer for N-methforma-
mide and N-methylacetamide hardly changes with
solvent polarity.7 On the other hand, protonation of a
formamide carbonyl is known to increase the formamide
cis/trans ratio8 and the amount of cis formamide rotamer
is concentration dependent in CDCl3 due to hydrogen-
bonded homodimerization.9 Cis secondary amides10–12


and secondary carbamates13,14 have been observed
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within supramolecular assemblies, but these systems
have not been examined systematically.


The aim of this study is determine the effect that
different hydrogen bonding motifs have on the structure
of a secondary amide bond. The study is in two related
parts. First, we report that the cis/trans ratios for six
model secondary amides increase slightly upon addition
of trifluorethanol, a monotopic hydrogen bond donor, and
increase quite significantly in the presence of acetic acid,
a donor–acceptor diad. Conversely, addition of anionic
hydrogen bond acceptors decreases amide cis/trans
ratios. Second, we provide 15N NMR evidence suggest-
ing that hydrogen bonding to trans secondary amides
increases the barrier to amide C—N rotation. The paper
concludes with a short discussion on the relationship of
these results to protein structure.
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Secondary amides 1–6 were chosen for study because
they have a measurable fraction of cis rotamer in CDCl3


solution. Since the isomerization rate is slow on the NMR
time scale, the cis/trans ratios can be determined at room
temperature by direct integration. The percentages of cis
rotamer found for solutions of 1–6 in various solvent
systems are listed in Table 1.


The amount of cis rotamer in 9:1 CDCl3/CF3CH2OH is
slightly higher than that observed in CDCl3 alone
(compare entries 1 and 2 in Table 1). This is attributed
to the increased steric hindrance arising in the solvated
complex A shown in Scheme 1. A more significant
increase in amide cis/trans ratio is observed when the
solvent is 9:1 CDCl3/CH3COOH. In this case, the trans to
cis equilibrium for the six amides is moved to the right by
an average of 0.7 kcal mol�1, presumably because the cis
rotamer forms the chelated hydrogen bonded complex B.


"���	 )�  �������!� �� �	����� � ���	"� �	#���� ������� �� $%& '�


% cis [�G(kcal mol�1)]b


Entry Solvent 1 2 3 4 5 6


1 CDCl3 13 [1.12] 3 [2.05] 52 [�0.05] 27 [0.59] 49 [0.01] 15 [1.02]
2 9:1 CDCl3/CF3CH2OH 17 [0.94] – 55 [�0.12] 27 [0.59] – –
3 9:1 CDCl3/CH3COOH 34 [0.39] 14 [1.07] 75 [�0.65] 46 [0.09] 70 [�0.50] 39 [0.26]
4 CD3COOD 19 [0.86] 5 [1.74] 50 [0] 26 [0.62] 36 [0.33] 23 [0.72]
5 CDCl3, 25 mM TBAAa 8 [1.44] – 22 [0.75] 20 [0.82] – –
6 CDCl3, 25 mM TBACa 10 [1.30] – 29 [0.53] 20 [0.82] – –


a [amide] = 25 mM, TBAA = tetrabutylammonium acetate, TBAC = tetrabutylammonium chloride.
b �G for trans to cis equilibrium. Error � 5% of the stated value.
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Interestingly, lower amounts of cis rotamer are observed
when the solvent is 100% CD3COOD (Table 1, entry 4).
In this case, the concentration of acetic acid is so high that
polysolvated trans amide complexes such as C are the
predominant supramolecular structure(s).


We determined the effect of anionic hydrogen bond
acceptors on secondary amide conformation by measur-
ing the percentage of cis rotamer for amides 1, 3 and 4 in
the presence of tetrabutylammonium acetate and tetra-
butylammonium chloride (Table 1, entries 5 and 6). In
each case, the anions decreased the percentage of cis,
with acetate inducing the largest decrease. A likely
explanation is that the anion forms a hydrogen bond with
the amide N—H residue, which destabilizes the cis
rotamer (see D in Scheme 1). In the case of formamides 1
and 3, the anion may also stabilize the trans rotamer by
chelating with the aldehyde C—H as shown in E.15


*��
�	� �
����� ��� ����� ����	 ��������	


15N NMR spectroscopy was used to gain additional
insight into the effect of hydrogen bond donors and
acceptors on amide bond structure. Although 15N NMR is
commonly employed in biomolecule structure determi-
nation,16,17 it is rarely employed in organic supramol-
ecular chemistry.18,19 The inherent insensitivity of the
15N nucleus is a disadvantage, and often 15N-enriched
samples are required; however, this means that it is easy
to monitor an isotopically enriched nitrogen compound in
a mixture with other non-enriched compounds.


Specifically, we wished to learn how the structure of a
trans secondary amide is affected by hydrogen bonding.
As noted in the Introduction section, a possible reason for
the scarcity of cis amides in proteins is that the trans
amide is preferentially stabilized by non-covalent inter-
actions. Initially, we examined 15N-enriched acetanilide,
(7) as a model amide that adopts a predominantly trans
conformation. The 15N chemical shift for 7 in 9:1 CDCl3/
CF3CH2OH occurs 1.8 ppm downfield of the signal in
CDCl3. This agrees with previous reports on the effect of
hydrogen bond donors on amides and indicates that the
C—N bond order increases as shown in zwitterionic
complex F (Scheme 2).20 The downfield movement in
chemical shift is due to increased delocalization of the
nitrogen lone pair, which results in increased anisotropic
deshielding by the partial C=N double bond.18,20–22


Since anionic hydrogen bond acceptors decrease cis/
trans amide ratios (Table 1), it was of particular interest
to determine how anions affect the structure of a trans
amide. Thus, a solution of 7 in CDCl3 was treated with
one molar equivalent of tetrabutylammonium chloride.
This resulted in a 2.8 ppm downfield movement in 15N
chemical shift, which again suggests an increase in C—N
bond order, this time due to the zwitterionic complex G
in Scheme 2. A factor that complicates the interpretation
of this NMR result is the likelihood that 7 and chloride do
not form a discrete 1:1 hydrogen-bonded complex in
CDCl3. Therefore, we decided to confirm this effect by
using some amide-derived host compounds that are
known to form 1:1 hydrogen-bonded complexes with
anions.


Two 15N-enriched compounds were prepared, the
organometallic bis(anilide) 823,24 and the urea 9.25 Both
compounds are known to form chelated 1:1 host/guest
complexes with anions, and they were used as hosts in
15N NMR titration experiments. Addition of tetrabutyl-
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ammonium dihydrogenphosphate to 8 in DMSO-d6


results in a downfield movement of the amide 15N
resonance (Fig. 1). As expected, the titration isotherm
fitted nicely to a 1:1 binding model and a value of
Ka = 110 M�1 was extracted by iterative curve-fitting
methods.25 A downfield movement in 15N chemical shift
was also observed when urea derivative 9 was titrated
with tetrabutylammonium acetate and tetrabutylammo-
nium chloride in DMSO-d6 (Fig. 1). The binding
constants were calculated to be 18 M�1 for chloride and
340 M�1 for acetate.


As in the case of 7, the approximate 3 ppm downfield
movement of the amide (and urea) 15N chemical shifts
upon saturation of 8 and 9 with anions indicates that the
C—N bond order increases as shown in complex G.
Martin et al. have established that there is a linear
correlation between C—N rotational activation energy
and 15N chemical shift.26 According to their relationship,
a 3 ppm downfield shift corresponds to a 0.7 kcal mol�1


increase in activation energy for C—N rotation. In other
words, forming a hydrogen bond with the NH residue of a
trans secondary amide rigidifies the amide C—N bond.


%#�%&$ !#� 


For a protein to contain a backbone cis amide bond it
must overcome an approximate 2.8 kcal mol�1 energy
difference in favor of the trans rotamer.3,27 Our
investigation of six model secondary amides in chloro-
form solution consistently shows that the trans to cis
equilibrium is only slightly affected by the hydrogen
bond donor, trifluorethanol, but it is moved to the right by
an average of 0.7 kcal mol�1 when acetic acid (in
chloroform solvent) is used as an intermolecular donor–
acceptor template. Conversely, amide interaction with
anionic hydrogen bond acceptors decreases the percen-
tage of cis rotamer. It appears that if a protein is to induce
one of its amide groups to adopt a cis conformation then
the protein must fold in a way so as to stabilize the cis
amide with at least two intramolecular hydrogen bonds in
a relatively non-polar environment.


15N NMR is an attractive method for studying the
supramolecular chemistry of amide and urea compounds.
Not only is it a useful probe for host/guest titration
experiments (Fig. 1), but the direction and the magnitude
of the 15N complex-induced-shift provides insight into
the change in C—N bond order and the corresponding
C—N rotational barrier. The results of our 15N NMR
experiments indicate that both hydrogen bond donors and
acceptors can raise amide rotational barriers by increas-
ing the C—N bond order, as shown in structures F and G
in Scheme 2.20,28 Thus, hydrogen bonding with a
protein’s backbone amides is a way of rigidifying and
polarizing the backbone structure.29 The barrier for
conversion of trans to cis amide is around 20 kcal mol�15


which means that the process can be the rate-limiting


folding step for proteins containing cis amides. It is
intriguing that a cis/trans isomerase for non-prolyl
peptides has yet to be identified.27


�./��!���"'&


All NMR samples were 25 mM unless stated otherwise.
Compounds 1–4 and 6 were purchased from Aldrich, and
compound 7 was made by a literature method.22


+�01���	����
��������	 234


2,6-Dimethylaniline (165.1 �l, 0.67 mmol) was dissolved
in benzene in a Dean–Stark apparatus. An 88% solution
of formic acid (3 ml, excess) was added and the mixture
was stirred under nitrogen for 30 min. The mixture was
then heated to reflux for 15 h and the excess water and
formic acid driven off as an azeotrope. The benzene was
removed, leaving a white solid that was shown to be pure
by NMR.30 1H NMR (CDCl3) � 2.28 (s, 3H), 2.32 (s, 3H),
6.80/6.92 (bs, cis/trans NH signal, 1H), 7.12–7.15 (m,
3H), 8.11 (d, trans CHO signal, J = 12 Hz), 8.43 (d, cis
CHO signal, J = 1.5 Hz) ppm.


56�6�1���12��	��1)3�1������
�41+�+�1��������	71
���2+�+�1��������	4����	����2!!4 ���2�	8�9�
�
1
��
�����	4 2,4


4,4�-Dicarboxy-2,2�-bipyridine (0.318 g, 1.3 mmol) was
suspended in 15 ml of SOCl2 and the mixture refluxed for
24 h under an atmosphere of nitrogen. The solvent was
removed in vacuo and the yellow residue suspended in
dry THF. 15N-Aniline (263 �l, 2.86 mmol) was added via
dropping funnel as a solution in THF over 5 min. The
mixture was stirred at room temperature overnight under
nitrogen. The mixture was filtered and the residue
dissolved in dimethyl sulfoxide and precipitated upon
addition of water. The precipitate was filtered and rinsed
twice with water, leaving 4,4�-bis(phenyl-15N-carba-
moyl)-2,2�-bipyridine as an off-white solid (0.488 g,
1.23 mmol) in 95% yield. 1H NMR (DMSO-d6) � 7.15
(t, 2H, J = 7.5 Hz), 7.39 (t, 4H, J = 8 Hz), 7.81 (d, 4H,
J = 8.5 Hz), 7.98 (dd, 2H, J = 5, 1.5 Hz), 8.91 (s, 2H),
8.96 (d, 2H, J = 5 Hz), 10.71 (d, 2H, JN— H = 90.5 Hz).
13C NMR (DMSO-d6) � 163.8 (JN— C = 15.5 Hz), 155.4,
150.0, 143.4 (JN— C = 9.5 Hz), 138.5 (JN— C = 14.5 Hz),
128.5, 124.1, 122.2, 120.5, 118.5. 15N NMR (DMSO-d6)
(referenced relative to CH3NO2 at 0 ppm) �246.9. MS
(FAB�, NBA) [M � H]� at m/z 397.1449 (calc.
397.1450).


Complex 8 was formed by dissolving the above solid
(0.227 g, 0.57 mmol) in a mixture of 25 ml of water,
25 ml of ethanol, and 12.5 ml of glacial acetic acid. This
mixture was heated to 50°C for 20 min under an
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atmosphere of nitrogen. cis-Ru(bpy)2Cl2�nH2O (0.328 g,
0.63 mmol) was added and the mixture was heated at
reflux for 3 days under nitrogen. The mixture was cooled
to room temperature and filtered through a Celite plug,
and upon removal of the solvent in vacuo gave a dark
brown–orange glass. Column chromatography on alumi-
na (10% methanol in CHCl3 → 100% methanol)
produced 8 as the dichloride salt (0.44 g, 0.54 mmol) in
95% yield. The bis-PF6 salt was formed by precipitation
after addition of NH4PF6(aq). 1H NMR (DMSO-d6) �
7.18 (t, 2H, J = 7.5 Hz), 7.41 (t, 4H, J = 8 Hz), 7.54–7.59
(m, 4H), 7.75–7.77 (m, 6H), 7.81 (d, 2H, J = 5.5 Hz), 7.94
(d, 2H, J = 6 Hz), 7.99 (d, 2H, J = 6 Hz), 8.20 (d, 2H,
J = 6.5 Hz), 8.23 (d, 2H, J = 8 Hz), 8.87 (d, 4H, J = 8 Hz),
9.39 (s, 2H), 10.77 (d, 2H, JN—C = 90 Hz). 13C NMR
(CD3CN) � 163.0 (JN—C = 17 Hz), 158.6, 157.9 (JN—C


= 18 Hz), 153.6, 152.8 (JN—C = 17 Hz), 144.0 (JN—C


= 9.5 Hz), 139.3 (JN—C = 4.5 Hz), 139.0 (JN—C =
14 Hz), 130.0, 128.8 (JN—C = 6.5 Hz), 126.5, 126.1,
125.5, 123.4, 121.8. 15N NMR (CD3CN) (referenced
relative to CH3NO2 at 0 ppm) �246.6 (JN—H = 90.5 Hz).
MS (FAB�, NBA) [M � PF6]� at m/z 955.1447 (calc.
955.1431).


)3�1/�	��1� �1
��� ��	� 2-4


15N-Aniline (100 �l, 1.14 mmol) was dissolved in
CH3CN (7 ml). Octyl isocyanate (242 �l, 1.37 mmol)
was added and the mixture heated to reflux for 24 h under
an atmosphere of nitrogen. The mixture was cooled to
room temperature and placed in a freezer for 20 min. A
white solid was collected by suction filtration and rinsed
with cold CH3CN, leaving pure 9 as a white solid
(0.251 g, 1.01 mmol) in 88% yield. 1H NMR (DMSO-d6)
� 0.85 (t, 3H, J = 7 Hz), 1.23–1.42 (m, 12H), 3.04 (q, 2H,
J = 7 Hz), 6.08 (bt, 1H, J = 5.5 Hz), 6.85 (t, 1H, J = 7 Hz),
7.19
(t, 2H, J = 8 Hz), 7.36 (d, 2H, J = 8.5 Hz), 8.35 (d, 1H,
JN—H = 88.5 Hz). 13C NMR (DMSO-d6) � 155.1 (JN—C


= 20 Hz), 140.6 (JN—C = 16 Hz), 128.6, 120.8, 117.5,
39.0, 31.2, 29.7, 28.7, 28.7, 26.4, 22.1, 13.9. 15N NMR
(DMSO-d6) (referenced relative to CH3NO2 at 0 ppm)
�270.9 (JN—H = 88.0 Hz). MS (FAB�, NBA) [M � H]�


at m/z 250.1945 (calc. 250.1937).
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ABSTRACT: Tautomeric equilibria between 2-(cinnamoylmethyl)quinoline, (Z)-1,2-dihydro-2-(cinnamoylmethy-
lene)quinoline and (Z)-4-phenyl-1-(2-quinolyl)-1,3-butadien-2-ol were studied by 1H, 13C and 15N NMR methods.
The —CH=CH— fragment conjugated with phenyl and a strong electron donor p-(1-pyrrolidine) substituent were
found to favour the enolimine tautomer. This undergoes fast exchange (on the NMR time-scale) with the enaminone
form. The amount of the latter tautomer was found to increase at low temperatures. Copyright  2001 John Wiley &
Sons, Ltd.


KEYWORDS: tautomerism; quinoline ketones; enaminones; enolimines; hydrogen bonding; 1H NMR; 13C NMR;
15N NMR
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Three tautomeric forms are expected to be present in
solutions of 2-phenacylpyridine (Scheme 1, R3 = Ph).
Our recent NMR studies1,2 showed that ketimine, K, is in
equilibrium with enaminone [(Z)-1,2-dihydro-2-(ben-
zoylmethylene)pyridine], E, when R1,R2 = benzo, and
with enolimine [(Z)-2-(2-hydroxy-2-phenylvinyl)pyri-
dine], O, when R1 = R2 = H (E and O dominate in chloro-
form solutions).


Both (Z)-1,2-dihydro-2-benzoylmethylenequinoline,
E, and (Z)-2-(2-hydroxy-2-phenylvinyl)pyridine, O, are
stabilized by intramolecular hydrogen bonding.1,2 The
former tautomer is further stabilized by a benzo
annelation.1 It seemed of interest to study whether the
resonance of an extended conjugated �-system, such as in
the cinnamoyl moiety, could result in an increased
contribution of an enolimine form in solution, especially
when there are strong electron donors at the para position
in the cinnamoyl moiety. It is well known that such
groups present in the phenacyl part of the molecule
significantly stabilize the ketimine form (K) in 2-
phenacylpyridine.3 The same substituents are also
expected to stabilize (Z)-4-phenyl-1-(2-quinolyl)-1,3-
butadiene-2-ol, O (Scheme 1, R1,R2 = benzo, R3 = CH
=CHPh).


1H and 13C NMR studies4 showed that the enol
PhCOCH = C(OH)C6H4R is the only tautomer present in


chloroform when R = H. However, with a p-dimethyl-
amino group (strong electron-donor), 8% of the keto
form, PhCOCH2COC6H4NMe2-p, is present.4 It is
noteworthy that corresponding tautomer was not detected
in solution of its vinylogue. PhCOCH2-


COCH=CHC6H4NMe2-p.4 The intramolecular hydro-
gen bond in the enol tautomeric form is responsible for its
stabilization and predominance over the keto tautomer.
Although this bond seems very strong (the chemical shift
of the hydroxy proton in chloroform is �16.5 ppm), it is
broken in THF and DMSO, where the respective shift is
�2.5 ppm.4


Multinuclear magnetic resonance spectroscopic tech-
niques have provided an excellent tool to investigate
tautomeric equilibria quantitatively.5–7 It has been


.�����  


JOURNAL OF PHYSICAL ORGANIC CHEMISTRY
J. Phys. Org. Chem. 2001; 14: 201–204


Copyright  2001 John Wiley & Sons, Ltd. J. Phys. Org. Chem. 2001; 14: 201–204


*Correspondence to: R. Gawinecki, Department of Chemistry,
Technical and Agricultural University, Seminaryjna 3, PL-85-326
Bydgoszcz, Poland.
E-mail: gawiner@mail.atr.bydgoszcz.pl







reported that protonation induced chemical shifts of the
ring nitrogen atom in aza aromatic compounds are very
large.8 Consequently, 15N NMR spectroscopy provides
valuable information on their tautomerism.9–12 The aim
of this paper is to show the effect of the presence of the
—CH=CH— fragment in the molecule on tautomerism
of 2-phenacylquinolines (Scheme 2) 1H NMR spectro-
scopy seemed to be the best method to evaluate such
tautomeric equilibria quantitatively.


�%.,�*. /)+ +(.-,..(#)


1H and 13C NMR spectra of tautomeric mixtures are often
very complex. Therefore, the identification of all signals
belonging to a specific (minor) tautomer was not always
possible,13 even by comparing the spectra with those of
the fixed tautomeric form.14 Thus, only well-resolved
chemical shifts for the ketimino form are collected in
Table 1. It is noteworthy, however, that missing signals
are not necessary for calculation of the content of the
corresponding tautomer.


Some spectral parameters are indicative of particular
tautomeric forms. 15N chemical shifts of the ketimine
tautomers vary in the range �68 to �75 ppm.2 On the
other hand, 15N chemical shifts of the enolimine and
enaminone forms are shielded significantly varying in the
limits �120 to �126 and �226 to �228.5 ppm,
respectively.2 13C NMR spectra allow also one to
distinguish between different tautomers.2 Thus, the
chemical shifts of Cl1 are in the limits 47.5–49.5, 89–
90.5 and 91–97 ppm for K, E and O, respectively. �(C12)
values are also helpful: 194.5–196 (K), 181.5–185 (E)
and 161.5–163.5 (O).2


The chemical shifts of H1 (Table 1) confirm that
enaminones are strongly hydrogen bonded, which is
possible only in the Z-isomers. There are no signals
typical of the 2K form [2-(cinnamoylmethyl)quinoline]
seen in the NMR spectrum of 2 (Table 1). On the other
hand, an upfield shift of C12 in the 13C NMR spectrum, as
compared with similar signals of the E forms for other
tautomeric mixtures studied, suggests that chloroform
solution may contain also some O tautomer [(Z)-4-
phenyl-1-(2-quinolyl)-1,3-butadien-2-ol]. A broad sing-
let for Hl in the 1H NMR spectrum of 2 shows that the
proton exchange between E [(Z)-2-(cinnamoylmethy-
lene)-1,2-dihydroquinoline] and O is fast. This is also
confirmed by the value of 15N chemical shift, which is an
average of typical chemical shifts for these two
tautomeric forms.


Both 1H and 13C NMR spectra for the tautomeric
mixture of 4 are very complex. Moreover, positions of
some signals differs from those typical for K, E and O
tautomeric forms.1,2 This refers especially to the
chemical shift of C12 (Table 1). 15N chemical shifts
show that in addition to 4K there are also 4E and 4O
forms present in solution. There is a slow proton
exchange between 4K and 4E and also between 4K and
4O, and fast proton exchange between 4E and 4O
(Scheme 3) that causes the 13C signals of E and O
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Compound Forma N1 C11 C12 H11 K (%)b


1 K �73.8c 49.36c — 4.69c 4.7c


E �228.7c 89.88c 183.81 6.07c


2 K 0.0
E � O �203.0 96.45 177.53 5.61


3 K �75.8 49.06 194.46 4.60 39.3d


E �239.4 88.66 185.11 6.00
4 K �74.7 47.56 f 4.34 12.5e


E � O �184.5 95.28 180.40 5.53
�214.4


a K, E and O refer to the ketimine, enaminone and enolimine forms, respectively.
b Content of the K form based on integral intensities of H11 signals in the 1H NMR spectra. Accuracy: �1%.
c Ref. 1.
d 32.3% at �50°C.
e 14.9 and 2.2% at 40 and �50°C, respectively.
f This signal is not seen in the spectrum.
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tautomers to appear as the averaged ones. The proton
transfer between 4O and 4E is slow enough allowing to
observe the separate 15N signals for each form and fast
enough to affect the typical 15N chemical shifts2 for these
tautomers. Such a complex equilibrium is possible owing
to the effect of the strong electron donor 1-pyrrolidino
group in 4 (no separate 15N signals for each tautomer are
seen in the spectrum of 2). Since there is no 3O present in
chloroform solution, an effect of the —CH=CH—
fragment on tautomeric equilibria seems very important.
The partial negative charge at the nitrogen and oxygen
atoms causes that both of these basic centres attract the
proton strongly.


In order to determine more quantitatively the relative
contributions of the E and O tautomers, variable-
temperature NMR studies were performed in chloroform.
The frozen E and O tautomeric forms could be assigned
by their different 1J(H,N) coupling constants. Unfortu-
nately, even at �50°C only an average NH/OH signal
was observed for 2 and 4. This is why the PFG 1H,15N
HMBC spectrum measured at �50°C did not show any
splitting along proton axis due to 1J(H,N) coupling
although the low-pass filter was adjusted so that it should
not remove this direct coupling. However, the 15N
satellite signals observed in the 1H NMR spectra of 2
measured at �30 and �50°C showed a clear temperature
dependence. The separation of satellite signals corre-
sponding to the average 1J(H,N) coupling constant
increases when the temperature is decreased [1J(H,N)
= 76.1 and 81.5 Hz at �30 and �50°C, respectively].
This means that lower temperatures favour the E
tautomer because in this form 1J(H,N) coupling constant
is certainly larger than in the O form.


The results obtained allow us to conclude that insertion
of the —CH=CH— fragment into 2-phenacylquinoline
affects the tautomeric equilibria by decreasing the
contribution of 2-(cinnamoylmethyl)quinoline (the K
form). At the same time the tautomeric equilibrium is
shifted to (Z)-4-phenyl-1-(2-quinolyl)-1,3-butadien-2-ol
(the O form) and (Z)-2-(cinnamoylmethylene)-1,2-dihy-
droquinoline (the E form), both being present in chloro-


form solution and low temperatures further favouring the
formation of the E form. In addition, the molar ratios of
the O/E and K forms can be influenced by substitution
(strong electron donor substituents favour the K form).
Thus, for example, in the case of 2 only 2E [(Z)-2-
(cinnamoylmethylene)-1,2-dihydroquinoline] and 2O
[(Z)-4-phenyl-1-(2-quinolyl)-1,3-butadien-2-ol] forms
are present in solution [no 2K, i.e. 2-(cinnamoylmethyl)-
quinoline, was detected].


%12%�(3%)*/�


The synthesis of 1 has already been described.1


Compounds 2–4 were obtained similarly by treating
quinaldyllithium (2-lithiomethylquinoline) with, respec-
tively, substituted ethyl or methyl benzoates or cinna-
mates according to known procedures.15 The reaction
products were purified by column chromatography [silica
gel (230–400 mesh), hexane–acetone (5:1)] followed by
their crystallization from the eluent or from 95% ethanol.
Satisfactory analytical data (�0.3% for C, H and N) were
obtained for all new compounds. Their m.p.s are as
follows (°C): 2, 168–170; 3, 208–210; 4, 240–242. 1H
and 13C NMR at 30°C (�): 1E, 6.83 (H3), 7.61 (H4), 7.48
(H8), 15.70 (H1), 154.14 (C2), 122.24 (C3), 136.05 (C4),
118.18 (C8), 2E � 2O, 6.89 (H3), 7.73 (H4), 7.56 (H8),
15.86 (H1), 155.29 (C2), 121.83 (C3), 136.41 (C4),
120.18 (C8); 3E, 6.75 (H3), 7.50 (H4), 7.35 (H8), 15.38
(H1), 153.06 (C2), 122.85 (C3), 136.23 (C4), 117.53
(C8); 3K, 8.08 (H4), 156.98 (C2), 126.03 (C3), 135.01
(C4), 129.29 (C8); 4E � 4O, 6.80 (H3), 7.62 (H4), 7.50
(H8), 15.70 (H1), 154.53 (C2), 122.12 (C3), 135.76 (C4),
119.24 (C8); 4K, 8.09 (H4), 7.45 (H8), 122.12 (C3),
129.04 (C8). Other chemical shifts for these compounds
are given in Table 1.


The NMR spectra were recorded for 0.1–0.2 M CDCl3
solutions at 30°C (unless stated otherwise) with a Bruker
Avance DRX500 FT NMR spectrometer equipped with
an inverse detection 5 mm diameter broadband probe-
head and z-gradient working at 500.13 MHz (1H),


.����� 4
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125.76 MHz (13C) and 50.59 MHz (15N). In order to
distinguish the spin systems belonging to the different
rings and assign the 1H NMR spectra reliably, 2D double
quantum filtered (DQF) 1H,1H COSY16,17 experiments
were also run. 2D z-pulsed field gradient (PFG) selected
1H,13C HMQC18,19 and 1H,13C HMBC20 experiments
were run to assign reliably the 13C NMR spectra. In order
to determine 15N NMR chemical shifts, z-PFG 1H,15N
HMBC experiments were run. The 15N NMR chemical
shifts were referenced to an external neat nitromethane (�
0.0 ppm) sample in a 1 mm diameter capillary tube
inserted coaxially inside the 5 mm NMR sample tube.
Other experimental details are available in a previous
paper.1


�%5%�%)-%.
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ABSTRACT: The effects of temperature and solvent on the cis–trans equilibrium and isomerization rates of different
cyclic sulfonium and selenonium compounds were investigated by 1H NMR spectroscopy. A non-dissociative process
was considered to be the most probable mechanism for inversion of configuration. While the temperature had no
apparent effect on the equilibrium, in which the trans-diastereoisomer dominated in all cases, changing the solvent
from dimethylformamide to acetonitrile and to water led to increasing amounts of the cis-diastereoisomer.
Additionally, the rate of stereomutation of the thiolanium compound was slowed by a factor of 2 and that of the
selenolanium compound by a factor of 85. While the pyramidal (vertex) inversion is the most probable mechanism for
the sulfonium compounds investigated, some evidence is presented that indicates that the selenonium compound
could isomerize via an edge inversion mechanism. Copyright  2001 John Wiley & Sons, Ltd.


KEYWORDS: sulfonium compounds; selenonium compounds; cis–trans stereomutation; pyramidal inversion; edge
inversion; isomerization kinetics; solvent effect


!"�#$%���!$"


Since the first synthesis of sulfonium and selenonium
compounds by Cahours in 1865,1 numerous investiga-
tions have focused on their preparation, stereochemistry
and synthetic uses.2 Some sulfonium compounds play an
important role in biochemical processes, e.g. the natural
coenzyme (S)-S-adenosyl-L-methionine.3 Chiral tricoor-
dinated sulfonium compounds can isomerize and lose
their optical activity. In the case of (S)-S-adenosyl-L-
methionine this process leads to a loss of biological
activity.4 Different mechanisms have been proposed for
this isomerization.5,6 A nucleophilic attack of the
counterion (SN2), followed by re-formation of the
sulfonium compound, was suggested by Balfe et al. in
1930.7 The second mechanism, a heterolytic scission
(SN1) into a neutral sulfide and a carbocation with
successive recombination, may occur in the case of
stabilized carbocations.8 However, the most probable
process is a non-dissociative one, pyramidal inversion
(vertex inversion) via a trigonal-planar transition state.
The rate of this process was found to depend largely on
steric factors, bulky substituents having an accelerating
effect.9 The isomerization of cyclic sulfonium com-


pounds is hindered.10 On the other hand, solvents11 and
electronic influences of the substitutents9 have only a
minor effect on the rate of this stereomutation.


Edge inversion is another possible mechanism for the
inversion at three-coordinate atoms. In this case the
transition state has a T-shaped structure with an empty p-
orbital. This mechanism was proved to be responsible for
the inversion of some phosphorus,12, antimony and
bismuth13 compounds. However, so far no example of
edge inversion has been found for group 16 elements and
it seems to be unlikely for simple sulfonium compounds.6


The corresponding selenonium compounds have been
reported to show increased configurational stability.14


Recently, we reported the first measurement of the
stereomutation rate of a selenonium compound. The
inversion of configuration in water was about 50 times
slower than that of the corresponding sulfonium com-
pound. Unexpectedly, a 70-fold acceleration of the
stereomutation rate of the selenonium compound was
found in N,N-dimethylformamide (DMF).15 The aim of
this work was to study further the effect of the solvent on
the inversion of configuration of selected sulfonium and
selenonium compounds.


#�&�'�& �"% %!&��&&!$"


The stereomutation of sulfonium and selenonium com-
pounds has mostly been followed by measuring changes
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in the optical rotation. However, configurational changes
of the cyclic chalcogenonium compounds 1–3 (Scheme
1) could easily be analyzed by NMR spectroscopy owing
to the second stereogenic centre at C-3. Additionally,
decomposition reactions of the substrates upon heating
can be investigated. The synthesis of 1–3 by acidic
condensation of aliphatic 1,4-diols with benzenethiol or
-selenol gave mixtures of cis-and trans-diastereoisomers.
For the sulfonium compounds 1 and 2, the trans-
configuration was assigned to the main product by
comparison with literature data.16 Because of the
similarity of the NMR spectra, the same assignment
was assumed for the selenonium compound 3. For cyclic
five-membered sulfonium compounds, a half-chair con-
formation was suggested in the literature.16 The trans-
diastereoisomer could be further enriched by fractional
crystallization in all three cases.


&����� (


Upon heating, the trans-diastereoisomer isomerized to
the cis-diastereoisomer until thermal equilibrium was
reached. We followed this process by the relative change
in signal intensities of the methyl group in the 1H NMR
spectra of 1–3. We assumed a non-dissociative mechan-
ism to be most probable one for inversion of configura-
tion at the chalcogenonium centre since, on the one hand,
an SN1 mechanism would lead to unstable carbocations
and, on the other, the present counterions are poor
nucleophiles for an SN2 mechanism. On the basis of first-
order kinetics we determined the rate constants k by


linear regression with


kt � K
K � 1


ln
�K � 1�xt�0 � 1
�K � 1�xt � 1


�1�


where t = time, xt = 0 and xt = partial quantities of the
trans-isomer at time t = 0 and t, respectively, and
K = equilibrium constant, and the activation parameters
by applying the Eyring equation.


Table 1 summarizes the kinetic and thermodynamic
parameters for the trans → cis stereomutation at the
chalcogenonium centre for 1–3. The different counter-
ions of 1 and 2 should have only a very small influence on
the process due to dissociation in solution. The values of
the equilibrium constants K show little temperature
dependence but, in contrast, vary with the chalcogen
atom and the solvent. For the selenolanium compound 3 a
higher amount of the cis-diastereoisomer is found in the
thermal equilibrium in comparison with the thiolanium
compounds 1 and 2. This indicates a lengthening of bonds
due to the larger selenium atom, which enlarges the
geometry of the ring and decreases intra-ring interactions
in the cis-diastereoisomer. Changing the solvent from
DMF to acetonitrile and finally to water leads to
increasing amounts of the cis-diastereoisomer in the
thermal equilibria. The same behaviour had formerly
been found for thianium compounds in the solvents
acetonitrile and water.17


Comparing the rate constants k of the trans → cis
stereomutation, it is obvious that the selenolanium ion 3
isomerizes more slowly than the thiolanium ions 1 and 2.
When a pyramidal inversion mechanism is assumed, the
results are in accordance with ab initio MO calculations,
where higher activation energies for the trimethylsele-
nonium ion compared with the trimethylsulfonium ion
had been found.18 Changing the solvent from water via
acetonitrile to DMF has an accelerating effect on the
stereomutation velocity. However, for the sulfonium
compounds 1 and 2, k increases by a factor of


��)�� (� '����� ��� ���	���&���� (�	�����	� ��	 ��� �	��� → �� ���	���������� �� ��� ������������ ����� )*+


Compound (solvent) � (°C) Ka k (10�ss�1) �G353
m (kJ mol�1)


2 ([d7]DMF) 60.0 0.453 � 0.029 1.30 � 0.11
80.0 0.460 � 0.072 8.58 � 1.17 114.5


100.0 0.536 � 0.216 82.3 � 3.0
3 ([d7]DMF) 80.0 0.773 � 0.116 7.02 � 0.27 115.1


80.0 0.616 � 0.123b 5.90 � 2.50b 115.6b


100.0 0.763 � 0.040 76.2 � 0.6
120.0 0.763 � 0.123 370 � 46


2 (D3CCN) 80.0 0.581 � 0.040 5.45 � 0.31 115.8
3 (D3CCN) 80.0 0.812 � 0.073 0.611 � 0.034 122.2
1 (D2O) 80.2 0.618 � 0.047b 3.91 � 0.26b 116.9b


3 (D2O) 80.3 —b,c 0.082 � 0.33b,d 128.2b


a K = [cis]/[trans].
b Lit.15


c Not determinable owning to decomposition reactions.
d Based on the assumption of K = 0.643.
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approximately 2, which confirms literature results,11


whereas in the case of 3 k increases by a factor of about
85. This is equivalent to a decrease in the free enthalpy of
activation, which is shown in Fig. 1.


The large solvent effect on the velocity of the
stereomutation of the selenonium compound 3 is in
striking contrast to the pyramidal inversion mechanism,
which should not depend on the solvent.6 On the other
hand, an edge inversion mechanism should be acceler-
ated by nucluophilic solvents, because the vacant p-
orbitals appearing at the T-shaped transition state can be
stabilized by coordination of external nucleophiles.13


Because of this, stereomutation should proceed faster in
strong nucleophilic solvents such as N,N-dimethyl-
formamide, which has a donor number of
31.0 kcal mol�1 (1 kcal = 4.184 KJ), than in acetonitrile
(14.1 kcal mol�1).19 Furthermore, the barriers for edge
inversion decrease within a group with increasing atomic
weight.13 Thus, the edge inversion of selenonium
compounds is more likely than that of sulfonium
compounds. Apart from isomerization, side reactions,
i.e. decomposition reactions, are taking place. This is
indicated by the appearance of two doublets between
� = 0.9 and 1.0 in the 1H NMR spectra of 1–3 and a shift
of the signals of the aromatic H-atoms of about �� = 0.5.
New signals in the 13C NMR spectra around � = 62 point
to the formation of alcohols (see Scheme 2). The
decomposition is more pronounced in DMF than in
acetonitrile, being dependent on the water content of the
solvent. In conclusion, we assume SN2 reactions of the
chalcogenonium compounds with water to be the cause
of decomposition. The selenonium compound 3 reacts
faster than the sulfonium compounds 1 and 2, probably
because selenoethers are better leaving groups.


&����� *


These side reactions are irrelevant for the experiments
performed in CD3CN because at the end of the kinetic run
less than 2% of * and + had decomposed. On the other
hand, the decomposition reactions are much faster in
DMF. Nevertheless, model calculations performed ana-
logously to the literature15 show that their influence on
the stereomutation rate was negligible.


�$"�'�&!$"


Water acts as an inhibitor of the �	��� → �� stereomuta-
tion of (–+ while at the same time favouring the ��-


configuration, whereas DMF accelerates this stereomuta-
tion favouring the �	���-configuration. The changes
observed are much stronger for the selenium than for
the sulfur compounds. A possible explanation could be
the assumption of an edge inversion rather than a
pyramidal inversion mechanism in the case of selenium.
This process should be considerably accelerated by
nucleophilic solvents such as DMF. Further research is
needed to elucidate the interactions between tricoordi-
nated selenonium compounds and solvent molecules.


�,-�#!.�"��'


����	��� Melting-points were recorded on a Büchi 510
apparatus and are uncorrected. IR spectra were measured
as KBr disks under normal conditions on a Perkin-Elmer
FTIR 1750 Fourier transform infrared spectropho-
tometer. 1H and 13C NMR spectra were obtained at
ambient pressure and temperature on a Bruker AC 200
spectrophotometer at 200.14 and 50.323 MHz, respec-
tively, using the non-volatile sodium 3-(trimethylsilyl)-1-
propanesulfonate as internal standard. Tentative assign-
ments are marked with an asterisk.


�&�������� Benzenethiol and hexafluorophosphoric acid
were obtained commercially (Merck, Fluka) and used
without further purification. 2-Methylbutane-1,4-diol
was prepared by reduction of methylsuccinic acid with
lithium aluminium hydride following van Bekkum ��
���,20 and benzeneselenol according to Foster.21


��,�	����+�-���&��)�(���&��������������.�/��	��
(���(���� 0*1� Following a patented procedure,22 aque-
ous hexafluorophosphoric acid (75%, 32 g, 0.164 mol)
was added to a mixture of 2-methylbutane-1,4-diol (4.0 g,
0.038 mol) and benzenethiol (3.8 g, 0.034 mol) in a
polyethylene bottle. This mixture was stirred for 16 h at
50°C and 3 d at 20°C. Water was added carefully (20 ml)
and the mixture was extracted with dichloromethane


/���� (� 2	�� ������(��� �� ��������� �� %#°� ��	 ��� �	���
→ �� �����	�3����� �� ��� ���������� ��(����� ( ��� *
��� ��� ������������ ��(���� + �� � ������� �� ���
�������
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(5 � 20 ml). The combined extracts were washed with
aqueous sodium hydrogencarbonate (2 � 10 ml) and
water (10 ml) and dried with magnesium sulfate.
Removal of the solvent by distillation gave a solid which
was washed with a mixture of dichloromethane (5 ml)
and pentane (10 ml). The product was recrystallized from
ethanol to give colourless needles of * (2.1 g, 0.0065 mol,
19%); m.p. 75–78°C [�	���: �� = 75.6:24.4 (1H NMR)].
�	���-*: 1H NMR ([�7]DMF): � = 1.25 (3 H, d,


34 = 6.2 Hz, CH3), 1.99 [1 H, dtd, 24 = 13.3, 34(3-
H) = 34(5-Hb) = 10.3, 34(5-Ha) = 8.0 Hz, 4-Ha], 2.46–2.81
(1 H, m, 4-Hb) 2.82–3.11 (1 H, m, 3-H), 3.47 (1 H, dd,
24 = 13.5, 34 = 10.3 Hz, 2-Ha), 3.72 [1 H, ddd, 24 = 13.1,
34(4-Ha) = 10.3, 34(4-Hb) = 7.1 Hz, 5-Hb], 3.82 [1 H,
ddd,24 = 13.5, 34 = 6.5, 44(4-Hb) = 1.2 Hz, 2-Hb], 4.15 [1
H, ddd, 24 = 13.1, 34(4-Ha) = 8.0, 34(4-Hb) = 3.5 Hz), 5-
Ha], 7.56–7.96 (5 H, m, Ar-H) ppm. 13C NMR
([�7]DMF): � = 18.9 (CH3), 38.6 (C-4), 40.2 (C-3), 50.9
(C-5), 55.3 (C-2), 129.5 (C-1�), 132.2 (C-2�/6�)*, 133.4
(C-3�/5�)*, 137.0 (C-4�) ppm.
��-*: 1H NMR ([�7]DMF): � = 1.36 (3 H, d,


34 = 6.4 Hz, CH3), 2.16–2.41 (1 H, m, 4-Ha), 2.60–3.12
(2 H, m, 4Hb/3-H), 3.33 (1 H, dd,24 = 12.5, 34 = 11.3 Hz,
2-Ha), 3.74–4.17 (2 H, m, 5-Hb/2-Hb), 4.28 [1 H, ddd,
24 = 12.1, 34(4-Ha) = 7.7, +4(4-Hb) = 1.0 Hz, 5-Ha], 7.52–
7.90 (5 H, m, Ar-H) ppm. 13C NMR ([�7]DMF): � = 19.1
(CH3), 38.5 (C-4), 41.2 (C-3), 50.4 (C-5), 56.6 (C-2),
129.7 (C-1�), 132.5 (C-2�/6�)*, 133.6 (C-3�/5�)*, 136.9 (C-
4�) ppm.
��-/�	���-*: IR (KBr): � = 2969 (w, CH), 1475 (w, Ar),


1444 (m, Ar), 840 (st, PF6
�), 752 (m, Ar), 684 (m, Ar),


559 (st, PF6
�), cm�1.


Fractional crystallization from ethanol led to a further
enrichment of �	���-*; m.p. 82–84°C [�	���: �� =
86.6:13.4 (1H NMR)].


��,�	����+�-���&��)�(���&����������������.�/��	��
(���(���� 0+1� The synthesis was performed as
decribed15 using 2-methylbutane-1,4-diol, benzenesele-
nol and aqueous hexafluorophosphoric acid; yield 34%,
m.p. 74–76°C [�	���: �� = 75.1:24.9 (1H NMR)]. Frac-
tional crystallization from ethanol led to a further
enrichment of �	���-+; m.p. 89–91°C [�	���: �� =
86.1:13.9 (1H NMR)].


'����� �����	������� Solutions of the chalcogenonium
salts were prepared and the non-volatile
Me3Si(CH2)3SO3Na was added as internal standard.
The samples were filled in NMR tubes, which were
sealed and put into thermostated polyethylene glycol
baths. After suitable time intervals, the samples were
cooled and the NMR spectrum was recorded in the pulse
Fourier transform mode (below: SW = sweep width in
ppm, TD = number of points of FID, AQ = acquisition
time in s, SI = number of points of spectrum and
NS = number of scans). The kinetic runs comprised 5–
12 measurements and were finished with reaching the


thermal equilibrium. Integration of the signals of the
methyl groups attached to the ring C-3 atom led to the
relative amounts of the ��- and �	���-isomer. The rate
constants were obtained from linear regression using
Eqn. (1). The correlation coefficients were in most cases
better than 0.995. The free enthalpy of activation was
calculated by the Eyring absolute kinetic equation.
* (30.4 mg) and standard (3.2 mg) in [�7]DMF


(3.0 ml); � 60.0 � 0.6, 80.0 � 0.8, and 100.0 � 0.9°C;
SW 8.99, TD 16384, AQ 4.555, SI 16384, NS 40;
integration of doublets �H (�	���-*) 1.23 and �H (��-*)
1.30.
+ (33.2 mg) and standard (3.2 mg) in [�7]DMF


(3.0 ml); � 80.0 � 0.8, 100.0 � 0.9, and 120.0 � 1.0°C;
SW 8.99, TD 16384, AQ 4.555, SI 16384, NS 40;
integration of doublets �H (�	���-+) 1.25 and �H (��-+)
1.29.
* (5.4 mg) and standard (0.7 mg) in D3CCN (0.5 ml); �


80.0 � 0.8°C; SW 8.19, TD 16384, AQ 4.997, SI 16384,
NS 40; integration of doublets �H (�	���-*) 1.24 and �H


(��-*) 1.32.
+ (5.4 mg) and standard (0.8 mg) in D3CCN (0.5 ml); �


80.0 � 0.8°C; SW 8.19, TD 16384, AQ 4.997, SI 16384,
NS 40; integration of doublets �H (�	���-+) 1.22 and �H


(��-+) 1.26.
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ABSTRACT: Phosphorylation of p-tert-butylcalix[4]arene 9 or calix[4]arene 10, having two diethoxyphosphoryl
groups at distal positions on their narrow rim (phenolic oxygen atoms), by dibutyloxophosphinechloride or alkylation
of 10 by methyl bromoacetate led to the corresponding tetrasubstituted calix[4]arenes 8b–d fixed in a cone
conformation. The latter compounds and the similar derivative of calix[4]arene 8a with four diethoxyphosphoryl
groups were found to exhibit lithium cation selectivity, which was supported by UV–Vis spectra of THF solutions of
the alkali metal picrates and their water–chloroform extraction in the presence of ligands 8a–d. Calculated KaLi�/KaNa�
selectivities range from 2.9 (8d) to 9.5 (8a), which are among the highest values for the calixarene-based Li�-
selective receptors reported to date. Copyright  2001 John Wiley & Sons, Ltd.


KEYWORDS: calixarenes; extraction; lithium selectivity; phosphorylation; NMR; UV–Vis
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Calixarenes1 belong to the most intensively studied
macrocycles during the last 10 years. They can be readily
prepared by one-pot procedures from para-substituted
phenols and formaldehyde. These macrocycles proved
their utility in the design and synthesis of artificial
receptors for cations,2 anions and neutral organic mol-
ecules.3 Receptors with high selectivities for sodium,4


potassium,5 cesium6 and calcium7 cations have been
reported.


An ample possibility in the design of receptors can be
provided by the functionalization of calixarenes with
phosphoryl (P=O)-containing groups which are capable
of binding effectively different cations and organic
molecules with hydrogen bond donors. For instance, the
calixarenes 1–3 bearing phosphine oxide8 and carba-
moylmethylphosphine oxide (CMPO) groups9 (for
CMPO derivatives of conformationally rigidified bis-
crown-3 calix[4]arenes see Ref. 10) at the narrow
(phenolic oxygen atoms) or wide rims of the macrocycle
show effective and selective extraction of transition


metal, lanthanide and actinide ions. The calix[6]arenes
with one, two, four or five thionphosphoryl groups (P=S)
at the narrow rim have been used in the design of ion-
selective electrodes for the determination of Pb2� cation
concentrations in aqueous solutions in the presence of
Ca2� or Cd2�.11 Cavitand 412 with four phosphoryl
groups oriented into the center of the cavity forms
complexes with alkali and alkaline earth metal and
alkylammonium cations. O-Phosphorylated derivatives
of calix[4]arenes, calix[8]arenes and resorcarenes form
complexes with benzene derivatives in acetonitrile–water
(70:30) solutions.13


Recently, during the progress of our research on
lithium-selective ionophores,14 several laboratories re-
ported on calix[4]- and -[6]arene-based lithium-selective
ionophores 515 and 616 (the synthesis of 6 was reported in
Ref. 16b) containing P=O groups at the narrow rim. Li�/
Na� selectivity calculated from the percentage extraction
of these metals from their aqueous solutions into CH2Cl2
or 1,2-dichloroethane, are 0.91–1.0515 (5) and 1.1116 (6),
respectively. Interestingly, recent molecular dynamics
calculations and variable-temperature 1H NMR experi-
ments17 show that only three arms of ligand 6 bind the
lithium cation. Another approach has been demonstrated
on a single example of calix[6]crown-4 718 bearing four
ester groups. The Li�/Na� selectivity for this ionophore
derived from the percentage extraction of metal picrates
from aqueous solutions into chloroform is 26.54.
(Unexpectedly, the ester derivative similar to 7 but with
ethoxy instead of methoxy groups has demonstrated Li�/
Na� = 1.38 selectivity18).


In many of these cases the origin of lithium selectivity
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is not completely understood and our design idea for
achieving lithium selectivity is based on the shortening of
the distances between phosphoryl (carbonyl) oxygen
atoms and phenolic oxygen atoms of the narrow rim of
calix[4]arene receptor 6, which would significantly
decrease the dimensions of the binding pocket. We have
examined ligand 8a by molecular mechanics calculations
and found that its narrow rim is adapted very well to
binding of lithium cation (the diameter of Li� is ca 1.20
Å). Despite the fact that 8a has been described in the
literature,19 it has never been tested for binding alkali and
alkaline earth metal cations. To our knowledge, only rare
earth cation extraction by 8a has been reported.20


In this paper, we report studies on alkali metal cation
complexation by tetra-substituted calix[4]arenes with
two or four phosphoryl groups directly attached at the
narrow rim.


#'(%�"( )!$ $�(&%((��!
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The tetraphosphate 8a was synthesized as described
elsewhere.19 Syntheses of the ligands 8b–d is depicted in
Scheme 1. Calix[4]arene 8b with four dibutyloxophos-


phine groups was obtained via deprotonation of hydroxyl
groups of the parent calix[4]arene 9 with n-butyllithium
(THF, 0°C, Scheme 1) followed by phosphorylation (0–
20°C, 24 h). In a similar way but using NaH as a base,
ligands 8c20 and 8d were obtained from corresponding
distally diphosphorylated calix[4]arene 10 [in this case
we assume that para substituent (tert-butyl group or
hydrogen) does not influence the binding strength of this
type of ligand].


All the newly synthesized ligands 8b–d have the cone
conformation, which is readily seen from the charac-
teristic difference in the chemical shifts of the methylene
bridge protons �� �1.50 ppm.1b


&�*�
������ +��� �
��
� *��
 �������


The binding properties of ligands 8 with alkali metal
cations were studied by the following methods:


(a) UV–Vis spectral changes of alkali metal picrates in
THF solutions with a 10-fold excess ligand concen-
tration;


(b) 1H and 31P NMR spectral changes of ligands upon
extraction of alkali metal picrates from the solid
phase into chloroform-d solutions;


&���� ,
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(c) extraction of alkali metal picrates from their aqueous
solutions into chloroform solutions of ligands mon-
itored by UV–Vis measurements.


The bathochromic shift of a picrate salt band in the
UV–Vis spectra is caused by the separation of a tight ion
pair due to the complexation of a cation with a suitable
ligand in weakly polar media. Therefore, the higher the
bathochromic shift, the stronger is the cation complexa-
tion expected. In our studies (Table 1), the highest
bathochromic shifts were observed for lithium picrate.
Thus, ligands 8a–c having four phosphoryl groups at the
narrow rim, give shifts of 34 –36 nm, whereas ligand 8d
with two phosphoryl groups and two methoxycarbonyl
methyl moieties shows a 6 nm shift.


The 1:1 stoichiometry of the Li�:8a and Na�:8a
complexes in THF was supported by the titration of
lithium picrate solution with 8a, showing only one
breakpoint at a 1:1 ratio. The association constants for
complexes of 8a with Li� and Na� calculated from the
titration isotherms in THF solution are 2.7 � 105 and
2.5 � 104 M�1, respectively.


During one day, only one molar equivalent of the
lithium picrate is extracted from the crystalline phase into
chloroform-d solutions of 8a and 8b, as supported by the
integral intensities of the picrate anion signal in the 1H
NMR spectra. At Li�:8a and Li�:8b ratios lower than one
equivalent, only one set of calixarene signals is observed
in CDCl3 due to fast exchange between complexed and
free ligand on the NMR time-scale (whereas in the case
of tetraalkoxycarbonyl-substituted calix[4]arenes, known
as sodium-selective ligands, the complexes with Na� and
K� are kinetically stable on the NMR time-scale4).
Variable-temperature 1H NMR experiments were per-
formed in these cases (down to �55°C), but only
broadening of the signals was observed (compare also
the behavior of the lithium complex with 6, which at low
temperature shows Cs symmetry17). In the Li�:8a
complex the difference �� in chemical shifts between
signals of the axial and the equatorial protons of the
methylene bridges (ArCH2Ar) is decreased by only
0.13 ppm in comparison with the same value in the free
ligand 8a, which probably reflects a high degree of pre-
organization of the binding groups in the ligand. The
positions of the other signals are not changed by more
than 0.02–0.05 ppm, whereas in the 31P NMR spectra the
signal of the phosphorus atoms shifts from � �3.68 ppm
to �6.13 ppm, which indicates strong interactions of
phosphoryl oxygen atoms with lithium cation.


The extraction of alkali metal picrates from their
aqueous solutions into chloroform solutions of the
ligands 8a–d gave us the possibility of calculating the
association constants and the binding free energies (Table
2) using the method developed by Moor et al.22


In these cases all ligands exhibit lithium cation
selectivity. The most effective and selective ionophore
is 8a (The Li�/Na� selectivity calculated from the Ka


value is 9.5). It is difficult to explain the lower binding
constants (by a magnitude of 10) and the lower selectivity
of the ligand 8b having similar binding units in its
structure. In the series 8a to 8d the Li�/Na� selectivity
also decreases. It should be noted that the binding
parameters determined by Moor et al.’s method exhibit
some differences from the parameters determined by the
UV–Vis titration method in THF solution for complexa-
tion of 8a with Li� and Na� (Table 2), while the Li�/Na�


selectivity remains similar.
Molecular Mechanics (MMX force field23) calcula-


tions of the ligand 8a with lithium cation show binding of
the cation by eight oxygen atoms (four of the phenolic
narrow rim and four of the phosphoryl oxygen P=O
atoms). A plausible structure of the complex is shown in
Fig. 1.


The Li�/Na� = 5 selectivity found for the best crown
ether Li� binder,24 e.g. 14-crown-4 11, calculated from
log Ka


Li (2.34) and log Ka
Na (1.63) in CH3OH solution,25


is half that exhibited by the calixarene 8a (Table 2). The


(��* ,� �� �"%�&�� %�� '(
)��� *+,- ��� �+� %�� '(
)���
.��/���- ���� � +� ��+�
� %�� .��/���


"�-
 ,� ���0��1����"������� .���������� ���	�� ��
(��) �	 ���� ���� 0������ �� ����� *+, ��������� �� ���
0������� �	 .�/�


Ligand Li� Na� K� Cs�


8a 34 9 5 3
8b 35 3 0 0
8c 36 5 1 0
8d 6 1 0 0


a Spectra were recorded at 25°C at a 2 � 10�4
M concentration of


picrates and a 1:10 ratio of M�Pic to ligand.
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observed selectivity is explained by the very similar sizes
of the binding cavity of the 14-crown-4 and the diameter
of Li�, as shown by the examination of CPK molecular
models. The best Li� binder found among the aza
cryptands, e.g. 12, shows high log Ka


Li value of 5.5
(measured in water) as a result of the regular coordination
geometry adapted for inclusion of the cation.26 Unfortu-
nately, no Li�/Na� selectivity was reported in this case.
Another interesting macrocyclic receptor, ‘crownopadd-
lane’ 13, should also be mentioned here27 (for Li�-
selective ion transport by similar calix[4]arene analogs
with cyclobutane bridges, see Ref. 28) This compound


exhibits an Li�/Na� = 610 selectivity, derived from the
percentage extraction of the metal thiocyanates from the
solid phase into dichloromethane solutions of 13, and
unfortunately can hardly be compared with other
selectivity data calculated from parameters determined
in liquid–liquid extraction experiments.


In conclusion, we have demonstrated that calix[4]-
arenes with four phosphoryl groups on their narrow rim
exhibit high lithium efficiency and selectivity in com-
plexation of alkali metal cations, similarly to other
lithium selective binders found among crown ethers and
cryptands.


'0�'#��'!")�


1H and 31P NMR spectra were recorded in chloroform-d
solutions (if not stated otherwise) on Gemini VXR-200
(200 MHz) and Bruker WP-200 (82 MHz) instruments.
UV–Vis spectra were recorded on a Specord M-80
instrument. Melting-points have not been corrected. The
starting compounds 929 and 1021 and phosphate 8a19


were obtained in accordance with the literature.


"�-
 1� ���������� ��������   (2
�3)� 	��� �������� �	 .������ 4��56 (�7 ����3) �	 ���� ���� ������ .� ������ .�/� ��


����� &��8�� �������!�����


Ligand Li� Na� K� Cs� KaLi�/KaNa�
8a 4.2 � 106 4.4 � 105 8.7 � 104 6.1 104 9.5


[37.7] [32.3] [28.1] [27.2]
(2.7 � 105)b (2.5 � 104)b 10.9


8b 4.6 � 105 9.9 � 104 1.0 � 104 –c 4.6
[32.3] [28.5] [22.8]


8c 6.7 � 105 1.7 � 105 3.0 � 104 –c 3.9
[33.2] [29.8] [25.5]


8d 3.8 � 104 1.3 � 104 1.0 � 104 –c 2.9
[26.1] [23.4] [22.8]


a At 25°C, the extraction of alkali metal picrates from their aqueous solutions into chloroform, is used.
b UV–Vis titration in THF solution at 25°C.
c The amount extracted lies within limit of error of the method applied.


2���� ,� *9� 0��:������� �	  0����.�� ��������� �	 ��� ���0��1 .��9��� .� �� &�� �� �������� 9��� 22 ����������
(22; 	���� <���� ����� ����0� �� �������� ���� �� ������� 	�� ������)= *�� ���1���� �1���� ���� �� 0���0����� '>

�1���� ���� 	��� ��� �������� �������� �� ��� ������� ������ � �������� .� ����� �����
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�������?��@"*������(��.�����1�0���0����)"0"����".�"
������14$6���� (.-)= An 8.5 ml (11.4 mmol) amount of a
1.36 N solution of n-BuLi in n-hexane was added
dropwise to a suspension of 2 g (2.7 mmol) of the toluene
complex of 9 in 20 ml of THF. The reaction mixture was
cooled to 0°C and 2.5 g (11.7 mmol) of Bu2P(O)Cl were
added during 1 h. The mixture was then stirred for 24 h at
room temperature. The solvent was evaporated under
reduced pressure and the residue (yellowish oil) was
purified on silica gel [chloroform–acetone (5 :1)] to give
0.9 g (26%) of 8b, m.p. 100–105°C. 1H NMR: � (ppm)
6.91 (s, 8 H, ArH-m), 4.95 and 3.28 [two d, 8 H,
2J(H,H) = 13 Hz, ArCH2Ar], 2.20–1.30 [m, 48 H,
P(CH2)3CH3], 1.09 (s, 36 H, CCH3), 0.85 [t, 24 H,
3J(H,H) = 7 Hz, P(CH2)3CH3]. 31P NMR: � (ppm) 58.88.
Anal. Found: C 70.52, H 9.53, P 9.60 Calc. for
C76H124O8P4: C 70.78, H 9.69, P 9.61%.


����?"%��(������1�0���0������1�)"����@".��(��.����"
�1�0���0����)���14$6���� (.�)= A hot solution of 1.4 g
(2.1 mmol) of phosphate 10 in benzene (30 ml) was
added to 0.124 g (5.2 mmol) of sodium hydride and
heated to reflux. Then 1.24 g (6.3 mmol) of Bu2P(O)Cl
were added and the reaction mixture was refluxed for
0.5 h. After cooling to room temperature, the reaction
mixture was separated from the salt by centrifugation and
evaporated under reduced pressure to a volume of
approximately 10 ml, and 50 ml of light petroleum were
added. After 3 days at 3°C, the white solid that formed
was filtered off, washed with light petroleum and dried to
give 0.627 g (31%) of 8c, m.p. 97–99°C. 1H NMR: �
(ppm) 6.82 (m, 8 H, ArH-m), 6.67 (m, 4 H, ArH-p), 4.81
and 3.31 [two d, 8 H, 2J(H,H) = 14 Hz, ArCH2Ar], 4.24
[sep, 8 H, 3J(H,H) = 3J(H,P) = 6.9 Hz, OCH2CH3], 2.10
[m, 8 H, PCH2(CH2)2CH3], 1.60–1.20 [m, 16 H,
PCH2(CH2)2CH3], 1.28 [t, 12 H, 3J(H,H) = 7 Hz,
OCH2CH3], 0.90 [t, 12 H, 3J(H,H) = 7 Hz, P(CH2)3CH3].
31P NMR: � (ppm) �4.62, 60.05. Anal. Found: C 61.44,
H 7.53, P 12.20. Calc. for C52H76O12P4: C 61.41, H 7.53,
P 12.18%.


����?"%��(������1�0���0������1�)"����@"��(�����1�"
��.���������1�)���14$6���� (.�)= A hot solution of
1.0 g (1.4 mmol) of phosphate 10 in benzene (25 ml) was
added to 0.100 g (4.2 mmol) of sodium hydride and
heated to reflux. Then 0.64 g (4.2 mmol) of methyl
bromoacetate was added and the reaction mixture was
refluxed for 0.5 h. After cooling to room temperature, the
reaction mixture was filtered off and evaporated under
reduced pressure. After recrystallization from n-pentane,
0.608 g (51%) of 8d was obtained, m.p. 133–135°C. 1H
NMR: � (ppm) 7.16 [d, 4 H, 3J(H,H) = 7 Hz, ArH-m],
6.99 [t, 2 H, 3J (H,H) = 7 Hz, ArH-p], 6.30 [t, 2 H,
3J(H,H) = 7 Hz, ArH-p], 6.07 [d, 4 H, 3J(H,H) = 7 Hz,
ArH-m], 4.79 (s, 4 H, OCH2CO), 4.72 and 3.33 [two d, 8
H, 2J(H,H) = 15 Hz, ArCH2Ar], 4.24 (m, 8 H,
OCH2CH3), 3.76 (s, 6 H, OCH3), 1.32 [d t, 12 H,


3J(H,H) = 7 Hz, 4J(H,P) = 0.6 Hz, OCH2CH3]. 31P NMR:
� (ppm) �4.74. Anal. Found: C 58.96, H 5.97, P 7.65.
Calc. for C40H50O12P2: C 58.82, H 6.17, P 7.58%.


�ABA�� �������� �	 ���� 0������ 9��� ���1���� .�= A
sample of a metal picrate was dissolved in dry THF (a
concentration of 0.0002 M was used). The solution was
separated into two portions. One portion was used as a
metal picrate guest sample, and the rest was used to
dissolve and to dilute the sample of the calixarene host, so
that the concentrations of a metal picrate remained
constant during the titration. Successive aliquots of the
host solution were added to a guest sample, and UV–Vis
spectra were recorded after each addition. The metal
picrate:calixarene ratio was varied in the range from
1:0.5 to 1:12 during the titration. The changes in
absorption maximum as a function of the host concentra-
tion were then analyzed with the Benesi–Hildebrand
method.30
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ABSTRACT: The poly-para-phenylenevinylene (PPV) model compound 1 with cyano groups on the vinylene
moieties and 2-ethylhexyloxy chains on the central phenylene unit has been synthesized by Knoevenagel
condensation of 1,4-bis(cyanomethyl)-2,5-bis(2-ethylhexyloxy)benzene and benzaldehyde. The only isomer that was
obtained has been identified to have the Z,Z configuration. UV irradiation of the Z,Z isomer 1a in solution with a
medium-pressure mercury lamp gave a mixture of all three possible isomers (Z,Z, Z,E and E,E; 1a, 1b and 1c
respectively). The isomers were separated by column chromatography and identified spectroscopically.
Electrochemical studies and fluorescence emission spectra of 1a and 1c are reported. The substituted PPVs 2, 3
and 4 have been synthesized and their absorption and emission spectra before and after UV irradiation are compared.
Copyright  2001 John Wiley & Sons, Ltd.


KEYWORDS: cyano-substituted distyrylbenzenes; PPV model compounds; Z/E isomerization; organic light-
emitting diodes; electrochemistry
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Conjugated polymers for the construction of light-
emitting diodes (LEDs) are of wide research interest.
Since the discovery of light emission of poly-para-
phenylenevinylene (PPV),1 many derivatives of this
conjugated polymer have been synthesized.2–6 Substitu-
tion with alkyl or alkoxy groups increases the solubility
and changes their electronic properties.2–6 Short-chain
model compounds of defined structure help one to
understand the influence of substituents on the behaviour
of polymers;7–9 they are also suitable as emissive layers
in organic LEDs (OLEDs).10,11 In our systematic investi-
gations of cyano-substituted distyrylbenzenes,7,8,12–18


we observed the Z/E-isomerization of the vinylene
moiety under the influence of visible and UV light.
Ohsumi et al.19 used UV radiation to obtain the E-
configuration of stilbenes with a cyano group on the vinyl
double bond.


The configuration of the PPV backbone is of great
importance for the electronic and optical properties of
these compounds, as shown in the example of 1,4-


bis(3,5-di-tert-butylstyryl)benzene.20 The absorption and
emission spectra of the three isomers of this compound
show significant differences. Thus, effects of configura-
tion on the efficiency of OLEDs can be expected.


In the following we report on a systematic study on
the Z/E isomerization of the model compound 1,4-bis-
(1-cyano-2-phenylethenyl)-2,5-bis(2-ethylhexyloxy)ben-
zene (1) under the influence of daylight and UV-light of a
medium-pressure mercury lamp around 380 nm. The
effect of this radiation on the polymers 2, 3 and 4 was also
investigated. The different isomers that were formed
during the irradiation of 1 were additionally investigated
by cyclic voltammetry (CV) and differential pulse
voltammetry (DPV).


$�)'�#) *"& &!)('))!%"


Compound 1 was synthesized by Knoevenagel condensa-
tion of 1,4-bis(cyanomethyl)-2,5-bis(2-ethylhexyloxy)-
benzene and benzaldehyde according to Scheme 1.21


Under these conditions, only one isomer is obtained in a
yield of about 60%, which, according to the general
experience with Knoevenagel reactions and based on an
X-ray structure9 of a similar compound, has been
assigned the Z,Z configuration 1a (see Scheme 3).
Crystals of 1a are light yellow and soluble in many
common organic solvents. On the other hand, the crystals
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Morgenstelle 18, D-72076 Tübingen, Germany.
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turned out to be not stable enough under the conditions
used to obtain an X-ray structure.


Polymer 2 was prepared by the reported procedure21


and polymers 3 and 4 (see Fig. 1) were prepared by
Knoevenagel-condensation of 2,5-dialkoxy-substituted
terephthalaldehydes and 2,5-dialkoxy-substituted dicya-
nomethylbenzenes as shown in Scheme 2.4 They were
characterized by elemental analyses and spectroscopic
methods (see Experimental Section).


Though the crystals of 1a are stable in daylight and
remain in the Z,Z configuration, a solution of 1a in
dichloromethane, chloroform or acetonitrile shows iso-
merization under daylight or the radiation of a medium-
pressure mercury lamp. A mixture of the three possible
isomers 1a, 1b and 1c (Z,Z, Z,E and E,E respectively) is
obtained under both conditions (Scheme 3).


In order to investigate this isomerization in more
detail, the short-chain model compound 1a was irradiated


in acetonitrile with a medium-pressure mercury lamp.
After about 1 min of irradiation the 1H NMR spectrum
shows additional peaks compared with the spectrum of
unirradiated 1a (see Scheme 3). After about 15 min the
equilibrium is reached.


The separation of the isomers was carried out by
column chromatography on silica gel with a mixture of n-
hexane and dichloromethane (4:3). Compound 1c is
crystalline and pale yellow in colour and melts at 108–
109°C, whereas 1a melts at 126–129°C. Compound 1b is
an oil.


The 1H NMR spectrum of the Z,Z isomer 1a shows a
doublet at 3.95 ppm, due to the OCH2 groups of the
alkoxy chains. Because of the lower symmetry of the Z,E
configuration in 1b, two doublets at 3.85 and 3.74 ppm
are observed. The E,E isomer 1c is characterized by one
doublet at 3.62 ppm. Thus 1H NMR spectroscopy
provides easy criteria to distinguish between the isomers.


)����� +� '&������� �� ����� ��(���� +
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PPV and related compounds are of special interest for
the construction of OLEDs and hence the luminescence
properties of 1a–1c are of great importance. In order to
investigate the influence of Z,E isomerization, the UV–
Vis spectra of the isomers 1a–1c and the photolumines-
cence (PL) spectra of the solid isomers 1a and 1c were
measured (see Fig. 2). The maxima are given in Table 1.


The Z,Z isomer 1a shows a distinct UV–Vis maximum


at 374 nm (see Fig. 2). This maximum is shifted to shorter
wavelength in Z,E isomer 1b with a decrease in the
intensity. This tendency continues in the E,E isomer 1c.
The highest maximum shifts from 311 nm in compound
1a to 281 nm in 1c. In general, the UV–Vis maxima shift
to shorter wavelength if Z-bonds are changed to E-bonds.
Similar observations have been made with distyrylben-
zenes without cyano groups at the double bonds.20,22 In
these compounds, the trans isomers have absorption
maxima at longer wavelength than the cis isomers. The
PL maximum of the E,E isomer 1c, on the other hand, is
shifted 13 nm bathochromic compared with the Z,Z
isomer 1a.


To obtain more information about the band gaps of the


)����� -� �����	�)����� �� ��(���� +


����	� ,� �*+*�� �(��	� �� +�� +/ ��� +�


#�/�� +� ,� ��� �*+*�� ��-��� �� ��� �����	� +�� +/ ���
+�


�max (nm)


PL (solid) UV–Vis (CH2Cl2)


1a (Z,Z) 475 286, 311, 374
1b (Z,E) – 284, 363
1c (E,E) 488 281, 355


����	� -� �&�� ���������	�� �� +�. /+�0 1 2 �
�#�3 ��� ��� �� �����	��������4� 5�36,7$ �� � ��� 	���
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different isomers we also investigated their electro-
chemical behaviour. For this reason CV and DPV
measurements were carried out for the Z,Z and E,E
isomers, 1a and 1c respectively, in dichloromethane and,
because of the larger reductive potential range, likewise
in tetrahydrofuran (THF). The electrochemically deter-
mined redox potentials are shown in Table 2. All
potentials given refer to the saturated calomel electrode
(SCE) if not otherwise indicated.


The cyclic voltammogram of the pure Z,Z isomer 1a
performed in dichloromethane shows three redox steps,
of which two appear in the reductive and one in the
oxidative potential range (see Fig. 3). The reduction
waves are at �1.60 and �1.75 V (see Table 2). The first
reductive electron transfer is negligibly reversible at slow
scan rates �, but the peak current for the oxidation of the
reduced species increases with faster scan rates. In
addition, at scan rates � �20 mV s�1 a new anodic
wave at �0.51 V appears, which originates from the
oxidation of a sequential product. The oxidation at
E1/2,CV(Ox1) = � 1.51 V is quasi-reversible.


On the other hand, cyclic voltammograms of 1a
measured in THF show three reduction waves but no
oxidation wave. The first reduction at �1.50 V is not
entirely reversible, but the anodic peak current increases
with the increasing scan rates. Thus at a scan rate � = 500
mV s�1 the cathodic and anodic peak currents are almost
in the same range of magnitude. This points to the
formation of a sequential product, which is relatively
slow (compared with the scan rate), i.e. the rate constant
of sequential product formation is small compared with
that of the electrochemical oxidation of the first radical
anion formed. Another hint to the resulting product is the
appearance of a new anodic wave at �0.62 V. The second
and third reductions at �1.74 and �2.07 V are likewise
not entirely reversible. Moreover, the radical dianion
forms a sequential product, which is characterized by a
new anodic wave at �0.52 V. The differential pulse
voltammogram shows for the third reduction at
EDPV(Red3) = �2.06 V a peak with a distinct shoulder
at �1.93 V. The information gained by the electroche-
mical measurements points to a complicated mechanism
for the reduction.


Based on the resulting electrochemical measurements,
the solution of pure isomer 1a in dichloromethane was
irradiated for about 20 min. Subsequently, further cyclic
voltammetric measurements were carried out. It can be
shown that the isomeric mixture exhibits slightly
different redox potentials than the pure Z,Z isomer
1a. The first reductive electron transfer is shifted to
E1/2,CV(Red1) = �1.62 V, the second one to E1/2,CV


(Red2) = �1.77 V, and the first oxidation wave is shifted
to E1/2,CV(Ox1) = 1.57 V. Therefore, the band gap (the
distance between the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital
(LUMO), or between the first oxidation and the first
reduction potential, respectively) increases. The band gap


of pure 1a is 3.11 eV and that of the isomeric mixture
3.19 eV. In the differential pulse voltammogram the first
oxidation wave is clearly broadened compared with 1a
and even shows a small shoulder at �1.6 V.


Likewise, the pure E,E isomer (1c) was investigated
with regard to its redox behaviour in dichloromethane.
The shapes of the cyclovoltammetric peaks correspond to
those of 1a. Again, the cyclic voltammograms show one
oxidative electron transfer with the oxidation potential
E1/2,CV(Ox1) = 1.58 V and two reduction waves. The first
oxidation again is quasi-reversible. The reductions take
place at �1.74 and �1.90 V. During the electrochemical
measurements these reductive electron transfers shift
to higher potentials. After about 40 scans the reduc-
tion potentials shifted to E1/2,CV(Red1) = �1.64 V and
E1/2,CV(Red2) = �1.79 V. In the ground state no rotation
of the double bond is possible. After reduction or
oxidation the bond order is reduced, resulting in rotation
and isomerization. The redox potentials approach the
values of the isomeric mixture, caused by UV radiation.
The first oxidation of the isomeric mixture is again quasi-
reversible. The first reduction is negligibly reversible and
forms a sequential product, which is oxidized at �0.65 V,
where a new wave appears. Likewise, the second
reduction forms a sequential product. A hint to this is
the appearance of a new anodic wave at �0.54 V, which
shows the oxidation of the sequential product. The
HOMO–LUMO distance is 3.31 eV (see Table 2). The
increase of the band gap caused by changing Z-bonds to
E-bonds can be explained by a stronger torsion within the
molecule in the case of E-configuration compared with
the Z-configuration. Because of this steric hindrance the
outer phenyl rings are distorted against the central
phenylene unit, which leads to a shorter conjugation
length and a larger HOMO–LUMO distance. The
electrochemically and optically determined HOMO–
LUMO distances of the different isomers are given in
Table 3.


The PL, UV and CV data show, that the configuration
of the double bond is of great importance for the HOMO–
LUMO distance of the model compound. In order to
investigate the influence of Z,E-isomerization of the
polymers 2, 3, and 4 (see Fig. 1), the PL spectra of the
unirradiated and irradiated (30 min, medium-pressure
mercury lamp) polymers were measured (see Table 4).


Owing to the observations made on the model
compound 1, an increase of the number of E bonds in


#�/�� -� ;���	��������& ��� �(�����& ����	����� <
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+
���
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Compound �ECV (eV) �EUV–Vis (eV)


1a (Z,Z) 3.11 3.30
1c (E,E) 3.31 3.49
1b (E,Z) 3.22a 3.41


a Isomeric mixture after UV irradiation of the (Z,Z) isomer.
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the polymers caused by the radiation can be assumed.
The spectral differences between irradiated and unirra-
diated polymers depend on the number of branched alkyl
chains on the polymers. Polymer 2, which only carries
unbranched hexyl chains, shows the largest effect caused
by the irradiation; the spectra of polymer 4 show the
smallest differences between the irradiated and unirra-
diated states. Polymer 4 also shows strong torsion of the
polymer chain in the unirradiated state, caused by steric
hindrance between the bulky 2-ethylhexyloxy chains and
the cyano groups.9 Hence the additional torsion caused
by the shorter distances between the phenylene units in
the E-configuration is relatively low.


(%"(�')!%"


In conclusion, the observed Z/E isomerization of 1 affects
the luminescence properties of cyano-substituted disty-
rylbenzenes, which are considered as model compounds
for corresponding polymers. Although the isomerization
was only observed in solution, a similar effect in the solid
state cannot be excluded, for example in compounds used
for the construction of OLEDs, due to the long duration
of their use in devices. Because of the need for high
purity of the luminescent layer, this could reduce the
efficiency and lifetime of OLEDs.


�12�$!��"#*�


3��	��


Melting points (uncorrected): Gallenkamp melting point
apparatus. UV–Vis: Shimadzu UV-2102 PC. MS:
Finnigan MAT 711A. NMR: Bruker AC 250 spectro-
meter (250 MHz). CHCl3 and CHDCl2 were used as
references. Emission spectra: Spex Fluorolog 112. CV: a
standard one-compartment, three-electrode arrangement
was used with a platinum disc as the working electrode, a
platinum wire as the counter electrode and a silver wire as
the pseudo reference electrode. The reversible oxidation
signal of ferrocene/ferrocenium (Fc) was used as the
internal standard. The dichloromethane and THF used as
solvents were dried over calcium hydride and distilled
twice in an inert gas atmosphere. The supporting
electrolyte (tetrabutylammonium hexafluorophosphate)
was purified by recrystallization from ethanol. All


measurements were carried out under argon at room
temperature and exclusion of moisture.


)�������


Solvents and reagents were used as purchased without
further purification unless stated otherwise. THF and tert-
butanol were dried over sodium. All reactions were
carried out under nitrogen. Polymer 2 was prepared as
reported in the literature.21


4���5�+�.�6���4+������,������������5�,�7�/���4,�
������8���8��5/�
�� 4+�5� 1,4-Bis(cyanomethyl)-
2,5-bis(2-ethylhexyloxy)benzene (1.0 mmol) and benzal-
dehyde (2.5 mmol) were dissolved in dry THF (2 ml) and
dry tert-butanol (2 ml). At a temperature of 35°C
potassium tert-butoxide and tetrabutylammonium hydro-
xide were added. The mixture was stirred for 30 min.
After reaction the mixture was diluted with water (50 ml)
and extracted with dichloromethane (3 � 50 ml). The
combined organic fractions were washed three times with
water. The solvent was evaporated, and the residue was
washed with methanol several times and reprecipitated
from dichloromethane and methanol.


Under these conditions, only the Z,Z isomer 1a was
obtained in a yield of about 60%. M.p. 125–127°C; 1H
NMR (250 MHz, CDCl3) � 7.86 (m, 4H), 7.70 (s, 2H),
7.44 (m, 6H), 7.10 (s, 2H), 3.95 (d, J = 5.3 Hz, 4H), 1.75
(m, 2H), 1.45 (m, 8H), 1.26 (m, 8H), 0.90 (m, 12H); MS
(FD) m/z 588.7 (M�); UV (dichloromethane) �max1


= 310 nm, �max2 = 375 nm.


!����	�
���� �� 1a �� � ��8��	� �� +�0�� 589 mg
(Z,Z)-1,4-bis(1-cyan-2-phenylethenyl)-2,5-bis(2-ethyl-
hexyloxy)benzene (1a) (1 mmol) dissolved in 350 mL of
acetonitrile was irradiated for 20 min under stirring in a
photoreactor (Heraeus UV-RS-1, UV-Tauchstrahler TQ
150). After removal of the solvent by distillation, the
yellow oil was separated by column chromatography (n-
hexane/dichloromethane 4:3) to give 1b and 1c.


4���5�+�.�6���4+������,������������5�,�7�/���4,�
������8���8��5/�
�� 4+/5� 1H NMR (250 MHz,
CD2Cl2) � 7.89 (s, 1H), 7.69 (s, 1H), 7.49 (d, 2H), 7.41
(s, 1H), 7.24 (m, 4H), 7.10 (s, 1H), 6.84 (s, 1H), 3.86 (d,
J = 5.4 Hz, 2H), 3.75 (d, J = 5.4 Hz, 2H), 1.23–1.68 (m,


#�/�� .� ,� �(��	� �� ��� (��&��	� ,� - ��� .


2 3 4


UV–Vis (nm) PL (nm) UV–Vis (nm) PL (nm) UV–Vis (nm) PL (nm)


Unirradiated 453 618 459 577 453 567
Irradiated 443 640 450 570 449 566
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18H), 0.85 (m, 12H); UV (dichloromethane) �max1 =
284 nm, �max2 = 363 nm.


4���5�+�.�6���4+������,������������5�,�7�/���4,�
������8���8��5/�
�� 4+�5� M.p. 108–109°C; 1H
NMR (250 MHz, CD2Cl2) � 7.41 (s, 2H), 7.26 (m, 6H),
7.18 (m, 4H), 6.80 (s, 2H), 3.62 (d, J = 5.5 Hz, 4H), 1.45
(m, 2H), 1.19 (m, 16H), 0.82 (m, 12H); MS (FD) m/z
588.5 (M�); UV (dichloromethane) �max1 = 281 nm,
�max2 = 355 nm.


2�����	� ,� - �� .� The polymers 2, 3 and 4
were prepared by Knoevenagel-condensation of 2,5-
dialkoxy - substituted terephthalaldehydes (1.0 mmol)
with 2,5-dialkoxy - substituted dicyanomethylbenzenes
(1.0 mmol), which were dissolved in dry THF (2 ml) and
dry tert-butanol (2 ml).4 At a temperature of 35°C,
potassium tert-butoxide and tetrabutylammonium hydro-
xide were added. The mixture was stirred for 0.5 h. After
the reaction was completed, the mixture was diluted with
water (50 ml) and extracted with dichloromethane
(3 � 50 ml). The combined organic fractions were
washed three times with water. Then the solvent was
evaporated. The residue was washed with methanol
several times and reprecipitated from dichloromethane
and methanol.


2�����	 -� Yield 93%, orange fluffy solid, m.p. 232–
238°C. IR (KBr) v 2959 s, 2928 s, 2871 m, 2212 w, 1593
w, 1504 s, 1468 m, 1416 s, 1381 m, 1275 w, 1213 s, 1030
m, 930 w cm�1; 1H NMR (250 MHz, CD2Cl2) � 8.03 (s,
2H), 7.92 (s, 2H), 7.12 (s, 2H), 4.13 (t, 4H), 4.13 (t, 4H),
3.99 (d, J = 4.7 Hz, 4H), 1.82 (m, 6H), 1.52–1.32 (m,
28H), 0.97–0.86 (m, 18H); UV–Vis (CH2Cl2)
�max = 461, 333 nm; PL (solid state) �max = 577 nm.
Anal. (C46H66N2O4)n calc.: C, 77.70; H, 9.36; N, 3.94;
found: C, 76.99; H, 8.84; N, 3.86%.


2�����	 .� IR (KBr) � 2959 s, 2928 s, 2874 m, 2214 w,
1740 w, 1607 w, 1504 s, 1466 m, 1428 m, 1381 w, 1275
w, 1211 s, 1032 s, 912 w cm�1; 1H NMR (250 MHz,
CD2Cl2) � 7.95, 7.93(2 s, 2 � 2 H), 4.03–3.72 (m, 8H),


1.82 (m, 36H), 0.95–0.86 (m, 24H); UV–Vis �max


= 453, 330 nm; PL (solid state) � = 567 nm. Anal.
(C50H74N2O4)n calc. C, 78.27; H, 9.73; N, 3.65; found:
C, 77.43; H, 9.90; N, 3.66%.


$���$�"(�)


1. Burroughes JH, Bradley DDC, Brown AR, Marks RN, Mackay K,
Friend RH, Burns PL, Holmes AB. Nature 1990; 347: 539.


2. Segura JL. Acta Polym. 1998; 49: 319.
3. Kraft A, Grimsdale AC, Holmes AB. Angew. Chem. Int. Ed. Engl.


1998; 37: 402.
4. Friend RH, Gymer RW, Holmes AB, Burroughes JH, Marks RN,


Talian C, Bradley DC, Dos Santos AA, Bredas JL, Lögdlud M,
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ABSTRACT: The structure of the 2:2 condensation product of 2-naphthol and acetaldehyde, 1-(1-methyl-2,3-
dihydro-1H-benzo[ f ]chromen-3-yl)-2-naphthol, revised by X-ray crystallography, is presented. A moderate
intramolecular hydrogen bond is found between the phenolic OH and chromene oxygen atom both in the solid
state and in solution. In the crystal structure, the naphthyl groups are oriented in parallel with a �–� stacking distance
of 354 pm. AM1 studies are used to explain the formation of one of the four possible stereoisomers for the title
compound. Comparison of the experimental and calculated coupling constants indicates that the molecule adopts
exclusively the solid-state structure in solution. Copyright  2001 John Wiley & Sons, Ltd.


KEYWORDS: 2-naphthol; acetaldehyde; phenols; X-ray crystallography; AM1 calculations; intramolecular
hydrogen bonding; �–� stacking; condensation
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The reaction of substituted phenols and aldehydes under
controlled conditions has been used to build up supramol-
ecular compounds, the most important ones being
calixarenes.1–5 2-Naphthol reacts with aromatic alde-
hydes to produce 14-aryl-14H-dibenzo[a,j]xanthenes,
which could be used as anti-inflamatory agents.6 One of
the first reports on the reaction of 2-naphthol with
aliphatic aldehydes was on the product of the reaction of
2-naphthol with acetaldehyde by Claisen.7 He reported
that 2-naphthol and paraldehyde react to form a
compound to which he attributed the structure 1, the 1-
[1-(2-hydroxy-1-naphthyl)ethyl]-2-naphthol or dinaphthyl
acetal of acetaldehyde (Fig. 1), m.p. 200–201°C. About a
century later Van Allen et al.8 under similar conditions
separated a compound, m.p. 198–200°C, to which they
assigned the structure 2, 1-(3-methyl-2,3-dihydro-1H-
benzo[ f ]chomen-1-yl)-2-naphthol (Fig. 1). It was shown
later that the structure of the condensation product
depends on the ratio of 2-naphthol to acetaldehyde. With
a molar ratio of 1:1.3 (2-naphthol:acetaldehyde), the same
product (2) is obtained, whereas with a ratio of 2:1 a
mixture of 2 and 14-methyl-14H-dibenzo[a,j]xanthene (3)
is obtained9 (Fig. 1). The dibenzo[a,j]xanthene 3 has been


obtained by using either paraldehyde or acetaldehyde
diethyl acetal.10,11


We have become interested in the 2-naphthol–
acetaldehyde 2:2 condensation product as a possible
building block for constructing some types of supramol-
ecular compounds such as tweezers.12,13 Careful exam-
ination of the spectroscopic data of the condensation
product, especially the sharp band at 3300 cm�1 in the
Fourier transform (FT) IR spectrum, indicated an intra-
molecular hydrogen bond, difficult to be present in
structure 2 as the model indicates. To solve the problem
with certainty, a single crystal of the condensation
product was prepared and used for X-ray crystallographic
determination of the structure; it turned out that the
structure is 4 (Fig. 1) and not 2. The results of the studies
are reported in this paper. The stereochemistry of the
formation of the condensation product is taken into the
consideration and addressed by AM1 calculations.


�-.+/(. �'* *&.,+..&)'
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Compound 4 crystallizes in the monoclinic system with
space group P21/c (No. 14). The asymmetric unit cell
consists of one crystallographically independent mol-
ecule (Fig. 2). The angle between the plane of the two
naphthyl rings in 4 is 56.8° and the distance between the
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plane of parallel naphthyl rings of the molecules in
successive layers in the crystal structure is 3.54 Å (Fig.
3), a value reported to be suitable for �–� stacking.14


In the molecular structure of 4, the naphthoyl group at
the 3-position is arranged such that the second aromatic
ring of the 2-naphthoyl group is on the upper side of the
chromene six-membered ring and close to the methyl
group at the 1-position. The shortest HH distance of
naphthoyl-Me [H(29)…H(41)] is 2.66 Å (Fig. 4). The
phenolic OH group is located on the opposite side to the
methyl group in such a way as to make a moderate
internal hydrogen bound15 to the oxygen atom in the
chromene six-membered ring (see Fig. 4). The distances
of the donor-H, acceptor…H, donor…acceptor and
donor-H…acceptor angles are presented in Table 1
together with the AM1-calculated values. The selected
bond lengths and bond angles are listed in Table 2 and
compared with the AM1-calculated values.


.(-�-),$-�&.(�6


The conformation of the chromene six-membered ring in
4 is half-chair with the methyl and 2-naphthoyl groups in
a trans orientation. Furthermore, the methyl group at the
1-position is pseudoaxial and 2-naphthoyl group at the 3-
position is pseudoequatorial, henceforth denoted 4a�e�.
Efforts to obtain the cis diastereomer of 4 was not


7����� �� &�
�
��% ���������� 
� ��' ��( �� ��
%��� 1" �	% 5 )��� $
�*+


7����� �� �� �	�� ���� �	 ������� ��������� 
� 5


7����� 1� �� �,� ����*�	� 
� �� 	����� ��
�� �	 ��
�
��% ����� ��������� 
� 5


7����� 5� - ��� ��������� 
� 5. �� ����� �	% 	���
��
���������	�� ��� �	 � ���	� 
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successful; by variation of the reaction conditions a
mixture of 3, 4 and 6 was obtained (see Scheme 1).


Formation of products similar to 3 and 6 has been
reported before.10,11,16


To find out the reason behind the observed stereo-
chemistry, the heats of formation and the structure of
4a�e� and the most stable form of the cis diastereomer
5e�e� were calculated by the AM1 semiempirical17


method. The ring-inverted conformers of 4a�e� (i.e.
4e�a�) and 5e�e� (i.e. 5a�a�) were also included in the
AM1 studies (see Fig. 5). The heats of formation and
selected dihedral angles of 4a�e�, 4e�a�, 5e�e� and 5a�a� are
given in Table 3, together with the values for dihedral
angles from the X-ray structure. As indicated in Table 3,
the difference in heats of formation of 4a�e�–5e�e� and
4a�e�–5a�a� are 1.6 and 3.2 kcal mol�1, respectively
(1 kcal = 4.l84 k J). The difference in the Hf values of
4a�e� and 5e�e� at equilibrium corresponds to a population
ratio of 9:1, so it is expected that 5e�e� would be formed if
the reaction proceeds under thermodynamic control
conditions. trans-4a�e� and cis-5e�e� may be formed by
an electrophilic aromatic substitution of 2-naphthol by
the oxenium 7 (Fig. 6), as an intermediate (see Scheme
1). The formation of an oxenium intermediate such as 7
from hemiacetals under acidic conditions is established in
the litrature.18 The stereochemistry of 7 should control
the stereochemistry of the �-complex intermediates and
products. The methyl group in 7 could be oriented in
either a pseudoaxial or pseudoequatorial position, but
starting from different geometries ends up with the one
having a methyl group in a pseudoaxial position (Fig. 6).


Two different �-complexes could be formed by the
attack of 7 on 2-naphthol, a trans-8 and a cis-9 complex
(Fig. 6). The relative stabilities of 8 and 9 were calculated
by the AM1 method. It is calculated that 8 is 2 kcal mol�1


more stable than 9 (Table 4). Also, the dipole moment19


(���� �� �� �/������	��� )- ���+ �%�
��	 �
	% %����	���
)01 + �	% 232 �	���� )°+ �	% �� ������ ���������% �� �� 04�
���
% �	 5����5�


Method d(O—H) d(OH…O) d(O…O) OHO angle


X-ray 0.82 1.95 2.64 142.2
AM1 0.97 2.03 2.73 127.4


a It should be noted that the locations of hydrogen atoms are not
accurately determined by X-ray crystallography.


(���� �� �������% �
	% ��	��� )01 + �	% �
	% �	���� )°+ �	
5����6 �
������
	 
� �
�����% )04�+ $�� - ��� ������� 
�
������ %���


Bond length or angle X-ray AM1a


O4—C3 1.447 1.446
C3—C2 1.519 1.523
C2—C1 1.529 1.523
C1—C13 1.520 1.495
C13—C14 1.373 1.385
C14—O4 1.394 1.383
C1—CH3 1.523 1.518
O4—C3—C2 109.4 110.8
C3—C2—C1 110.4 111.0
C2—C1—C13 109.7 110.6
C1—C13—C14 121.4 120.6
C13—C14—O4 123.1 124.6
C14—O4—C3 115.6 115.2
C2—C1—CH3 115.5 110.7


a The third digit in the bond lengths calculated by AM1 is included for
comparison with X-ray values.
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of 8 is calculated to be one 1 D greater than that of 9
(Table 4). It is expected that in a polar solvent such as
ethanol–water, used for running the reaction, 8 is better
solvated than 9 and the difference in their relative
stabilities increases in favor of 8, which might result in
the exclusive formation of 4a�e�. Complex 8 is converted
to 4a�e� but 9 is converted to 5a�a�, which is
3.2 kcal mol�1 less stable than 4a�e�. 5a�a� could be ring


inverted to the more stable form 5e�e�. Ring inversion in
the cyclohexene ring is found in the range 5–
6 kcal mol�1.20,21


The question of conformational equilibrium between
two conformers (4a�e� and 4e�a�) in solution was
addressed by comparison of the experimental and
computed coupling constants. For this purpose, the
dihedral angles between aliphatic protons in the chro-


7����� 8� 0�� �
������ �����
��
���� 
� 5 �	% 8� ���������% �� �� 04� ���
%


(���� 1� �
�����% )04�+ ���� 
� �
�����
	 )3�+ )*��� �
���+ �	% �
������
	 
� �������% %��%��� �	���� )°+ �	 ��� �
������
�����
��
���� 
� 5 �	% 8 $�� - ��� ���������� )�
� 	������	� ��� ���5 !+


Compound
O4—C14—


C13—C1


C14—C13—
C1—C2


C13—C1—
C2—C3


C1—C2—
C3—O4


C2—C3—
O4—C14


C3—O4—
C14—C13


O4—C3—
C16—C17 Hf


X-ray �3.0 17.0 �45.9 63.3 �49.0 19.6 37.1 —
4a�e� �2.1 17.3 �45.1 60.3 �44.6 16.3 40.1 �0.68
4e�a� 10.2 3.5 �33.6 51.2 �38.0 8.5 �11.7 6.40
5e�e� 6.2 �5.8 �25.1 56.7 �57.0 26.5 41.6 0.94
5a�a� 6.6 27.9 �45.2 30.3 4.7 �24.6 �25.4 2.53


7����� 9� �� ��������� 
� 
/�	��� : �	% ����� �
����/�� ; �	% < �
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mene six-membered ring of 4a�e� and 4e�a� derived from
the x-ray structure (for 4a�e�) and estimated by the AM1
method (for 4e�a�) were used to calculate the 1H NMR
coupling constants by using Hassnoot et al.’s equation22


(Table 5). The estimated coupling constants indicate that
4e�a� should not be present in equilibrium with 4a�e�.


-��-�&�-'(�/


All reagents were obtained from Merck and used without
further purification. Uncorrected melting-points were
determined with a Buchi apparatus. 1H and 13C NMR
spectra were recorded on a Bruker 400 or 80 MHz
spectrometer. FT-IR spectra were obtained with a
Shimadzu 4300 spectrophotometer.


��	����� 
� ��	7
8�9��
��	� )!+5 A 2.00 g
(13.9 mmol) amount of 2-naphthol was dissolved in
10 ml of 1:1 ethanol–concentrated HCl and 0.62 g
(14 mmol) of acetaldehyde was added. The reaction
mixture was heated in an oil-bath at 70°C for 2h. The
resulting oily brown liquid was separated and triturated
with small amounts of diethyl ether and the precipitate
was filtered off. The white precipitate washed with small
amounts of cold diethyl ether and dried under vacuum. A
mixture of 3, 4 and 6 was obtained, which was
chromatographed on silica gel with light petroleum–
ethyl acetate (80:20) as eluent, to give 4 in 80% yield,
m.p. 205°C. FT-IR (KBr): � cm�1 3350 s; 3062 w, 2960
w; 1622 s, 1591 s, 1514 s, 1458 s; 1398 s, 1240 b, 1215 s,
956 b, 800 b, 742 b. 1H NMR (DMSO-d6, 400 MHz):
(ppm) 1.50 (d, J = 6.9 Hz, 3H); 1.88 (d, J = 13.5 Hz, 1H);
2.84 (dt, J = 13.5 and 5.2 Hz, 1H); 3.68 (m, 1H); 6.37 (dd,
J = 12.44 and 2.30 Hz, 1H); 8.23–7.00 (m, 12H); 9.97 (s,
1H). 13C NMR (DMSO-d6, 80MHz): (ppm) 22.33, 25.49,
32.89, 67.56, 116.15, 117.37, 118.59, 119.02, 122.03,


122.07, 122.33, 124.16, 126.46, 126.63, 128.00, 128.59,
128.67, 128.93, 129.67, 132.28, 132.66, 151.44, 152.53.


������� ��������� %������	���
	5 A colorless crystal with
dimensions 0.40 � 0.12 � 0.10 mm was used for data
collection at 297 K using a Siemens SMART CCD
diffractometer with Mo K radiation (� = 0.71073 Å,


graphite monochromator). A full sphere of reciprocal
lattice was scanned in 0.3° steps in with a crystal-to-
detector distance of 3.97 cm and an exposure time of 60 s
per frame; for details, see Table 6. A preliminary
orientation matrix was obtained from the first frames
using SMART. The collected frames were integrated
using the preliminary orientation matrix which was
updated every 100 frames. Final cell parameters were


(���� 5� ���������% ���� 
� �
�����
	 �	% %��
�� �
��	��

� � �
����/��


Complex
Heat of formation


(kcal mol�1)
Dipole moment


(D)


8 162.5 10.7
9 164.5 9.5


(���� 8� �
������
	 
� �� �/������	��� �	% ���������% �
����	� �
	���	�� )37+ ���$��	 3��,3��� 3��,3��� 3��,3: �	%
3��,3: ��
�
	� �	 5���� �	% 5���� �
	�
�����
	�� �����
��
�����


Compound �H1a–H2a
3Jcalc Jexp �H1a–H2b


3Jcalc Jexp �H2b–H3
3Jcalc Jexp �H2a–H3


3Jcalc Jexp


4a�e� 75.9 1.30 1.5 �42.5 5.76 5.0 66.0 1.59 2.1 �176.6 11.27 12.3
4e�a� �37.2 6.92 — �153.9 10.36 — �76.7 0.89 — 39.8 6.91 —


a Torsion angle for 4a�e� is derived from the X-ray structure and for 4e�a� from the AM1 calculations. For the assignment of protons, see Fig. 4.


(���� 9� ��������
������ �	% ��;	���	� %��� �
� !


Empirical formula C24H20O2
Formula weight 340.40
Crystal system, space group Monoclinic, P21/c (No. 14)
a (Å) 7.56720(10)
b (Å) 7.97840(10)
c (Å) 28.80290(10)
� (°) 92.4410(1)
V (Å3) 1737.37(3)
Z 4
T (K) 297(2)
Density (calc.) (g cm�3) 1.301
� (mm�1) 0.081
F (000) 720
� range (°) 1.42–28.28
Index ranges �10 � h � 10


�10 � k � 10
�38 �l � 38


Reflections collected 23177
Independent reflections 4312
R(int.) 0.0416
Reflections obs. [I � 2�(I)] 3021
Data/restraints/parameters 4312/237
GooF (Fo


2) 1.036
R1/wR2a for obs. reflections 0.0495/0.1083
R1/wR2 for all data 0.0800/0.1233
Weighting schemeb x/y 0.0467/0.4993
Larg. res. peak/hole (e, Å�3) 0.199/�0.174
a R1 = ���Fo� � �Fc��/��Fo�, wR2 = {�[w(Fo


2 � Fc
2)2]/�(Fo


2)2}
�
�.


b w = 1/[�2(Fo
2) + (xP)2 + yP], P = (Fo


2 + 2Fc
2)/3.
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obtained by refinement on the positions of 8192
reflections with I � 10�(I) after integration of all the
frame data using SAINT.23 The data were empirically
corrected for absorption and other effects using SA-
DABS24 (min./max. transmission = 0.9682/0.9919) based
on the method of Blessing.25 The structure was solved by
the direct method and refined by full-matrix least-squares
analysis on all F2 data using SHELXTL.26 The non-H
atoms were refined anisotropically and the hydrogen
atoms isotropically with restrained bond distances.


�
�������
	��5 Initial estimates of the geometry of
structures, for semiempirical calculations, were obtained
by the MMX molecular mechanics method implemented
in PCMODEL software (Serena Software, Bloomington,
IN, USA). Full minimization was done by using the
semiempirical AM1 Hamiltonian,17 implemented in the
MOPAC 6.0 program.27 All the structures were char-
acterized as stationary points and true minima on the
potential energy surface using the FORCE keyword. A
stationary point is described if the first derivatives of the
energy with respect to changes in the geometry are zero.
The criterion for a minimum is that all eigenvalues of the
Hessian matrix are postive.28 AM1 was chosen as it has
been shown to produce the geometry of internal hydrogen
bonds better than PM3.29


A half-chair conformation of the chromene six


membered ring was selected and the methyl at the 1-
position and the naphthoyl at the 3-position were put
either in pseudoaxial or pseudoequatorial orientation.
The conformational space for the methyl and naphthoyl
in each orientation was searched by rigid rotation. The
local minima thus found were subjected to AM1
calculations. Two different orientations for the hydrogen
bond were found possible for 4a�e� and 5e�e�, one between
the OH and the axial lone pair of oxygen (4a�e�-a and
5e�e�-a) and the other between the OH and the equatorial
lone pair of oxygen (4a�e�-e and 5e�e�-e), the former being
the more stable. The different orientations of hydrogen
bonds in 4a�e� and 5a�e� are given in Fig. 7.


.+��/-�-'(��6 *�(�


Crystallographic data (excluding structure factors) for the
structure reported in this paper have been deposited with
the Cambridge Crystallographic Center as supplementary
publication No. CCDC 143902. Copies of the data can be
obtained free of charge on application to CCDC, 12
Union Road, Cambridge CB2 1EZ, UK. Fax, (44) 1223
336 033; E-mail, depositccdc.cam.ac.uk.


The *.arc files of all the AM1 calculations for the given
structures are available from the corresponding author via
E-mail.


7����� :� �
�����% )04�+ �	���	�� �%�
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ABSTRACT: The recent discovery of a second, inducible isoform of cyclooxygenase, COX-2, has stimulated the
search for highly selective non-steroidal anti-inflammatory drugs (NSAIDs). These NSAIDs have the ability to treat
pain and inflammation caused by arthritis with less risk of gastrointestinal or renal toxicity. We report here the results
of 3D-quantitative structure–activity relationship and docking studies, performed on a series of 3,4-diaryloxazolones.
Comparative moleculer field analysis studies provided a good model with cross-validated and conventional r2 values
of 0.688 and 0.969 respectively for 24 analogues in the training set with six components. Docking studies with both
COX-1 and COX-2 indicate good selectivity for COX-2. The binding energies between COX-2 and some of the most
active oxazolones are comparable to those of celecoxib or rofecoxib. These compounds adopt similar orientations and
form similar sets of hydrogen bonds involving the sulfonyl group of the ligand and His 90, Leu 352, Ser 353, Arg 513,
Phe 518 and Ser 530 residues of the receptor. Copyright  2001 John Wiley & Sons, Ltd.


KEYWORDS: selective COX-2 inhibitors; diaryloxazolones; CoMFA; docking studies
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The quest for selective COX-2 inhibitors began when this
enzyme was first described in 1990.1–6 It is now well
established that cyclooxygenase exists in at least two
isoforms: COX-1 and COX-2. COX-1 is a regulatory
enzyme that is present almost throughout the body and
produces prostaglandins that help in proper kidney and
stomach functioning. COX-2 is an inducible enzyme that
catalyzes the production of prostaglandins leading to
inflammation.7,8 Most of the existing non-steroidal anti-
inflammatory drugs (NSAIDs) suffer from non-selective
binding to both COX-1 and COX-2, thus producing
undesirable gastrointestinal and renal side effects. It is
believed that inhibitors that bind with a greater or lesser
extent of selectivity towards COX-2 are different from
the traditional anti-inflammatory drugs. Furthermore,


selective COX-2 inhibitors are believed to play a vital
role in ovulation and labour, as well as in the treatment of
colon cancer and Alzheimer’s disease.7,9–11


Different research groups have developed many novel
COX-2 inhibitors in the past few years.12–16 Meloxicam,
which has 100-fold specificity towards COX-2 over
COX-1, is widely used for the treatment of rheumatoid
arthritis.7,17 Nimesulide, which has been classified as a
preferential COX-2 inhibitor with 10–50-fold potency,
has been in clinical usage for the past 6 years7,8.
Similarly, Etodolac is a COX-2 inhibitor, which is
marketed in Europe and North America for the treatment
of osteoarthritis.7,18 Recently, highly potent diaryl
heterocyclic compounds have been identified as selective
COX-2 inhibitors; notably, two of them, celecoxib (I) and
rofecoxib (II) have been approved by the Food and Drug
Administration, USA. These drugs have shown efficacy
in the clinical trials of acute pain, osteoarthritis and
rheumatoid arthritis.19,20 SC-558 (III), which is an
another diaryl heterocyclic inhibitor, has �1900-fold
selectivity for COX-2 over COX-1.21 Valdecoxib is
another diaryl heterocyclic inhibitor currently in clinical
evaluation for the treatment of pain and inflammation.22


Different analogues of rofecoxib have recently been
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reported to be potent and orally active.12,20 Analysis of
the quantitative structure–activity relationships (QSARs)
of some of these diaryl heterocyclic compounds for
COX-2 selectivity has been explored by us.23 Recently,
Puig et al.24 have reported a novel series of 3,4-
diaryloxazolones that are structurally similar to both I
and II, and are shown to be selective COX-2 inhibitors. In
this paper, comparative molecular field analysis (CoM-
FA) and structure-based docking studies of this series of
oxazolone derivatives are reported.


��.*3-)-1�2)4 %/-)14+


Molecular modelling and CoMFA studies were carried
out using the QSAR module as implemented in SYBYL.25


A series of 29 3,4-diaryloxazolone analogues were
selected for CoMFA; 24 of the molecules were included
in the training set and the remaining molecules were
treated as the test set. The biological activities were
converted into the corresponding pIC50 values. All


molecules were generated from molecule III.21,26 All
structures were minimized using Tripos force fields and
the conjugate gradient algorithm with a gradient
convergence value of 0.05 kcal mol�1 Å�1. Partial
atomic charges were calculated using the Gasteiger–
Hückel method. Initially, a constrained minimization for
100 cycles was performed in which the three rings, A, B
and C (Scheme 1), were defined as an aggregate to
constrain their conformation. This procedure was em-
ployed in order to prevent the conformation moving to a
false region. The constraints were then removed and the
structure was subjected to 500 cycles of minimization till
the gradient converged to 0.05 kcal mol�1 Å�1.


The most active compound 29, was used as the
reference and the rest of the molecules were aligned to it
by using fragments 1–3 (Table 1). The molecular
alignments were carried out with the SYBYL database
alignment method. Molecular alignment has also been
carried out with field fit methods, where the steric and
electrostatic fields of various molecules were fitted onto
the most active molecule’s steric and electrostatic fields
with minimum deviation. However, the best results with
respect to the training set and test set were obtained when
fragment 1 was used. The steric and electrostatic CoMFA
fields were calculated at each lattice intersection of a


+����� '


Copyright  2001 John Wiley & Sons, Ltd. J. Phys. Org. Chem. 2001; 14: 481–487


482 G. R. DESIRAJU ET AL.







regularly spaced grid of 2.0 Å in all three dimensions
within the defined region.27 This was extended beyond
the van der Waals envelopes of all molecules by at least
4.0 Å. Both these fields were calculated with the Tripos
force field with default options. The CoMFA field
energies were truncated at 30 kcal mol�1 for both fields.
Regression analysis was performed using the partial least
squares (PLS) algorithm with the leave-one-out (LOO)
method adopted in the cross-validation calculations of
QSAR studies. The cross-validation analysis that pro-
duced the highest correlation coefficient value with
minimum standard error of predictions and with a lower
number of components was considered for final non-
cross-validated analysis. Even though CoMFA maps
were produced for different numbers of components,
analysis with six principal components produced good
results when fragment 1 was used for alignment. The
number of components with respect to other alignments
differs, and in each case the best study is given in Table 1.
In all cross-validated runs the column filtering was set to
2.0, whereas in non-cross-validated runs this value was
set to zero. Equal weights were assigned to the steric and
electrostatic descriptors.


%������ �����


Docking studies were carried out using FlexiDock25 and
Affinity28 modules with the inhibitors celecoxib, rofe-
coxib and molecules of 3,4-diaryloxazolone series in both
forms of cyclooxygenase. The crystal structures of
murine apo-cyclooxygenase-II (6COX) with SC-
55821,26 and sheep cyclooxygenase-I (1PGG) with
iodoindomethacin (IMM)29 were used in this study.
Water molecules were removed and hydrogen atoms
were added to all the residues of the enzymes. Active
sites of COX-1 and COX-2 were defined using the
inhibitors IMM and SC-558 respectively, and all amino


acid residues within a 5.0 Å radius of any of the inhibitor
atoms were considered. All docked ligands were
prepositioned in an orientation similar to that of IMM
or SC-558.


-
��� '# ��

��� �� ���3.4*0� �	���� ��� �	 ������ �	 
��	���	�


Fragment 1 1 1 2 3 4a


No. of components 5 6 7 6 5 6


r2
cv


b 0.670 0.688 0.689 0.497 0.587 0.709
SEPc 0.306 0.307 0.315 0.389 0.343 0.296
r2d 0.963 0.969 0.981 0.904 0.922 0.972
SEEe 0.102 0.097 0.077 0.104 0.149 0.092
F value 94.809 88.662 119.945 74.835 42.426 98.805
Steric field contribution 0.732 0.735 0.715 0.751 0.690 0.721
Electrostatic field contribution 0.268 0.265 0.285 0.244 0.310 0.279
r2


Test set 0.483 0.502 0.515 0.421 0.311 0.365
SDTest set 0.395 0.388 0.389 0.448 0.494 0.449


a Alignment is based on the field fit methods.
b Cross-validated correlation coefficient.
c Standard error of predictions.
d Non-cross-validated correlation coefficient.
e Standard error of estimate.
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FlexiDock docks a ligand at the predefined location
inside the active site of a receptor. Genetic algorithm
(GA) methods, which are robust global optimizers and
perform well with increasing system size, are employed
to determine the ligand geometry inside the active site of
the receptor. FlexiDock, which works on a protein–ligand
pair, varies the torsional angles of the flexible side chain
of the protein, and the ligand can be rotated, and
translated with conformational flexibility. The fitness
function, which uses a subset of the Tripos force field,
namely van der Waals, electrostatic, torsional and
constraint energy terms, calculates the energy of the
supramolecular system. The docking process starts after
the prepositioning of the ligand inside the active site of
the receptor with random seed number and user-defined
number of generations. A number of docked structural
possibilities are generated and sorted on the basis of
intermolecular energy.


Tripos force fields with default FlexiDock parameters
were used along with Gasteiger charges for both
enzymes. Ligand molecules 1–29 generated for the
CoMFA studies were used in the docking study. The
binding pockets of the enzymes were kept rigid. All
rotatable bonds of the ligands were defined to explore the
most biologically active conformation. Docking studies
were performed for 105 generations, and only the
energetically favourable structures were analysed. Based
on the fitness score (energy), one complex structure for
each ligand was selected as the best fit and its score was
correlated with its biological activity.


In the Affinity studies, the most active oxazalone 29,
moderately active 18, less active 25, celecoxib and
rofecoxib ligands were automatically docked (Fig. 1) into
the active site of COX-2.28 In these docking studies,
Monte Carlo simulation methods (FixedDocking) were
used in order to provide the necessary relaxation to the
amino acid residues at the active site, as well as to
provide conformational freedom for the ligand. However,
the rest of the enzyme was held rigid during the course of
the docking search. The extensible systematic force field
(ESFF) and its associated charges were used along with
Cell—multipole methods to estimate the non-bonded
interactions for COX-2. However, previously used
geometries with ESFF and Gasteiger–Hückel charges
were used for the ligands. The Metropolis criteria of
10 kcal mol�1 energy range, 1.0 Å maximum translation
and 180° maximum rotation were used for the final
energy check. Since the position and orientation of the
relatively similar SC-558 is known, all ligands used in
this study were believed to bind in a similar way. The aim
of using the Metropolis criteria is to find about 30
different orientations that vary very little in energy.
However, in some cases, the docking studies have to be
terminated, as no further solutions are found even after a
prolonged simulation time. Default settings were used for
the conformational search of the ligand, as well as in the
interaction energy calculations between amino acid


residues and the ligands. The dielectric constant was set
to 1.0 and no solvation parameters were used. The
complex structures obtained during the docking were
minimized for 1000 cycles with conjugate gradient
methods. Each unique supramolecular structure was
further minimized for 3000 cycles or until the gradient
converged to a value of 0.01 kcal mol�1 Å�1 before the
interaction energies between various amino acids in the
active site were analysed for each ligand.


$/+34-+ )2% %1+�3++1�2
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CoMFA with 24 molecules in the training set produced a
cross-validated r2 of 0.688 with minimum standard error
and optimum number of components. This analysis was
used for the final non-cross-validated run, giving a good
correlation coefficient with a very low standard error of
estimate (Table 1). The steric and electrostatic contribu-
tions are in a 3:1 ratio, indicating the importance of steric
fields in the model generation. The actual and calculated
inhibitory activities and the residual values for both
training and test sets are given in Table 2. The final model
demonstrated a good predictive ability by predicting the
activities of test set molecules that were not included in
the training set.


The final CoMFA gives contour plots of steric and
electrostatic interactions. The steric interactions are
represented by green- and yellow-coloured contours
(Plate 1a). The introduction of bulky substituents in the
yellow-coloured region would be expected to lead to
decreased biological activity. On the other hand, bulky
group substitution in the green-coloured region would
increase the activity. Hence, yellow regions around ring
A indicate intolerance to bulky substituents. Any large
group in the ortho position of ring A will force the phenyl
ring to adopt a different orientation, resulting in
unfavourable interactions between this ring and various
amino acid residues of the hydrophobic cleft. A small
green-coloured region near the para position of ring A
shows that medium-sized substituents increase biological
activity because of their positioning near the end of the
active site cleft that extends towards the peroxide
catalytic site. Blue-coloured contours (Plate 1b) represent
CoMFA electrostatic fields, and groups with positive
potential in these areas (the meta or para positions of ring
A) increase activity.


Molecules 16 and 12 with ortho methyl and chloro
substituents in ring A are less active. Molecules 4, 6, 18,
20, 24 and 28 with moderately bulky substituents like
chloro, methyl, methoxy in the para position are active.
However, the bulky ethyl group in 19 reduces the
activity; this is also true in molecule 5, where the
combined steric and electronic effects of the trifluoro-
methyl substituent are decisive. Although the sulfona-
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mide group is replaced by a sulfomethyl group at the 4�-
position of ring C in 1, 3, 4, 5, 6 and 8, orientational
differences are not observed, and the CoMFA fields also
do not differ so much as to contribute significantly to the
appearance of the contours. This subtle variation in the
substituent is one of the important differences between
celecoxib and rofecoxib, but is not well-revealed in the
CoMFA results. Therefore, we decided to carry out
docking studies. Because the oxazolones in this study are
similar to both the above drugs, it was felt that such
docking studies would discriminate in the orientational
effects vis-à-vis non-bonded interactions between these
ligands and various residues at the active site.


%������ �����


5�� �%���# Plate 2 is a scatter plot of observed biological
activity and calculated docking scores with both COX-1
and COX-2. Docking results of all diaryloxazolones with
COX-2 show some correlation with biological activity;
molecules with better activity fitted better. Similarly,
docking of various oxazolones into the COX-1 active site


also showed a variable correlation between the observed
inhibitory activities and fitness scores. However, almost
all ligand molecules produced less favourable scores
(high energy) compared with the corresponding com-
plexes with COX-2. These observations correspond with
biological activities towards COX-1, i.e. all these mol-
ecules are relatively weak inhibitors of COX-1.


Docking of the COX-2 selective inhibitors like
celecoxib and rofecoxib into the active sites of both
forms of cyclooxygenase produced scores, that are in
agreement with the observed activities (Plate 2). The
orientations of oxazolone 29 (Plate 3b) and rofecoxib
(III) in COX-2 are very similar and are shown in plate 3a.
All other oxazolones are also found with similar
orientations, but they assume different orientations in
COX-1.


)������# Docking studies with COX-2 using Affinity
were carried out on three diaryloxazolones, 18, 25 and 29
(differing in inhibition levels), and two COX-2 - selective
inhibitors, viz. celecoxib and rofecoxib. Docking of each
ligand into the COX-2 active site generated a number of
possible structures with different orientations of ligand


-
��� �# +6"	��
	��� ��� �������	� �#7%� ��������� ������	� 8"����9 �� � ��
�	� �� �6�:����	 �	������	� 8���	
	 '9 ���� 
2�� �	�� �	�������


Compound R X R1 Actual Calculated Residual


Training set
1 H CH3 H �0.20 �0.22 0.02
3 4-F CH3 H 0.29 0.24 0.05
4 4-Cl CH3 H 0.49 0.33 0.16
5 4-CF3 CH3 H �0.30 �0.17 �0.13
6 4-CH3 CH3 H 0.32 0.42 �0.10
8 2,4-F2 CH3 H �0.13 �0.12 �0.01
9 H NH2 H �0.38 �0.48 0.10


11 4-F NH2 H �0.18 �0.09 �0.09
12 2-Cl NH2 H �0.81 �0.79 �0.02
13 3-Cl NH2 H �0.18 �0.08 �0.10
14 4-Cl NH2 H �0.08 0.06 �0.14
15 4-CF3 NH2 H �0.30 �0.41 0.11
16 2-CH3 NH2 H �0.99 �1.05 0.06
17 3-CH3 NH2 H 0.29 0.24 0.05
18 4-CH3 NH2 H 0.10 0.16 �0.06
21 2,4-F2 NH2 H �0.36 �0.36 0.03
22 3,4-Cl2 NH2 H 0.40 0.45 �0.05
23 3-F-4-CH3O NH2 H �0.05 �0.12 0.07
24 3-Cl-4-CH3O NH2 H 0.11 0.12 �0.01
25 Cyclohexyla NH2 H �1.28 �1.25 �0.03
26 1-naphthyla NH2 H �0.67 �0.66 �0.01
27 H NH2 CH3 �0.26 �0.18 �0.08
28 4-F NH2 CH3 0.29 0.23 0.06
29 3,4-Cl2 NH2 CH3 0.64 0.52 0.12


Test set
2 2-F CH3 H 0.18 �0.41 0.59
7 4-C2H5 CH3 H 0.16 0.24 �0.08
10 2-F NH2 H �0.34 �0.68 0.34
19 4-C2H5 NH2 H �0.19 �0.01 �0.18
20 4-CH3O NH2 H 0.68 0.02 0.66


a Cyclohexyl and naphthyl groups replace the respective phenyl groups in 25 and 26.
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inside the active site, each with different energy. The most
energetically favourable conformation for each ligand in
the COX-2 complex was chosen for further analysis. Non-
bonded interaction energies between ligand and various
amino acid residues at the active site are given in Table 3.
The orientations of all five ligands in COX-2 are very
similar, even though the hydrogen bonding and other non-
bonded interaction patterns differ slightly.


The orientation and hydrogen bonding interactions of
celecoxib (I), in COX-2 is shown in Plate 4. The
orientation of I is very similar to that of SC-558 (III).21,30


However, different sets of hydrogen bonding interactions
with residues His 90, (N—H�O=S 1.88 Å) and Phe 518
(N—H�O=S 3.04 Å) are observed.30 In the case of
rofecoxib the hydrogen bonding interactions are observed
with residues Gln 192 (N—H�O=S 2.84 Å), Phe 518
(N—H�O=S 2.12 Å) and Ser 530 (O—H�O=C 2.06
Å) (Plate 5). In the case of nimesulide,31,32 no significant
hydrogen bonding interactions are observed with any
these residues. The orientation and hydrogen bonds


formed by the most active oxazolone, 29, are shown in
Plate 6. The orientation is nearly similar to that of SC-558
and celecoxib. Very strong hydrogen bonds are found
with residues His 90 (N—H�O=S 1.79 Å), Ser 353
(C=O�H—N 1.73 Å) and Leu 352 (C=O�H—N 1.80
Å). Molecule 18 is moderately active and is bound in a
similar orientation. The hydrogen bonds with Leu 352
(C=O�H—N 1.76 Å), Ser 353 (C=O�H—N 1.71 Å),
Arg 513 (N—H�O=S 2.31 Å) and Ser 530 (O—
H�O=C 1.75 Å) differ significantly from 29.33 The less
active 25 is also bound in a similar orientation, but moves
towards the entrance of the active site cleft, contributing
to the differences in steric and electrostatic interactions.
The hydrogen bonds of 25 with His 90 (N—H�O=S
2.39 Å), Gln 192 (C=O�H—N 1.89 Å) and Leu 352
(C=O�H—N 1.73 Å) are different from 29 and 18. In
general, the other non-bonded interactions also follow
similar trends (Table 3).


The steric interaction energies of celecoxib, rofecoxib
and oxazolones 29, 18 and 25 with various amino acid


-
��� �# ��	������ 	�	� �	� 81��� 
����9 �	2		� �	�	��6��� ���	��6��� �6�:����	� �6� '7 ��� �8 ��� ������� �
��� ����
�	����	� �� �	 �#7%� ����	 ��	


Residue Celecoxiba Rofecoxibb 29c 18d 25e


His 90 �2.19 �1.53 �1.87 �0.82 �0.50
Val 116 �0.60 – �0.25 �0.16 �0.35
Arg 120 �0.66 0.12 1.60 �2.03 �1.25
Gln 192 �0.73 0.72 1.13 �0.28 –
Tyr 348 �0.47 �0.59 �2.56 �0.03 �0.62
Val 349 �1.85 �1.90 �3.82 �1.23 �1.87
His 351 �0.97 – �3.27 – –
Leu 352 �5.11 �0.27 �6.50 �2.23 �1.52
Ser 353 0.97 �0.58 �1.57 �1.61 �1.20
Gly 354 0.11 �0.61 0.99 �0.19 –
Tyr 355 �1.57 �2.20 �4.30 �3.01 �0.53
Leu 359 �0.58 �0.13 0.75 �0.39 �0.27
Phe 381 �0.17 �0.29 �1.00 0.04 �0.14
Leu 384 �0.14 �0.30 �0.58 �0.03 �0.21
Tyr 385 �0.58 �0.93 �1.58 �0.93 �0.06
Trp 387 �0.39 �0.38 0.42 �1.23 �0.52
Arg 513 �1.63 0.81 �0.07 �0.35 �2.34
Ala 516 0.07 �1.31 0.18 0.01 –
Ile 517 0.03 �2.28 0.36 �0.08 0.02
Phe 518 �2.23 �4.01 �0.95 �1.12 �0.21
Met 522 �0.42 �0.80 �3.52 �4.973 �0.70
Val 523 �1.85 �0.93 �3.64 �2.73 �2.66
Glu 524 – – �1.70 �0.33 �3.68
Gly 526 �1.12 0.48 1.37 0.81 �0.08
Ala 527 �1.83 �0.01 0.09 �0.95 �0.25
Phe 529 �0.26 – – – –
Ser 530 �0.39 �4.45 �0.21 �1.13 �2.31
Leu 531 �0.44 �1.03 0.10 �0.75 �1.02
Energy �29.61 �26.06 �29.80 �26.12 �24.01
Activity (IC50) 0.04 0.02 0.23 0.79 18.9


a Residues Thr 94 (�0.31) Met 113 (�0.4), Leu 117 (�0.17), Phe 357 (�0.19), Gly 519 (0.45) and Pro 528 (�0.44) also interact with celecoxib and
their non-bonded energies are given in the parentheses.
b Gly 519 (�0.82).
c Thr 94 (0.59).
d Thr 521 (�0.64), Leu 525 (0.21).
e Pro 86 (�0.07), Val 89 (�0.48), Leu 93 (0.40), Ile 345 (�0.09).
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residues in the active site are plotted in Plate 7a and the
electrostatic contributions are given in Plate 7b. In
general, celecoxib, rofecoxib and oxazolones 29, 18 and
25 optimize similar types of interaction with various
amino acid residues in the active site, but molecule 25 is
involved in less favourable interactions (Fig. 4a) with the
hydrophobic cleft that extends towards the peroxide
catalytic site. This difference contributes to the lower
activity of molecule 25. The steric interactions of the
highly selective inhibitor rofecoxib with various residues
at the ‘mouth’ of the active site are similar to celecoxib
(Plate 7a). As for the electrostatic interaction energy
contributions, celecoxib, rofecoxib and molecule 29
show a similar pattern nearly everywhere in the active
site (Plate 7b). However, oxazolones 25 and 18 differ
widely in some regions. Affinity calculations of these
ligands with COX-1 produce highly repulsive contacts
and the energies produced are definitely unacceptable.


��2�43+1�2+


3D-QSAR–CoMFA and docking studies have been
performed on a novel series of 3,4-diaryloxazolones that
are reported to be specific COX-2 inhibitors. The final
model is reasonably good and its predictive reliability has
been validated by a set of test molecules. Correlations
were made between biological activity and steric and
electrostatic fields. Subsequently, all the ligands were
docked in the active sites of both COX-1 and COX-2. A
good correlation between the docking score and biologi-
cal activity was obtained for all compounds studied.
Detailed interaction energy calculations, subsequent to
docking of a group of known and putative COX-2-
selective molecules with the active site residues, extend
this correlation qualitatively.34,35 From this study it is
clear that COX-2 selectivity can be achieved by
structure-based drug-design approaches and that 3,4-
diaryloxazolones are good candidates for the purpose.
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ABSTRACT: Proton abstraction from 3-methyl-4-phenyl-1,2,5-thiadiazole 1,1-dioxide (1b) in basic non-aqueous
media generated a resonance-stabilized anion (1b�) that added to 1b producing a dimer, 3-phenyl-4-(4-phenyl-3-
methylene-1,2,5-thiadiazolin-2-yl 1,1-dioxide)-4-methyl-1,2,5-thiadiazoline 1,1-dioxide (2). The anion and the dimer
were also electrochemically generated by the cathodic reduction of 1b in acetonitrile solution. The neutralization of
basic ethanolic solutions containing 1b� caused the precipitation of the tautomer of 1b, 3-phenyl-4-methylene-1,2,5-
thiadiazoline 1,1-dioxide (3). The anion 1b�, and the new compounds 2 and 3 were characterized and identified by
NMR, IR and UV–VIS spectroscopic techniques. Their voltammetric behavior was also investigated. Copyright 
2001 John Wiley & Sons, Ltd.
Additional material for this paper is available from the epoc website at http://www.wiley.com/epoc


KEYWORDS: imine �-anion; 3-methyl-4-phenyl-1,2,5-thiadiazole 1,1-dioxide; isomerization; dimerization
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We have recently studied the equilibrium addition
reaction of alcohols (ROH) to a C=N double bond of
3,4-diphenyl-1,2,5-thiadiazole 1,1-dioxide and 3-methyl-
4-phenyl-1,2,5-thiadiazole 1,1-dioxide1–4 (1a and 1b;
Scheme 1) to give the corresponding thiadiazoline
compounds (e.g. 1b�EtOH).


We have also studied the voltammetric properties of
1b in acetonitrile (ACN) solution and those of several
1b�ROH thiadiazolines in alcoholic solutions.3,4 Spectro-
scopic and electrochemical results showed that the
alcohol adds almost exclusively on the side of the
molecule that bears the methyl substituent. Only in
solutions of 1b in pure EtOH or MeOH could the product
of the addition on the phenyl side be observed by 1H
NMR in a less than 10% proportion.5


The strong electron-withdrawing characteristics of the
�


�SO2 group confers a highly electropositive character to
the heterocyclic carbon atoms of the thiadiazole 1,1-
dioxide ring.6 This facilitates nucleophilic additions to
the C=N double bond, such as those mentioned above,


and, in the case of 1b, should also enhance the acidic
character of the methyl protons and favor the formation
of carbanions. This was investigated in this work.


 ����� �
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Solvents and reagents from the following sources were
used: ACN, Mallinckrodt, spectroscopic grade; triethyl-
amine (TEA), Sintorgan, p.a.; tert-butylamine (tBuA),
Schuchardt München; EtOH, Merck, p.a.; TLC plates,
Merck, silica gel 60 F254; ACN-d3, Sigma, 99 at.% D;
EtOH-d6, Merck, 99% min.; DMSO-d6, Sigma, 99 at.%
D; dimethylformamide (DMF), Mallinckrodt, A.R.;
trifluoroacetic acid (TFA), Riedel-de Haën, 99%.


Compound 1b was synthesized and characterized
according to a published procedure,7 but the purification
method was modified (the benzene recrystallization
solvent was acidified with dry TFA) to prevent the
formation of the dimer 2 (see Results). The yield of 1b
using the modified procedure was �50% vs. the
literature-reported yield of 29%.7 Standard methods were
used for the purification of solvents and other reactants.


(�	������� �	����	�	���% 1H and 13C NMR spectra
were obtained with a 200 MHz instrument. Conventional
instruments were used for IR and UV–VIS spectroscopy,
respectively. KBr pellets were used for the measurement
of IR spectra. Teflon-stoppered quartz cells of 1 cm
optical pathlength, placed in thermostated cell holders,
were used for the UV–VIS spectral measurements.
Reported molar absorptivities (�) are accurate to �2.5%.


��	���,	���� �	����	�	���% Conventional cyclic
voltammetric techniques were employed. A potentiostat,
a three-module sweep generator and a pen recorder were
used. An undivided, gas-tight, glass cell swept by purified
nitrogen was used. The cell was kept in a dry box, where
all experimental manipulations were made. The reference
electrode, to which all potentials are referred, was Ag�


(0.1 M ACN)/Ag. It was separated from the cell solution
by a porous-glass plug. A 2 cm2 Pt foil was the counter
electrode and the working electrode was a Teflon-
encapsulated vitreous carbon disk of 0.074 cm2 geo-
metric area.


&-% UV–VIS in dry ACN solution: �max (ACN) = 312 nm
(� = 6.09 � 103 M�1cm�1). NMR spectra: 1H, ACN-d3, �
2.67 (s, 3H) and 7.52–7.96 (m, 5H). 1H, EtOH-d6.
(1b�EtOH-d6), � 1.78 (s, 3H) and 7.40–8.30 (m, 5H). 13C,
ACN-d3, � 18.3, 127.8–133.9, 167.5 and 170.5. 13C,
EtOH-d6 (1b�EtOH-d6), � 26.9, 97.4, 127.0–135.4 and
178.3.


&-�% NMR spectra: 1H of the 1b–EtOH–EtO� system
([1b] = 0.29 M; [EtONa-d5] = 0.18 M in EtOH-d6 sol-
vent), �: two equal intensity resonances at 4.37 and
4.87. 13C of the 1b–EtOH–EtO� system ([1b] = 0.588 M;
[EtONa-d5] = 0.370 M in EtOH-d6 solvent), � 112.9,
127.9–134.4, 148.1 and 173.1.


.% The UV–VIS spectrum of 2 (Fig. 1) is similar in ACN


and EtOH solution. NMR spectra: 1H, ACN-d3, � 1.76 (s,
3H), 2.34 (broad s, 0.4 H), 4.95 (deformed t, 2H) and
7.42–8.23 (m, 10 H). 13C, ACN-d3, � 27.3, 72.4, 100.6,
126.5–133.5, 147.7, 170.7 and 184.0. The IR spectrum
(KBr pellets) presents a band at 3450. The UV–VIS
spectrum of 2 (Fig. 1) is similar in ACN and EtOH
solution. The UV–VIS spectra of 2�, obtained by adding
an excess of NaEtO to an ethanolic solution of 2, does not
differ greatly from that of the neutral molecule. The
corresponding �max are as follows: 2 in EtOH, 255,
382 nm; 2 in EtOH � excess EtO�, 250, 374 nm; 2 in
ACN, 255, 385 nm.


/% UV–VIS: �max (ACN) = 303 nm (� = 4.00 �
103M�1cm�1) and 432 nm (� = 9.50 � 103M�1cm�1).
NMR spectra: 1H, DMSO-d6, � 4.92 (broad, 2H), 6.40
(s,1H) and 7.19–8.22 (m). 13C, DMSO-d6, � 110.2,
128.2–132.3, 137.4 and 168.9. IR spectrum relevant
bands: 3550, 3500, 3300, 3050, 2985, 1620, 1520, 1595,
1480, 1445, 1340, 1315, 1130 and 1040 cm�1.


.) 1!� �-0 0, $1  ,/-
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ACN solutions of TEA and tBuA were employed. When
TEA or tBuA was added to solutions of 1b in ACN, the
solutions rapidly acquired a pale yellow color. The UV–
VIS spectra of these solutions (Fig. 1) depended on the
[amine]/[1b] molar ratio (R). For small values of R (– –,
Fig. 1), the 312 nm UV absorption band of 1b was
observed, together with two new maxima at 255 and
385 nm. The absorbance of the 312 nm band decreased
with the increase in R and could not be observed for
R � 0.5. The absorbance of the bands at 255 and 385 nm
increased with increase in R, up to R � 0.5. Further
increases in R did not change significantly the absorbance
of these bands ( … and – �–, Fig. 1). The evaporation, at
reduced pressure and room temperature, of both solvent
and excess base from solutions with R � 0.5 produced a
pale yellow solid, identified below as 2 (Scheme 1). A
solution of the yellow solid presented UV absorption
maxima at 255 and 385 nm (—, Fig. 1).


The decrease of the ca 310 nm UV band and the
simultaneous increase of a UV absorption at ca 260 nm
was recognized as characteristic of the conversion of a
thiadiazole to the corresponding thiadiazoline derivative,
as has been repeatedly observed in nucleophilic addition
reactions to thiadiazole derivatives.1,4


However, the base to substrate molar ratio that was
necessary to complete the reaction (R � 0.5), as observed
by UV–VIS spectroscopy, was incompatible with an
addition reaction of the amines to a C=N double bond of
1b. In fact, TEA and tBuA were selected because of the
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unlikeness of the addition reaction, since TEA does not
have labile protons and tBuA is similar to the highly
hindered tert-butyl alcohol, which does not add to 1b.4


The reaction was postulated as a dimerization of 1b,
which was in agreement with the experimentally
observed R for complete reaction, and with other
experimental facts discussed below. The dimerization
was initiated by the abstraction of a proton from 1b [Eqn.
(1)]. The 1b� anion formed added subsequently to
another 1b molecule [Eqn. (2)]. The dimeric anion is
neutralized during work up procedures [Eqn. (3)]:


1b � B � � 1b� � BH� 	1

1b � 1b� � 2� 	2

2� � H� � 2 	3



Gradual yellowing and similar spectral changes are
observed in 1b solutions in nominally dry ACN solvent4


to which no base had been added. The yellowing process
is faster the higher is the residual water content of the
ACN solvent. Apparently the monomeric residual water8


in the ACN solvent is a strong enough base to displace
Eqn. (1) sufficiently to the right. Freshly prepared
uncolored solutions of 1b in very dry ACN are also
observed to develop rapidly a yellow color if placed in
contact with silica in TLC plates. The yellowing process
is prevented by the addition of dry TFA to 1b–ACN
solutions.


The yellow compound formed on the TLC plates from
ACN solutions of 1b was isolated using preparative TLC


(it had a smaller Rf than 1b). It was found to be
spectroscopically (UV–VIS, IR) and chromatographi-
cally (TLC) identical with 2.


Compound 2 decomposed slowly in solution, reverting
partially to 1b and forming other unidentified (TLC)
products. Thus, recrystallization purification was not
practical, and chromatographically (TLC) pure samples
of 2 were used to confirm its structure by 1H and 13C
NMR and IR spectroscopy. The spectroscopic results are
discussed below, along with other chemical and electro-
chemical evidence.


The delocalized negative charge in 1b� (Scheme 2)
implies the possibility of several alternative structures for
2�: the attacking site of the 1b� nucleophile might be the
—CH2


� or the
�


�N� group, and the attacking group might
bond to any of the two electron-deficient heterocyclic
carbon atoms of 1b. The resulting structures are indicated
in Scheme 2 as 2a, 2a�, 2b and 2b�.


The structure 2a, identical with that identified in
Scheme 1 as 2, was found to be consistent with the
spectral data:


8
9��� �� "010�( 	�����-���� ��	��� �2 ��������� �2 �5 ���
��� �� ���% �1 1� 3�54 5 &%&6� &+�) 7� 3���483�54 5 +%&.9
�:� 3�54 5 &%&';� &+�) 7� 3���483�54 5 +%'9 �1 �1� 3�54 5
&%&6� &+�) 7� 3���483�54 5 &%&.% �<� (�	���� �2 �� ���
�������� �2 �,	 �	���= ����� �% �,	 "010�( ��	��� �2 �� ��� ��
�,	 	��	���	���� �	�������� �	
	�� 
�������� ��	����� =��, �,��
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(a) All structures in Scheme 2 contain thiadiazoline
moiety, which is responsible for the 255 nm UV band.
But only the a-type structures also have an eneimine
[CH2=C;—C(Ph)=N—] functional group that
might absorb at 385 nm. The disappearance of the
UV band at ca 310 nm rules out the b-type structures,
which have a thiadiazole group. Furthermore, a
change in the UV spectra is expected for 2b-type
structures if EtOH is added to their solutions in ACN
(as a consequence of the addition reaction of EtOH to
the thiadiazole C=N bond1–4). This was not observed
experimentally.


(b) The downfield shift of the methyl 13C NMR signal
from 18.3 ppm in 1b1 to 27.3 ppm in 2 suggested that
the nucleophilic addition of 1b� took place on the
methyl side of 1b, as is the case for the addition of
alcohols.3,4 This favors structures 2a and 2b.


(c) The 1H NMR resonance at 4.95 ppm (2H), indicated a
=CH2 group (as in a-type structures). In contrast, b-
type structures should have given a signal from a
—CH2— group (at ca 2 ppm) that was only ob-
served as a minor component (ca 10%) (see Support-
ing information).


(d) Two 13C NMR resonances, attributed to carbon atoms
in


�


�C=N— groups, are experimentally observed in
the 170–180 ppm range. b-Type structures have three
carbon atoms in similar groups, whereas a-type
structures have two. The 13C NMR resonance at
100.6 ppm, assigned to =CH2 in an a-type structures,
has no obvious assignment in b-type structures, since
the carbon atom in the —CH2— group should
resonate at ca 35–40 ppm.


A cyclic voltammogram of 2 in ACN solution [Fig.
2(b)] showed peaks at �1.75 V (first cathodic sweep),
�0.58 V (first anodic sweep) and �0.57 V (second
cathodic sweep). The cathodic peak at �1.75 V is
characteristic of thiadiazoline reduction,9 while the
remaining peaks might be associated with other electro-
phores in the molecule, such as the eneimine [CH2=C—
C(Ph)=N—] group.


We have reported3 that the cyclic voltammogram of 1b
in ACN solution, particularly at high concentrations of
1b, indicates a radical–substrate dimerization process.
However, attempts to isolate the dimer from the products
of the bulk electrolysis of 1b in ACN solutions at ca
�1.06 V were unsuccessful. A complex and unstable
mixture of products was obtained on work-up.


We have now found that the voltammogram of the
catholyte [Fig. 2(a)], scanned immediately after comple-
tion of the bulk electroreduction of 1b (i.e., after the
disappearance of the voltammetric signal of 1b at ca �0.9
V), is nearly identical with the cyclic voltammogram of 2
[Fig. 2(b)]. Furthermore, the UV–VIS spectrum of this
completely electrolyzed solution is very similar (except
for a weak shoulder absorption at ca 500 nm) to the
spectrum of 2 shown in Fig. 1. Hence, it must be


concluded that 2 is one of the products of the electrolysis
of 1b in ACN.


A mechanism for the electrolytic formation of 2 can be
postulated as follows:


1b � e� � 1b�� 	4

1b�� � 1b � 1bH� � 1b� 	5



1bH� � 1b�� � 1b � H2 � 1b� 	6



Subsequently, the 1b� anion [Eqns (5) and (6)] and the
substrate 1b dimerize [Eqn. (2)]. The experimentally
measured charge consumed per mole of 1b electrolyzed
(0.4 mol e�/mol 1b),3 is in agreement with the global
electrolysis reaction [Eqns ((4)–(6)) and (2)]:


5 1b � 2 e� � 2 2� � 1b � H2 	7



The postulated thiadiazoline 1b. H2 was not identified
and has not been reported in the literature.


4���
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� ���
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����
��
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A more strongly basic medium than that provided by the
ACN solution of the amines should be necessary to obtain
the anion 1b� in high enough concentration for its
characterization.


Alkoxide anions were considered adequate for that
purpose. However, in the commonly used tert-butoxide–
DMSO system only dimerization was observed. The
relatively slow breakage of the C—H bond provides
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adequate conditions for the dimerization reaction [Eqn.
(2)], since it implies a slow build-up of the 1b�


concentration in the presence of the 1b substrate.
To cope with this limitation, EtOH was used as a


solvent. Since 1b forms almost quantitatively the
thiadiazoline 1b�EtOH in EtOH solution, the concentra-
tion of the substrate 1b would be very low.


It was also expected that in a basic ethanolic solution
the NH proton of the thiadiazoline 1b�EtOH would be
rapidly abstracted (Scheme 3, left). A similar reaction has
been observed previously1 in solutions of 1a�EtOH in
EtOH, to which NaEtO was added.


The UV–VIS spectrum of a ca 1 � 10�4 M solution of
1b in EtOH, to which an ethanolic solution of NaEtO had
been added (to a final concentration of ca 0.1 M), changed
gradually [Fig. 3(a) and (b)]. After a lapse of about 2 h,
the band of 1b�EtOH at 265 nm shifted to 248 nm, a band
at 360 nm developed and reached maximum intensity and
the solution acquired a light yellow color. During these
changes, an isosbestic point was observed at 275 nm [Fig.


3(a)]. Similar spectral and color changes were observed
when ethanolic solutions of 1a were treated with NaEtO,
as mentioned above.1 1b�EtO� (Scheme 3, left) is
responsible for the absorption bands at 248 and 360 nm.


The 1a–EtOH–EtO� system did not change further.
However, during a 2-day lapse after the addition of
NaEtO to the solution of 1b in EtOH, the intensity of the
band at 360 nm decreased, a low-intensity absorption
band at 550 nm developed and an isosbestic point at
425 nm was observed [Fig. 3(b)]. The solution gradually
turned to a purple color.


The change is justified below as being due to the
formation of the 1b� anion. The reaction of the excess
EtO� with the low equilibrium concentration of 1b
caused a slow displacement of all equilibria (Scheme 3)
to the right, forming the purple 1b� anion that absorbs
light at 550 nm.


Much more concentrated solutions were prepared for
NMR spectroscopic measurements. The 1H NMR of
a solution of 1b in EtOH�d6, to which NaEtO-d5 had
been added ([1b] = 0.29 M; [EtONa-d5] = 0.18 M), was
measured. The clear initial solution turned light yellow
and then purple minutes after the addition of NaEtO-d5.
The spectrum presented (in addition to the signals of
1b�EtOH), two signals of equal intensity at � = 4.37 and
4.87 ppm that were assigned to the protons of the CH2


��


group of the 1b� anion. The position of these signals and
their separation were similar to those of comparable
enolate anions.10 An appreciable increase in the intensity
of the signal at � = 5.51 ppm (corresponding to the OH
protons of the residual EtOH content of the EtOH-d6


solvent) was also observed. This indicated the transfer of
protons to the EtO� ion. Furthermore, the concentration
ratio [1b�]/([1b�EtOH] � [1b�]), as measured by the
integration of the respective 1H NMR signals (corrected
according to the number of protons involved), corre-
sponded to the experimental ratio of (mol EtO� added)/
(mol 1b initially present).


The 13C NMR spectrum of 1b� (in the 1b–EtOH–
EtO� system, [1b] = 0.588 M; [EtONa–d5] = 0.370 M;
EtOH–d6 solvent), presented a signal for the heterocyclic
carbon on the phenyl side at � = 173.1, only slightly
shifted from the corresponding signal of 1b. A large
upfield shift was found for the heterocyclic carbon on the
methyl side (� = 148.1 for 1b� vs. 167.5 for 1b). A
resonance at � = 112.9 ppm was assigned to —C—
CH2


��.
The formation of 1b�EtO� and 1b� was also suggested


by cyclic voltammetric experiments. In the accepted
mechanism for the voltammetric electroreduction of 1b
in ethanolic solution,3 one of the observed cathodic peaks
(peak IIIc) is assigned to the electroreduction of
1b�EtOH. Peak IIIc disappeared immediately upon
addition of excess NaEtO to ethanolic solutions of
1b. The disappearance of peak IIIc was caused by
the reaction 1b�EtOH � EtO� � 1b�EtO� � EtOH
(Scheme 3). Upon further standing, the solution acquired
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a purple color (formation of 1b�, Scheme 3), and all
voltammetric signals disappeared.


$������
��
�� �	 �


An orange solid (3, Scheme 1) precipitated from a fresh,
purple 1b–EtOH–EtO� solution when it was acidified
with anhydrous TFA.


The following features of the spectral data for 3 were
considered structurally important: the 4.92 ppm (2H,
—C=CH2) and the 6.40 ppm (1H, —NH) 1H NMR
signals, the 13C NMR spectrum, which is similar, but
clearly distinguishable, to that of 1b� and the 1040 cm�1


C–N stretching IR band.
Compound 3 was found to be chromatographically


(TLC) and spectroscopically (UV–VIS, IR) identical
with a previously unreported by-product that we isolated
from the yellow crude crystals obtained in the synthesis
of 1b. The formation of 3 during the synthesis of 1b from
sulfamide and 1-phenyl-1,2-propanedione in refluxing
acid medium (HCl in EtOH) can be rationalized if the
keto–enol equilibrium for the precursor diketone is
considered (Scheme 4).


��� ����
�� �5�����
�� �	 ��� �
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�������
� �*�
�
5�



The anion 1b� is related by acid–base equilibrium to 3
and to 1b, which are in turn associated with a tautomeric
equilibrium. The equilibrium between 3 and 1b�,
involving an N-bonded proton of 3, could be observed
voltammetrically in DMF solution (3 is not soluble in
ACN).


A voltammogram of a solution of 3 in DMF is shown
in Fig. 4(a). The orange solution presented cathodic
peaks at ca �0.9 and �1.5 V in the first cathodic sweep,
an anodic peak at ca 0.1 V in the reverse anodic sweep
and a cathodic peak at ca �0.2 V in the second cathodic
sweep.


As can be observed [Fig. 4(b)–(f)], alternative
additions of excess alkali (NaEtO in EtOH solution) or


acid (TFA in DMF solution) caused a nearly reproducible
change in the voltammogram. Successive voltammo-
grams in basic medium [Fig. 4(b), (d) and (f)] or acidic
medium [Fig. 4(c) and (e)] are very similar. Furthermore,
the color of the solution changed repeatedly from bright
blue in the basic medium to brown–orange in the acid
medium. It seemed reasonable to assume that the
amphiprotic anion 1b� (Scheme 2) is the bright blue
species, whereas in neutral or acidic solutions the
substrate exists mainly as 3.


As for the 1b � 1b� acid–base equilibrium, as
mentioned above, the addition of tert- butoxide anions to
1b in DMSO solution leads to the formation of 2. Since
the rate of formation of 1b� by proton abstraction from
the C—H bond of 1b is presumably slow, the 1b� anion
is formed in the presence of a relatively high concentra-
tion of 1b. This favours the dimerization reaction [Eqn.
(2)].


The tautomeric equilibrium 1b � 3 is practically
displaced towards 1b in ACN and towards 3 in DMF
solution. In protic solvents the participation of thiadiazo-
line addition compounds is unavoidable, but the presence
of 3, besides those of 1b� and 1b�EtOH, was observed in
a 1H NMR spectrum recorded immediately after a molar
excess of solid 1b was dissolved in a solution of NaEtO-
d5 in EtOH-d6 solvent (analytical concentrations: [1b]0:
0.557 M, [EtO�]0: 0.37 M). In contrast with the extremely
slow, reactive dissolution process of 1b in EtOH solvent
to form the thiadiazoline adduct, 1b dissolved and reacted ����� �
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rapidly in the basic EtOH solvent: the signal of 1b was
not observed in the first 1H NMR spectrum. After �2 h
the 1H NMR spectrum was identical with that obtained
when NaEtO-d5 was added to a ethanolic solution of
1b�EtOH (see above: Behavior of 1b in strongly basic
media).
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ABSTRACT: Novel cyclodextrin (CD) dimers (3a–c) linked by multidentate ligands were prepared by reacting 6-
deoxy-6-(hydroxyethylamino)-�-CD (2) with p- and m-bis(bromomethyl)benzene and 2,6-bis(bromomethyl)py-
ridine, respectively. The catalytic properties of 2, 3b and 3c in the hydrolytic cleavage of p-nitrophenyl alkanoates,
namely acetate (PNPA), butanoate (PNPB), hexanoate (PNPH) and octanoate (PNPO), were examined. CD dimers 3b
and 3c showed modest rate enhancements around neutrality. Although the catalytic rate constants (kc) in the presence
of 3b or 3c did not vary significantly with the chain length of the esters, the Michaelis constants, KM, for ‘long-chain’
esters (PNPH and PNPO) were much smaller than those for ‘short-chain’ esters (PHPA and PNPB), and consequently
the selectivity factors (kc/KM) for ‘long-chain’ esters were much larger than those for ‘short chain’ esters, indicating
that the CD dimers had good dimensional recognition ability and substrate selectivity in the hydrolytic cleavage of p-
nitrophenyl alkanoates. Addition of Cu2� to the reaction media did not have much impact on KM, but led to an
appreciable increase in kc, and therefore increases in kc/ku and kc/KM. The monomeric CD compound 2 showed
essentially no selectivity in the hydrolysis of these esters. Kinetic consequences are briefly interpreted. Copyright
 2001 John Wiley & Sons, Ltd.


KEYWORDS: catalytic hydrolysis; cyclodextrin dimer; p-nitrophenyl alkanoates; synthesis
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The effects of cyclodextrins (CDs) on the hydrolytic
cleavage of esters in basic solutions have been intensively
investigated.1 The clearly established mechanism in-
volves inclusion of the hydrophobic moiety of an ester
and then acyl transfer from the ester to the anionic form of
a secondary hydroxyl group (pKa = 12.2) of CD. The
acylated CD then reacts with hydroxide anion to release
CD. This CD-catalyzed process proceeds similarly to
enzymatic hydrolysis, and CDs have been extensively
studied as a hydrolase model. However, in the ester
hydrolysis, CD is only a reactant rather than a real catalyst
since the deacylation of acylated CD is even slower than
the hydrolysis of the substrate.2,3 Even for the first acyl
transfer step, appropriate alkaline conditions are required
to activate the CD hydroxyl group.1a,2 Moreover, the
binding ability of a single CD to the substrate is usually
weaker than that of natural enzymes.4 Introduction of a
functionality other than a hydroxyl group,5 such as
imidazolyl among many others, and synthesizing CD
dimers (for other CD dimers, see Refs. 4 and 6), which


have the potential to bind a substrate with their two hydro-
phobic CD cavities, have proven effective approaches for
the improvement of the catalytic activity and binding
ability of CD enzyme models to substrates. Given that the
linkage of a CD dimer is catalytically active, and the
reaction site of the substrate is situated between its two
hydrophobic ends, the ditopic binding of the substrate to
the CD dimer would locate the reaction site in the vicinity
of the catalytic group of the CD dimer, taking advantage
of the proximity effect resulting in rate acceleration and
catalytic specificity near neutral conditions.


Various metal ions exist in the active center of natural
enzymes and play an essential role in catalysis.7


However, the linkage of CD dimers so far reported
capable of complexing metal ion as catalytically active
site is limited to that derived from 2,2�-bipyridine and
porphyrin moieties.6g,o We herein wish to report the
syntheses of novel CD dimers which are bridged by
multidentate catalytic matrix, and their catalytic behavior
in the hydrolytic cleavage of p-nitrophenyl alkanoates.


�,-+�"- .)# #(-�+--(*)


-�������� 
 �# ����	�


The synthetic route for CD dimers (3a–c) is depicted in
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Scheme 1. 6-Deoxy-6-hydroxyethylamino-�-CD (2) was
obtained by reaction of �-CD tosylate (1) with excess of
aminoethyl alcohol at 70°C under nitrogen. Recrystal-
lization of the crude product from water gave 2 in 70%
yield. Reaction of 2 with p-bis(bromomethyl)benzene
and m-bis(bromomethlyl)benzene in DMF in the pre-
sence of anhydrous Na2CO3 at room temperature,
followed by chromatographic purification on a Sephadex
column, gave CD dimers 3a and 3b in 38 and 35% yield,
respectively. CD dimer 3c was prepared by treating 2
with 2,6-bis(bromomethyl)pyridine in DMSO in the
presence of anhydrous K2CO3. We found that important
factors affecting the yield of 3c are the variety of solvent
and base. Experimental results showed that DMSO was
preferable to DMF, and K2CO3 to Na2CO3. With
DMSO–K2CO3 condition, 3c was obtained in 40% yield,
whereas in DMF and with Na2CO3 as the base, the yield
was only 15%. Compounds 2 and 3a–c are unprece-
dented. Their structures were identified by their mass, 1H
NMR and 13C NMR spectra and elemental analyses.
Thermogravimetric and elemental analyses showed that
all of these compounds are hydrates. The success of
selective syntheses of CD dimers 3a–c demonstrates the
greater neucleophilicity of the secondary amino sub-
stituent compared with the primary and secondary
hydroxyl groups in 2. This synthetic route provides a
convenient approach for the preparation of CD dimers
capable of locating a metal ion in the linkage as a
catalytically active center.


�
����� 
 �# ����	 /� 0��� ��!�


Addition of CuSO4�5H2O to a solution of CD dimer 3c at
pH 8.04 afforded a green solution. The plot of absorbance
at 298 nm versus [Cu2�]/[3c] (Fig. 1) gave an inflection
point around [Cu2�]/[3c] = 1.0, indicating the formation
of a 1:1 complex between Cu2� and dimer 3c. The


solution turned turbid when [Cu2�]/[3c] exceeded 2.0.
The stability constant for the complex was 1.22 � 106


l mol�1 as calculated with least-squares treatment of the
spectrophotometric data.


&��	
����� �������� 
 �����	
������ �����
����


The catalytic properties of CD dimers and related
compounds were examined with regard to the hydrolysis
reaction of p-nitrophenyl alkanoates, in the form of
acetate (PNPA), butanoate (PNPB), hexanoate (PNPH)
and octanoate (PNPO). These substrates have already
been used in previous studies8 of enzyme models with the
aim of achieving hydrophobic binding of the acyl group
of the ester to the enzyme model, and for the convenience
of automatic measurements. For long-chain alkanoates,
especially PNPO in our case, rate measurements in the
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�
�����'%�	(�	�� )���*"� �+,�- ���- �� #
���� �$%��&%�
�
�����'%�	(�	�� )���*"� �+,� �-�-� �� # ��� ���$%��&%�
�
�����'������	�� .��*"� �+�*� �-�-� �� 


 ���	� �1 /�
� 
� �� �%�
�%�	�� �� �0! 	� �� 1����231/�2-
�
	����
	� �-� + �
����� %����� &�4 !-�'� "�°�# 1/�2 5
�-� � ����


+


Copyright  2001 John Wiley & Sons, Ltd. J. Phys. Org. Chem. 2001; 14: 515–520


516 M.-M. LUO ET AL.







absence of CDs are complicated by low solubility or
aggregation. We carried out our kinetic experiments by
adjusting the ester concentration to 1 � 10�5 M in
accordance with the procedure of Guthrie.9


The hydrolyses of p-nitrophenyl alkanoates were
measured spectroscopically at 35°C in 0.1 M phosphate
buffer at pH 8.04, in the presence or absence of an
excess of CDs with added 2% (v/v) CH3CN. All of the
substrates gave saturation-type kinectics. Treatment of
the kinetic data by the Eadie–Hofstee approach gave the
Michaelis constants (KM), the maximum catalytic rate
constants (kc), the rate enhancements (kc/ku) and
selectivity factors (kc/KM) (Table 1). In the case of the
monomeric CD 2 as catalyst, it is apparent that the
Michaelis constants (KM) and rate enhancements (kc/ku)
decrease regularly with increase in the alkyl chain length
of the esters, which can probably be attributed to the
competitive inclusion of aryl and alkyl groups in the CD
cavity. The poorly productive or non-productive alkyl
insertion complexes10 possibly result in decreases of the
rate enhancements as the hydrocarbon chain increasingly
occupies the CD cavity. No remarkable variations were
seen in the selectivity factors (kc/KM) of 2 for all of the
substrates, indicating that the monomeric CD 2 shows no
selectivity in the hydrolytic cleavage of p-nitrophenyl
alkanoates.


It is worth noting that the KM values of CD dimers 3b
and 3c for ‘long-chain’ esters (PNPH, PNPO) are much
smaller than those for ‘short-chain’ esters (PNPA,
PNPB). For example, KM of 3b for PNPH is about 265
times less than that for PNPA, and KM of 3c for PNPH is
170 times less than that for PNPA. Similar trends also
occur in the binding of CD dimers to PNPH and PNPB,
demonstrating that CD dimers bind to ‘long-chain’ esters


much more strongly than to ‘short-chain’ esters. The
binding of the alkyl chain to the CD cavity is documented
in the literature. For instance, CDs form inclusion
complexes with linear alcohols, alkylphenols, acylphe-
nols11 and surfactants.12 It is also known that two
separate CDs in high concentrations can bind p-
nitrophenyl and alkyl groups of ‘long-chain’ alkanoates
simultaneously.13 Thus, in the present case of our CD
dimers, it can be visualized that the p-nitrophenyl group
is included in one of the two linked CD cavities and the
comparatively long alkyl chain in another. Nevertheless,
for the ‘short-chain’ esters, when p-nitrophenyl is
included in one CD cavity, the alkyl group is too short
to occupy another cavity of the CD dimers. The
synchronous binding of CD dimers to double-ended
substrates is responsible for the far smaller KM of CD
dimers for ‘long-chain’ esters. Moreover, even for ‘long-
chain esters’ (PNPH and PNPO), the Michaelis constants
of the CD dimers also vary significantly. For example,
KM of 3b for PNPH is about 10 times smaller than that for
PNPO, KM of 3c for PNPH is nine times smaller than that
for PNPO. CD dimers 3b and 3c bind to the relatively
long ester PNPO more weakly than to PNPH. We take
these results to means that the CD dimers have reasonable
molecular recognition ability, here virtually length
recognition for p-nitrophenyl alkanotes. Dimensional
fitting contributes much to the stability of the inclusion
complex; too short or too long hydrocarbon chains lead to
weaker binding.


Another noteworthy feature about the CD dimers in
Table 1 is the selectivity factors (kc/KM). Whereas the kc/
KM values of CD dimers for PNPA and PNPB do not
change appreciably, those for PNPH and PNPO increase
significantly. kc/KM of 3b for PNPH is about 80 times


"�2�� �1 .�	���� ���������� �
� ���
����� 
� �$	���
��	�� ��6�	
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Catalyst Substrateb 103kc(s
�1) 103KM(M) kc/ku kc/KM(s�1 lmol�1)


2 PNPA 3.52 4.79 29.1 0.735
PNPB 1.44 3.90 20.0 0.369
PNPH 1.30 1.88 15.9 0.692
PNPO 0.890 1.34 11.9 1.33


3b PNPA 0.561 1.54 4.64 0.364
PNPB 0.254 1.08 3.53 0.235
PNPH 0.169 0.00580 2.06 29.1
PNPO 0.208 0.0612 2.77 6.78


3c PNPA 0.271 1.22 2.24 0.222
PNPB 0.151 0.917 2.10 0.165
PNPH 0.149 0.00700 1.82 21.3
PNPO 0.189 0.0675 2.51 5.59


Cu2�–3b PNPH 0.427 0.00681 5.21 62.7
PNPO 0.403 0.0610 5.37 13.2


Cu2�–3c PNPA 1.82 0.993 15.0 1.83
PNPB 1.89 0.789 26.3 2.40
PNPH 0.892 0.00620 10.9 144
PNPO 0.720 0.0562 9.60 25.6


a At 35 � 0.1°C in 0.1 M phosphate buffer (pH 8.04). [Substrate] = 1 � 10�5 M, [catalyst] = 2 � 10�4–2 � 10�3 M.
b PNPA = p-nitrophenyl acetate; PNPB = p-nitrophenyl butanoate; PNPH = p-nitrophenyl hexanoate; PNPO = p-nitrophenyl octanoate.
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larger than that for PNPA and kc/KM of 3c for PNPH is
approximately 95 times larger than that for PNPA. For
PNPH and PNPO, kc/KM of CD dimers also varies
considerably. kc/KM of CD dimers 3b and 3c for PNPH is
about four times larger than that for PNPO. These
observations imply good substrate selectivity of the CD
dimers in the hydrolytic cleavage of p-nitrophenyl
alkanoates. Since the kc values of the CD dimers for all
of the substrates do not change significantly, the
differences in kc/KM result mainly from the great
variations of KM, suggesting that selective binding of
CD dimers to substrates contributes to the selective
catalyses.


The rate enhancements (kc/ku) in the presence of CD
dimers (3b and 3c) are about 2–5-fold, displaying modest
catalyses near neutral conditions. That the kc and kc/ku


values of CD dimers 3b and 3c are smaller than those of 2
is probably due to the different nucleophilicities of the
secondary and tertiary amines.


Addition of Cu2� to the reaction media containing CD
dimers does not have much impact on KM, but leads to
significant increase in the catalytic rate constants (kc) and
therefore increases in the rate enhancements (kc/ku) and
selectivity factors (kc/KM). The increase in kc for 3c
caused by Cu2� is 4–12-fold, which is larger than that
for 3b by Cu2�. This observation suggests that the
pyridine nitrogen plays an important role in the
coordination of 3c to Cu2� and in the cleavage of
p-nitrophenyl alkanoates. The proposed mechanism of
ester hydrolysis catalyzed by the Cu2�–3c complex is
illustrated in Fig. 2. Cu2� is coordinated by oligo-
azadiols in the linkage of the CD dimer, and situated
near the center of the substrate. Electrophilic activation
of the ester carbonyl by the approaching Cu2� and
locally effective concentrated hydroxide anion around
Cu2� by electrostatic interaction poses an essential
ensemble of catalysis resulting in an increase in kc. The
hydrolysis of the substrates in the absence of a Cu2� ion
might be explained similarly through an Na+–CD dimer
complex. Unfortunately, kinetic measurements of 2 in the
presence of Cu2� for ester hydrolysis were not made
because the solution turned turbid when CuSO4 was
added.


�*)��+-(*)-


Novel CD dimers (3a–c) in which the two CDs are
bridged by an oligoazadiol, a kind of multidentate ligand,
were conveniently prepared by reaction of 6-deoxy-6-
hydroxyethylamino-�-CD (2) with p- and m-bis(bromo-
methyl)benzene and 2,6-bis(bromomethyl)pyridine. CD
dimer 3c forms stable complex with Cu2�. These CD
dimers 3b, 3c and their Cu2� complexes show good
substrate selectivity in the hydrolysis of p-nitrophenyl
alkanoates by virtue of length recognition, which is
attributed to stronger binding of CD dimers to ‘long-
chain’ esters, resulting from the simultaneous binding of
the two hydrophobic ends, aromatic and alkyl groups, of
the ‘long-chain’ esters to the two CD cavities. It may be
suggested that in the presence of Cu2�, the electrophilic
activation of the ester carbonyl by the nearby Cu2� and
the relatively high concentration of hydroxide anion
around Cu2� contribute to the increase in catalytic rate
constants in hydrolytic cleavage of p-nitrophenyl alkano-
ates.


,��,�(�,)".�


Melting-points were measured on a DuPont Model
1090B differential thermal analyzer. 1H and 13C NMR
spectra were recorded on a Bruker AC-200 instrument in
DMSO-d6 with TMS as the internal standard. Mass
spectra were obtained on a VG Autospec 3000 mass
spectrometer, UV–visible spectra were obtained with a
Shimadzu UV265FW spectrophotometer. Elemental
analyses were carried out with a Carlo Erba Model
1106 instrument.


Aminoethyl alcohol was freshly distilled. �-CD was
recrystallized from water and dried with a P2O5 trap
before use. DMF was dried with CaH2. p-Bis(bromo-
methyl)benzene,14 m-bis(bromomethyl)benzene14 and
2,6-bis(bromomethyl)pyridine15 were prepared accord-
ing to the literature procedures. �-CD tosylate (1) was
synthesized by a slight modification of the literature
procedure.16 p-Nitrophenyl alkanoates were obtained
from the reaction of p-nitrophenol with the appropriate
acid anhydride or acyl chloride. The purity of the
alkanoates was satisfactory by TLC and 1H NMR spectra.


�$��
7�$�$���
7��������	
$�$�� &!'- A mixture of
�-CD tosylate (1) (1.34 g, 1.0 mmol) and aminoethyl
alcohol (5 ml) was heated at 80°C with stirring for 3 h
under nitrogen. After cooling, the mixture was poured
into acetone (50 ml), and a copious of white precipitate
appeared. The precipitate was collected by filtration and
dissolved in a small amount of hot water, and precipitated
again with acetone. The resulting crude product was
recrystallized three times from water to afford 0.88 g of 2
as white needles (70% yield), m.p. 278°C (decomp.). 1H
NMR: � 5.75–5.70 (m, 14H), 4.82 (s, 7H), 4.53–4.33 (m,
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6H), 3.83–3.53 (m, 30H), 3.45–3.30 (m, overlaps with
HOD). 13C NMR: � 102.3, 83.6, 81.9, 73.2, 72.7, 72.3,
70.7, 60.6, 60.2, 51.8, 49.4. Fast atom bombardment mass
spectrometry (FAB-MS) (methanol): m/z 1179 (M � 1)�.
Anal. Calcd for C44H75NO35�4H2O: C, 42.27; H, 6.69; N,
1.12. Found: C, 41.97; H, 6.40; N, 1.31%.


9�	���� ��
������ �
� ���������
	 
� /� �	� /2- To a
solution of 2 (250 mg, 0.2 mmol) in DMF (4 ml) were
added anhydrous Na2CO3 (106 mg, 1.0 mmol) and
bis(bromomethyl)benzene (26.4 mg, 0.1 mmol). The
mixture was stirred at room temperature for 24 h. The
solid in the reaction solution was filtered off and the
filtrate was precipitated by addition of acetone (30 ml).
The precipitates were collected by suction and dried at
80°C to give a white crude product. This crude product
was dissolved in water (2 ml) and applied to a column
(40 � 3 cm i.d.) of CM-Sephadex C-25 resin (NH4


�


form). The column was eluted with 0.05 M ammonium
hydrogencarbonate to afford the product as white
crystals.


Compound 3a: yield 99 mg (38%), m.p. 298.4°C
(decomp.). 1H NMR: � 7.24 (s, 4H), 6.08–5.74 (m, 28H),
4.82 (s, 14H), 4.49–4.35 (m, 14H), 3.62 (br s, 56H), 3.34
(br s, overlaps with HOD), 2.84–2.42 (m, overlaps with
DMSO). 13C NMR: � 138.1, 128.7, 102.3, 84.2, 81.7,
73.3, 72.7, 72.3, 71.2, 60.2, 59.2, 55.8, 55.5. FAB-MS
[DMSO–glycerol–m-nitrobenzyl alcohol (1:1:1)]: m/z
2458 (M�). Anal. Calcd for C96H156N2O70�8H2O: C,
44.31; H, 6.67; N, 1.08. Found: C, 44.15; H, 6.40; N,
1.12%.


Compound 3b: yield 91.7 mg (35%), m.p. 294.6°C
(decomp.). 1H NMR: � 7.20 (s, 4H), 5.96–5.74 (m, 28H),
4.82 (s, 14H), 4.60–4.38 (m, 14H), 3.59 (br s, 56H), 3.37
(br s, overlaps with HOD), 2.81–2.40 (m, overlaps with
DMSO). 13C NMR: � 139.6, 129.8, 128.2, 102.4, 84.4,
81.8, 73.4, 72.8, 72.4, 71.3, 60.3, 59.3, 56.1, 55.5. FAB-
MS [DMSO–glycerol–m-nitrobenzyl alcohol (1:1:1)]:
m/z 2458 (M�). Anal. Calcd for C96H156N2O70�9H2O:
C, 44.00; H, 6.69; N, 1.07. Found: C, 44.29; H, 6.51; N,
1.10%.


Compound 3c was prepared by a procedure similar to
that for 3a except for using DMSO and K2CO3 instead of
DMF and Na2CO3. Yield 108 mg (40%), m.p. 290.4°C
(decomp.). 1H NMR: � 7.52 (s, 1H), 7.39 (s, 2H), 6.12–
5.77 (m, 28H), 4.82 (br s, 21H), 4.53 (br s, 7H), 3.63 (br s,
overlaps with HOD), 2.88–2.49 (m, overlaps with
DMSO). 13C NMR: � 159.3, 137.3, 121.1, 102.3, 84.1,
81.6, 73.2, 72.7, 72.3, 71.5, 60.1, 59.4, 56.8, 55.9. FAB-
MS [DMSO–glycerol–m-nitrobenzyl alcohol (1:1:1)]:
m/z 2459 (M�). Anal. Calcd for C95H155N3O70�14H2O:
C, 42.08; H, 6.80; N, 1.55. Found: C, 42.34; H, 6.66; N,
1.31%.


.�	���� �����- Rate measurements were made for
solutions of the esters at a concentration of 1 � 10�5 M


using 6–10 different CD concentrations from 2 � 10�4 to


2 � 10�3 M. Each run was initiated by adding 60 �l of a
stock solution of ester in CH3CN to 3 ml of 0.1 M


phosphate buffer (pH 8.04) containing a suitable amount
of CD derivative, pre-equilibrated at 35 � 0.1°C in the
thermostated cell holder of a Shimadzu 265 FW
spectrophotometer. The ester cleavage was followed by
monitoring the first-order appearance of the p-nitrophe-
nolate ion at 400 nm. In the presence of CDs, all of the
substrates gave saturation-type kinetics. The Eadie–
Hofstee approach1a was used to provide the constants kc


and KM as given in Table 1.
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ABSTRACT: A combined computational and structural study of the lithium affinity (LA) of O—C—O systems
exhibiting the anomeric effect and of O— C—C—O systems exhibiting the gauche effect is presented. QM ab initio
calculations using the MP2/6–31G* basis set were carried out on the gas-phase lithium affinities of
dimethoxymethane (DMOM), dimethoxyethane (DMOE), 1,3-dioxane (DOX) and cis- and trans-tetraoxadecalin
(TOD), along with that of dimethyl ether and of its dimer as reference compounds. Structural parameters were
retrieved from the Cambridge Structural Database (CSD) for diethyl ether dimer and O—C—C—O lithium
complexes and these agreed well with the calculated data. The computed lithium affinities of dimethoxymethane and
dimethoxyethane were found to be conformationally dependent. The LAs are conformationally dependent (wherever
applicable) and decrease in the order: (Me2O)2 � DMOE � DMOM � DOD � DOX � trans-TOD, but cis-TOD
restores the high LA (better than DMOE) by virtue of multiple coordination. Copyright  2001 John Wiley & Sons,
Ltd.


KEYWORDS: lithium affinity; acetals; anomeric effect; gauche effect; stereoelectronic effects; tetraoxadecalin
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The stereoelectronic behavior of X—C—Y-containing
systems (X, Y = OR, NR2, Hal), known as the anomeric
effect, and that of the X—C—C—Y molecular unit,
known as the gauche effect, have been extensively
studied.1–4 The anomeric effect in an X—C—Y system is
due to an Xnp–�*C–Y two electron–two orbital interac-
tion2 (negative hyperconjugation3 in valence bond terms)
and is manifest in4 (1) structural parameters, e.g. shorter
or longer anomeric bonds and larger anomeric bond
angles, (2) relative energy, i.e. greater stability of gauche
(axial) forms over anti (equatorial) forms, and (3)
stereoselective reactivity. The gauche effect consists in
the tendency of the X—C—C—Y moiety to alleviate or
even revert the preference for the anti over the gauche
conformation, as known for butane (C—C—C—C) and
derivatives. This had been observed and calculated,5,6 but
the extent of the phenomenon and its origins are a matter
of some debate. Subsequent to Wolfe’s et al. invocation5


of prevailing (nuclear–electron) attractive over (nuclear–
nuclear and electron–electron) repulsive energy terms,
Epiotis et al.7 attributed gauche stabilization in O—
CH2—CH2—O systems to �–�* stabilizing interactions
between the best �-donors (a C—H bond) and the best �-


acceptor (a C—O bond) properly oriented (parallel) only
in the gauche conformation7 and later they invoked
attractive non-bonded interactions between the oxygen
atoms due to the stabilizing (charge withdrawing)
interaction between �*C–C and the bonding and anti-
bonding orbitals formed from the interaction between the
oxygen’s lone pairs.7c Wiberg et al.8 concluded (and
recent studies endorsed it9) that the gauche preference in
1,2-difluoroethane is a manifestation of the destabiliza-
tion of the anti form due to bond bending at the carbon
nuclei and, hence, poorer overlap between the C—C
�-bond forming orbitals.


Notwithstanding the abundance of research efforts on
these stereoelectronic effects, much less attention had
been paid to these effects in charged systems and
coordination products. We were particularly interested
in those, in view of our recent activity on the stereo-
isomeric tetraheterodecalin systems (Fig. 1) and in
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particular tetraoxadecalin (TOD)10 new host systems,
which are loaded with stereoelectronically controlled
fragments.


We therefore recently performed and reported the
results of two systematic computational studies: (i)11a of
various protonated C—O—C—OH�—R systems and of
their negative C—O—C—O� counterparts, to assess the
anomeric effect on their energies and geometries, and
(ii)11b of C—O—C—C—OH�—R and C—O—C—C—
O� systems for the gauche effect. These are of
considerable interest owing to their mechanistic and
synthetic implications in the properties and behavior (viz.
relative stability of conformers, structural properties,
coordination sites and strength, relative reactivity: acetal
formation and hydrolysis, glycosidation, nucleophilic
reactions) of molecular systems which are subject to
stereoelectronic effects. We had concluded11 that the
anomeric effect in C—O—C—O—C-containing mol-
ecules makes them weaker bases then the corresponding
simple ethers and differential protonation of O lone pairs
in unsymmetrical C—O1—C2—O3—C moieties
showed that the one engaged in n–�* interaction has a
lower proton affinity than the ‘free’ one, e.g. the preferred
site of protonation of 1,3-dioxane is axial, since the
equatorial lone pair is hyperconjugatively delocalized.
The geometric parameters (mainly bond lengths) are
affected by and diagnostic for this stereoelectronic
behavior, in line with experimental observations. The
COCCOC species, however, are stronger bases then the
COCOC (anomeric) species and approach regular ethers
in their strength. The gauche forms in dimethoxyethane
and 1,4-dioxane are altogether stronger bases than the
anti forms and anti (equatorial) protonation is preferred
over gauche (axial) protonation, unless ditopic protona-
tion is possible. Clearly, both the anomeric and the
gauche effects play a significant role in the formation,
relative stability and reactivity of the charged species.


We then used the same approach to explore the proton
affinities of the diastereomeric tetraoxadecalins,10f which
contain several O—C—O and O—C—C—O moieties. It
is in this context and following our keen interest in
further cation inclusion properties of the tetraoxadeca-
lins10 that we undertook and present now the results of a
theoretical investigation of the lithium affinity (LA) of
such systems, using high-level ab initio calculations and
comparing the geometric parameters with those of related
theoretical and experimental literature results.
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Calculations were performed for dimethoxymethane,
dimethoxyethane, 1,3-dioxane, trans-1,3-dioxadecalin
and cis- and trans-tetraoxadecalin at the same level of
theory, with the lithium affinity of dimethyl ether and of
its dimer included within the frame of reference. Gas-
phase LAs were calculated by difference from the


calculated total energies of the neutral molecule (M)
and of the derived ion–molecule complexes LA(M):
M � Li� → MLi�; LA(M) = E(Li�) � E(M) �E(MLi�).
The geometries of the free and complexed ethers were
fully optimized (without any geometric constraints) using
the MP2/6–31G* basis set within Gaussian 94,12 on a
Cray J932 supercomputer. The choice of the basis set
followed valuable information found in earlier elaborate
high-level calculations of basic systems of this kind,13,14


where RHF/6–31G* calculations provided satisfactory
lithium affinities.13 We deemed it necessary, for the sake
of structural adequacy, to include electron correlation,
mainly in order to offset the unduly strong C—O bond
shortening caused by polarization functions in di- and
polyhetero systems,4,10 since the geometric parameters
and their changes as a result of lithium complexation are
bound to be of considerable significance in the under-
standing of the process. To maintain consistency we had
to make some concessions, since our ultimate goal was
the tetraoxadecalin stereoisomers, each with its 10 heavy
atoms; these could be treated at a higher level,10f,11


except for the additional lithium ion, which made a
higher level calculation CPU prohibitive, so we excluded
the diffuse functions. Hence our lithium affinities are
invariably somewhat higher then available experimental
values but, similar to our earlier work,11 we regard
the processes we deal with as isodesmic15 (e.g.
ROCOLi�R � Me2O = ROCOR � Me2OLi�) with inter-
nal comparison of energy differences, which should
reduce errors caused by the use of differences in total
energies instead of heats of formation and by omitting
ZPE and other (BSSE) corrections. Some recent relevant
high-level studies, which have been reported16,17 in the
course of this investigation, provided valuable collating
sources for our own results and we shall refer to them
below.


To find some structural information on systems related
to those included in this study, we conducted systematic
searches of the Cambridge Structural Database (CSD).18


It became clear from the beginning that any statistical
treatment would be delusive, since in all retrieved
complexes, lithium had coordination numbers �2 and
therefore only qualitative comparisons could be made.
Nevertheless, valuable supporting information became
available in this way.
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The calculated LAs of dimethyl ether (Me2O) and of its
dimer (Me2O)2 are shown in Fig. 2. The LA of Me2O
obtained at the MP2/6–31G* level (46.2 kcal mol�1)
(1 kcal = 4.184 kJ) is somewhat higher than the reported
experimental results19 and some calculated values (ca
40 kcal mol�1),13,14,16 but the incremental LA to
(Me2O)2�Li� is (40.2) lower by 6 kcal mol�1, just like
in a higher level treatment.16b In fact, the total LA of the
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Me2O dimer towards the formation of (Me2O)2�Li� (see
Fig. 2, bottom) is virtually the same as that obtained
incrementally, as expected from a calculation devoid of
constraints or basis set superposition.


The planar geometry obtained for Me2O�Li� is in
agreement with previously reported results14 and fits
conceptually well the similar and well known trigonal–
planar geometry of carbenium ions. The initial C2


geometry of the (Me2O)2�Li� complex converged to a
D2h structure (Fig. 2).


The CSD search revealed only diethyl ether (or
tetrahydrofuran) lithium complexes, which could be
compared with our and previous calculated results. The
trigonal planar R2OLi� is generally well reproduced, but
not so the computed linear O—Li—O geometry (Fig. 2);
the retrieved (CSD) structures show a variation of the


O— Li— O angle from 96.0° to 130.0°, with the majority
falling in the range 110.0–118.0°. This can easily be
understood from the tendency of lithium ion to form tri-
and tetrahedral coordination with ligands, as manifest in
its ability to engage with more than two ethers. Diether–
Li� complexes are rare and usually accompany coordina-
tion to carbanion ligands (Li�—C�), as seen in two
recent reports20 (Fig. 3), with O—Li—O angles of
112°20a and 114°.20b The respective C—O—C/C—O—C
dihedral angles of 134° and 127° are in between our
coplanar geometry and the recently calculated16 ortho-
gonal (D2d) one (see also below).


Turning to dimethoxyethane (DMOE), of its 10
possible conformations (aaa, aga, aag, agg�, agg, ggg,
gag, gag�, gg�g, ggg�, a = anti, g = gauche),4g,11b only
those with gauche central bond are formally able to bear
ditopic coordination. Thus, of the two lowest conformers
(within 0.1 kcal), aaa and aga, the former binds lithium
with similar energy and geometry to ordinary ethers,
whereas the latter is perfectly aligned for Li� chelation
(Fig. 4). Of the other DMOE forms, we chose the
(1.2 kcal) higher symmetric form, ggg, and these two
conformers, ag�a and g� g� g� and their lithium ion
complexation product were calculated. Both lead to the
same ag�a�Li� complex (the g� g� g� form after
extensive conformational reorganization). The net LA is
again higher than the experimental value (61 kcal mol�1)
and the matching calculated value (using an MP2/6–
31 � G* hybrid basis set) in a remarkably detailed and
high-level study.17 Indeed, there are serious problems in
attaining consistent matches of calculated with experi-
mental energies within series of complexes and we are
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concerned with the mainly relative consistency through-
out our results and with the evaluation of the stereoelec-
tronic effects.


Crystal structures of dimethoxyethane–lithium com-
plexes retrieved from the CSD18 are of varied coordina-
tion and ligand assortment and, notwithstanding that, the
aga�Li� form prevails and the geometric parameters are
in surprisingly good agreement with our calculated
results. The Li—O—C—C torsion angle observed is
mostly around 40°, the O—C—C—O torsion angle is in
the range 55.0–60.0° and the C—O—C—C torsion angle
is mainly around 176°. In this case too, the best examples,
featuring the lowest coordination and ionic Li�, are the
halides, bis(1,2-dimethoxyethane-O,O�)lithium bromi-


de21a and iodide.21b The conformation of DMOE in the
latter is shown in Fig. 5. C2OLi� is no longer trigonal–
planar and O—Li—O is, of course, not linear. In fact, this
loss of ideal geometry is reasonably to blame for the
lower lithium affinities of dimethoxyethane than the
comparable dimethyl ether couple (Fig. 2).


We turn now to the anomeric systems: the LA of
dimethoxymethane (DMOM) is given in Fig. 6 and those
of 1,3-dioxane and 1,3-dioxadecalin in Fig. 7. As is well
known,1,4g,11a the relative energies of the DMOM
conformers are gg � ag � aa and no minimum has been
found for the g�g� form (whose hypothetical high energy
is due to steric encumbrance). Hence only the first three
were considered here and, interestingly, all initial
conformations converged in the lithiation process to the
same aa�Li� form, in which Li� is coordinated with both
oxygen atoms in a four-membered ring complex (Fig. 6).
Thus, the most unstable aa form, devoid of any anomeric
effect, provides the platform for the most stable lithium
complex (aa�Li�). The geometry is coplanar again with a
very small O—Li—O angle. This is presumably the main
reason for the calculated LA of dimethoxymethane, being
lower than that of dimethoxyethane and of the dimethyl
ether couple. We did not succeed in obtaining a fully
optimized monotopic lithium complex of DMOM on one
oxygen within a fragment subject to an anomeric effect
and, to preserve consistency, we refrained from introdu-
cing any geometric constraints.


An instructive comparative exercise was performed by
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calculating the lithium affinity of the g�g� conformer in
frozen form, present in 1,3-dioxane (DOX) and in its
bicyclic relative, 1,3-dioxadecalin (DOD) (Fig. 7). The
C—O—C—O—C fragments in these systems are subject
to a second-order anomeric effect, i.e. an On�–�*C–O two
electron–two orbital mixing. The LA of 1,3-dioxane is


the lowest in the dioxa series and that of DOD is
somewhat higher, presumably owing to its relative
rigidity and to the electron-donating character of the
fused ring. The O—Li—O angles are even smaller than
in the aa�Li� complex and the O— Li bonds are longer
(Fig. 6). We found, unfortunately, no experimental probe
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of the behavior of lithium ions with either 1,3-dioxane or
dimethoxymethane.


We come now to the raison d’être, in a way, of this
study, namely the calculated lithium affinities of cis- and
trans-1,3,5,7-tetraoxadecalin (TOD). The latter’s LA is
even lower than that of 1,3-dioxane and we attribute this
to the electron-withdrawing character of the oxygens of
the fused dioxane ring, not involved in the complexation
process. The effect is opposite to that caused by the
electron-donating cyclohexane ring in 1,3-dioxadecalin.


Finally, we calculated the lithium affinity of cis-
1,3,5,7-TOD and it optimized with the lithium ion
binding with O1 and O5 (2.02 Å). Its LA is considerably
higher than that of its trans isomer and of the other 1,3-
dioxa systems and even than that of dimethoxyethane.
This suggests that there is some degree of additional
coordinative bonding to the other two oxygens. In fact,
we were anticipating the possibility of a 1,3,5-double
gauche bonding, but it seems that the latter is delocalized
over both (symmetrical) sites, with Li—O3(7) distances
of 2.40 Å. At this point, we wish to highlight a general
feature of such di- and poly-oxa systems,10 namely that
high concentrations of lone-pair electrons cause bond
order enhancement (shortening) in adjacent C—C and
C—O bonds and coordination, in the present study with
lithium ions brings about a depletion (lengthening) of
these bonds. This is well illustrated in all above cases.
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We have calculated ab initio (full optimization at the
MP2/6–31G* level) the LAs of dimethyl ether (Me2O),


its dimer (Me2O)2, dimethoxyethane (DMOE), di-
methoxymethane (DMOM), 1,3-dioxane (DOX), 1,3-
dioxadecalin (DOD) and the diastereomeric trans- and
cis-1,3,5,7-tetraoxadecalins (TOD). In all cases (except
Me2O), the lithiated species converged to structures with
ditopic coordination. The natural tendency of lithium ion
is to form linear O—Li and trigonal coplanar C(C)O—Li
coordination and departure from this geometry lowers the
LA. Indeed, the strain introduced by the coordination
with both oxygens (forming five- or four-membered ring
complexes) largely overshadows the stereoelectronic
effects, but the molecules exhibiting the anomeric effect
have the lowest LA, just as they showed the lowest
basicity on protonation.11 The LAs are conformationally
dependent (wherever applicable) and decrease in the
order (Me2O)2 � DMOE � DMOM � DOD � DOX
� trans-TOD, but cis-TOD restores the high LA (better
than DMOE) by virtue of multiple coordination.
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ABSTRACT: The acid-catalyzed hydrolyses of N-(4-substituted-arylsulfinyl)phthalimides were studied in aqueous
solutions of perchloric and sulfuric acids at 50.0 � 0.1 and of hydrochloric acid at 40.0 � 0.1°C. Analysis of the data
by the Cox–Yates excess acidity method and substituent, temperature and solvent isotope effects indicate hydrolysis
by an A2 mechanism at low acidity. At higher acidities a changeover to an A1 mechanism is observed. Copyright
 2001 John Wiley & Sons, Ltd.


KEYWORDS: N-(4-substituted-arylsulfinyl)phthalimides; excess acidity; hydrolysis; acid catalysis; mechanism
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In the literature the first reported sulfenimide was N-
(trichloromethylthio)phthalimide, which was prepared by
Kittleson1 by the reaction of trichloromethanesulfenyl
chloride with sodium phthalimide. Alkyl- and arylthioi-
mides act as efficient sulfur transfer agents.2 Harpp and
Back3 attempted to synthesize N-(alkyl- and arylsulfi-
nyl)phthalimides for possible use as sulfinyl-transfer
reagents and reported that thiophthalimides conveniently
oxidized to the corresponding sulfinyl analogues in high
yield by treatment with 1 equiv. of m-chloroperbenzoic
acid.


A study of the kinetics and mechanism of alkaline
hydrolysis of N-substituted phthalimides4,5 and N-
hydroxyphthalimide6,7 were studied. The kinetics of
acid, neutral and hydroxide ion-catalyzed cleavage of
phthalimide and o-carboxyphthalimide were carried out
by Zerner and Bender8 in various pH ranges. The acid-
catalyzed hydrolysis of the arenesulfinamides with up to
2.0 M aqueous mineral acids was studied by Asefi and
Tillett9 by using a stopped-flow spectrophotometer and


they suggested an A2 mechanism in this range. There has
been no systematic study of the acid-catalyzed hydrolysis
of sulfinylphthalimides in highly acidic solutions. We
now report a complementary study of the acid-catalyzed
hydrolysis of a series of N-(4-substitued-arylsulfi-
nyl)phthalimides (1a–c) in concentrated aqueous mineral
acids.


()*(#!+(�",-


�	����	��$ N-(4-substitued-arylsulfinyl)phthalimides 1a–
c were prepared from the corresponding N-(4-substitued-
arylthio)phthalimides with m-chloroperbenzoic acid in
chloroform as described by Harpp and Back.10 This
involved the reaction of sulfenyl chloride with phthali-
mide in the presence of triethylamine in dimethyl-
formamide to give the N-(4-substitued-arylthio)
phthalimides.11 Sulfinyl phthalimide 1a had m.p. 191–
192°C (lit.10 191–194°C); 1H NMR (CDCl3), � 2.4 (s,
3H), 7.3–8.0 (m, 8H); found C, 62.99; H, 4.11; N, 4.98;
calc. for C15H11NSO3 C, 63.14; H, 3.89; N, 4.91%; 1b
had m.p. 150–153.5°C (lit.10 150–153°C); 1H NMR
(CDCl3), � 7.5–8.1 (m, 9H); found C, 61.71; H, 3.37; N,
4.83; calc. for C14H9NSO3 C, 61.98; H, 3.34; N, 5.16%;
1c had m.p. 212–213°C; 1H NMR (CDCl3), � 7.4–7.9 (m,
8H); found C, 55.31; H, 2.60; N, 4.78; calc. for
C14H8NSO3Cl C, 55.00; H, 2.64; N, 4.58%.


"������ ���������$ The rates of hydrolysis of N-(4-
substitued-arylsulfinyl)phthalimides were followed spec-
trophotometrically at 225–230 nm using a Cintra Model
20 UV–VIS spectrometer with a thermostatted cell
compartment (�0.05°C). Good first-order behavior was
observed with clean isosbestic points. Values of k1 were
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calculated from the standard equation using a least-squares
procedure. All kinetic measurements were duplicated and
the average deviation from the mean was �5%.


%������ 	�	�
���$ The UV spectra of the products of
hydrolysis were shown to be identical with that of an
equivalent mixture of phthalimide and the corresponding
benzenesulfinic acids.


#(�&-"� ,�% %!�'&��!$�


The first-order rate coefficients, k1, for the hydrolysis of
N-(benzenesulfinyl)phthalimide 1b in aqueous solutions


of mineral acids are shown in Fig. 1. It can be seen that
with increasing concentration of perchloric and sulfuric
acids, the rate of hydrolysis decreases up to 5 M, but
above �6 M acid the rates increase more rapidly and there
is no indication of a rate maximum even at fairly high
acidity. In all cases the rates of hydrolysis increase
continuously with increasing concentration in hydro-
chloric acid solutions (Table 1). The behavior is very
similar to that for 1a–c in sulfuric acid solutions. Values
of k1 for the sulfuric acid-catalyzed hydrolyses of 1a–c
are shown in Fig. 2. The order of catalytic effectiveness
of acids observed for the hydrolysis of 1b was HCl
� H2SO4 � HClO4. Bunton et al. suggested that such an
order is characteristic of a bimolecular mechanism,
transition states of positive character being preferentially
stabilized by anions of high charge density such as Cl�,
whereas the converse is usually the case for A1
reactions.12 The kinetic data in Table 1 were also
analyzed by the excess acidity treatment of Cox and
Yates.13 A simplified version of their relationship for
mainly unprotonated substrates was used:


log k1 � log CH� � log cs��cs � cSH��
� m�m	�X � log aNu � log�k0kSH�� �1�


Values of X for aqueous solutions of acid were used.14


Owing the extremely low basicity of the sulfinylphtha-
limides studied, the protonation correction term can be
neglected.


A plot of logk1 � logCH� versus X is shown in Fig. 3
for hydrolyses of 1a–c in sulfuric acid. Such graphs for
the sulfinylphthalimides initially, in the low-acidity
region all exhibit a downward curvature typical of A2
reactions involving water.15 This changes with increasing
acidity to an upward linear region characteristic of an A1
process. Similar behavior has been observed for the


.�/��� 01 %���� �� �� ��� 	���&�	�	�
��� �
����
��� �� 0� ��
	'����� 	����� ��������� 	� �($(°�$ �� )*��+, � )���+


"���� 01 -	���� �� �( �� .�
��/ ��� ��� �
����
��� �� 0&.�&��1�������&	�
����2�
�/����	������� 	� �($(°�


1b 1b 1b 1a 1a 1c 1c
[H�](M) (H2SO4) (HClO4) (HCl)a (H2SO4) (HClO4) (H2SO4 (HClO4)


1.00 3.50 0.80 16.7 3.70 7.70
1.50 — 0.70 22.8 — —
2.00 2.70 0.40 29.6 3.30 0.30 6.10 0.60
2.50 — — 36.5 — —
3.00 2.00 0.30 42.1 3.10 4.40
3.50 — — 47.5 — —
4.00 1.60 0.30 54.7 4.10 2.60
5.00 1.40 0.39 70.4 4.20 2.10
6.00 1.70 0.80 98.4 7.10 2.00
7.00 3.10 1.60 — 16.1 2.70
7.50 5.30 — — — —
8.00 8.00 4.30 — 42.9 4.90
8.50 11.5 — — — —
9.00 14.8 10.0 — 102 21.2 9.00 4.90


10.00 25.2 14.1 — — 19.3


a At 40.0°C.
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hydrolyses of a number esters16 and benzohydroxamic
acids.17 This suggests that a gradual changeover in
mechanism from A2 to A1 occurs with increasing
concentration of acid.


The temperature dependence of the rate constants of
the hydrolysis reaction was analyzed by a least-squares
procedure using a computer program (Eyring equation).
The values at different acidities are shown in Table 2.
Acid-catalyzed hydrolyses of esters and amides18 pro-
ceeding by an A1 mechanism have �S≠ � 0 to �41.8 J
K�1 mol�1, while those proceeding by an A2 mechanism
have �S≠ ��62.8 to �125.5 J K�1 mol�1. Over the
range 1.0–10.5 M perchloric acid, the values of �S≠


change from �121.9 to �13.7 J K�1 mol�1 for the
hydrolysis of 1b. Values in sulfuric acid vary in a similar
way as expected.


.�/��� 21 %���� �� �� ��� �������� 	���&�	�	�
��� �
����
��� ��
0�3� 	� �($(°�$ � �&�) , �� �&), �� �&��


.�/��� 41 %���� �� ��3�����3�)� �� �4���� 	�����
 ��� ���
�������� 	���&�	�	�
��� �
����
��� �� 0�3� 	� �($(°�$ �, �&
�) , �� �&), �� �&��


"���� 21 ��������� �	�	������ ��� �
����
��� �� 0&.�&��1�������&	�
����2�
�/����	�������


�H≠ �S≠ Temperature
Compound Acid [H�] (M) (kJ mol�1) (J mol�1 K�1) range (°C)a r2


1b H2SO4 1.00 54.8 �120.7 35–55 0.9940
5.00 77.1 �60.8 35–55 0.9933
8.00 73.8 �57.7 35–55 0.9989


12.00 71.1 �45.8 30–45 0.9966
14.00 71.2 �34.6 20–35 0.9980


HClO4 1.00 58.9 �121.9 45–60 0.9949
4.00 82.2 �58.1 45–60 0.9970
8.00 81.2 �38.0 45–60 0.9978


10.50 82.0 �13.7 20–35 0.9985
1a H2SO4 3.00 75.3 �60.5 35–50 0.9986


9.00 72.6 �43.6 35–50 0.9997
HClO4 2.00 85.8 �43.3 45–60 0.9999


10.50 90.5 �3.3 45–60 0.9999
1c H2SO4 1.00 61.6 �95.8 30–50 0.9921


12.00 72.4 �44.9 30–45 0.9927
14.00 84.4 �3.9 25–35 0.9962


a The measurements were made at 5°C intervals.


"���� 41 ��������� ������� ������� ������ ��� �
����
��� ��
0� �� �������� 	��� ���������


T(°C) Acid (mol dm�3) 103k1/s�1 kD2
O/kH2


O


49.8 H2SO4 (1.00) 3.49 1.02
D2SO4 (1.00) 3.57


40.0 H2SO4 (10.00) 8.85 1.92
D2SO4 (10.00) 16.98
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The kinetic solvent isotope effect (kD/kH) observed for
the hydrolysis of 1b is shown in Table 3. The increasing
values with acidity of the kinetic solvent isotope effect
[e.g. for 1b, k1D2O /k1H2O = 1.02 (1.00 M H2SO4) and 1.92
(10.00 M H2SO4)] are also consistent with a change from
A2 to A1.19 At acidities higher than 5.0 M [H�], electron-
donating substituents produce the highest rate of hydro-
lysis (i.e. 1a � 1c) and the substituent effects are well
correlated by a satisfactory Hammett �� plot [at 9.00 M


HClO4, � = �1.58 (corr. 0.990)]. Clearly at these
acidities electron-donating substituents both facilitate
protonation of the substrate and stabilize the sulfur cation
in the A1 mechanism. At lower acidities, however [e.g.
2.00 M HClO4, � = 0.75 (corr. 0.999)], 1c hydrolyses
more rapidly than 1a, consistent with a predominantly A2
mechanism in which substituent effects on the protona-
tion and slow step operate in opposite directions. There is
no direct evidence concerning the site of protonation of
sulfinylphthalimides, however, protonation of sulfina-


mides9,20 and sultams21 occur preferentially at the
nitrogen atom.


In the light of the overall evidence, we propose that the
acid-catalyzed hydrolysis of N-(4-substitued-arylsul-
finyl)phthalimides occur with an A2 mechanism at lower
acidities and an A1 mechanism at higher acidities, as
shown in Schemes 1 and 2, respectively.
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ABSTRACT: 4-Arylideneimino-1,2,4-triazol-3(2H)-ones (1–4) and their thio analogues (5–8) were pyrolysed in the
gas phase. The reactions were homogeneous and free from catalytic and radical pathways. Analysis of the pyrolysate
showed the elimination products to be substituted benzonitriles and the corresponding 3-hydroxy-1,2,4-triazoles and
their thio analogues. The kinetic results and product analysis lend support to a reaction pathway involving a six-
membered transition state. At 500 K, the thiooxotriazoles 5–8 were found to be 103-fold more reactive than the
corresponding oxotriazoles 1–4. The reactivities of the 2-oxotriazoles were compared with those of the substituted 2-
oxopyridine-3-carbonitriles. Copyright  2001 John Wiley & Sons, Ltd.


KEYWORDS: arylideneiminotriazolones; arylidenetriazolethiones; gas-phase elimination
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We recently reported on the effective synthesis of 2-N-
and 3-S-glucosyl-1,2,4-triazoles of potential biological
interest.1 Several attempts to synthesize the glucosyl
derivatives of 1,2,4-triazoles either chemically2 or
enzymatically3 resulted in a mixture of regioisomers,
which makes structural analysis tedious. The key step to
the selective synthesis of such compounds is via
thermolysis of the arylideneimino derivatives at 180–
220°C to give the intermediate target 2-glucosyl
derivatives and nitriles in almost quantitative yield
(Scheme 1).


A few years ago, we reported the results of our
investigations on the thermolysis reactions of 1-aryl-


methyleneimino-1,2-dihydro-4,6-dimethyl-2-oxopyri-
dine-3-carbonitriles and the utilization of this thermolysis
reaction in the synthesis of functionally substituted
nitriles which are unstable under basic and acidic
conditions as an alternative approach for the conversion
of aldehydes into nitriles4 (Scheme 2).


In this paper, we report the results of kinetic studies
on the gas-phase pyrolysis of 4-arylideneimino-
1,2,4-triazol-3(2H)-ones and the corresponding 3(2H)-
thiones.


'+,)-&, ��% %",*),,"(�


$	���	��


The rate constants k in Table 1 were used to determine the
Arrhenius log A and Ea values for the gas-phase
elimination reactions of compounds 1–8. Each rate
constant represents an average of three kinetic runs, in
agreement to within �1.5%. The reactions were ascer-
tained to be homogeneous, unimolecular and free of
reaction surface effects. The Arrhenius plots were strictly
linear up to �95% reaction. The rate constants of reaction
at 500 K of these substrates are recorded in Table 2 along
with relative rates. The homogeneous nature of the
reactions was tested by comparing the rates using a
normal reactor with those obtained when the reactor
vessel was packed with helices. The absence of a radical
pathway in the elimination reaction was confirmed using


,���
� �
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Compound X Y Temperature (°C) 104k(s�1) Log [A (s�1)] Ea(kJ mol�1)


1 O H 550.75 1.16 12.61 � 0.23 174.63 � 2.5
561.05 2.30
570.85 4.18
580.85 7.79
590.95 14.96
600.55 27.90


2 O 4-Cl 548.15 0.84 12.35 � 0.19 172.42 � 2.13
568.45 3.32
578.75 5.82
588.45 11.14
597.45 20.50
605.75 29.58


3 O 4-Me 563.85 2.94 12.32 � 0.08 171.04 � 0.90
572.05 5.04
580.65 8.46
589.35 13.00
596.95 22.29


4 O 4-OMe 538.75 0.98 9.78 � 0.22 142.11 � 2.38
549.65 1.83
560.55 3.03
593.65 18.04
602.45 27.71


5 S H 446.55 1.34 10.67 � 0.09 124.29 � 0.77
457.25 3.00
468.15 6.20
479.45 13.34
490.45 27.18


6 S 4-Cl 447.15 1.37 11.03 � 0.05 127.48 � 0.42
458.85 3.37
470.75 7.70
482.95 17.59
494.85 37.88


7 S 4-Me 451.45 1.28 14.02 � 0.01 154.83 � 0.10
458.95 2.52
470.75 9.72
482.05 17.60
488.75 29.88


8 S 4-OMe 456.05 1.26 14.05 � 0.02 156.72 � 0.15
463.85 2.52
471.35 4.81
489.05 20.44
497.35 38.87
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established procedures.5,6 All the sulfur-containing
triazoles 5–8 are �103 times more reactive than their
corresponding oxygen analogues 1–4.


The pathway of the thermal gas-phase elimination
reaction of comparable substrates was found to involve
a concerted cyclic six-membered transition state.7,8


The same mechanism is suggested to account for the
present results. The only structural feature which
distinguishes the 3-oxotriazoles 1–4 from their thio
analogues 5–8 is the greater protophilicity and lability
together with the relative thermodynamic stability and
�-bond energy difference of the thio and carbonyl
bonds. The change in relative rate constants in Table 3,
although moderate, is nevertheless systematic and
consistent with expected electron-withdrawing and
electron-donating effects of substituents at the para
position. This modest effect is due to the fact that
transition state cyclization of 2-oxopyridines and 2-
oxotriazoles is associated with H-bonding between O and
the acid proton, whereas a much greater change in


reactivity is observed when the protophilicity of X is
reduced by replacing O with S.


1�����	�



The reaction pathway shown in Scheme 3 is compatible
with both the present results and the products of
pyrolysis, and follows our earlier findings.4 These
reactions proceed via aromatization of the transition
state which ultimately produces hydroxytriazoles or their
thio analogues, which are more stable than the reactant,
N-aminotriazoles 1–4.


The reactivity of the substituted 2-oxopyridines is 10–
100 times greater than that of the 3-oxotriazoles (Table
3). It is possible to rationalize this difference in reactivity
in terms of the greater thermodynamic stability of the
product formed, i.e. 2-hydroxypyridines, from the gas-
phase elimination of the former compound relative to the


&�#�� �. $%��#��� �& ��#����� ���� "������ �� ��� � !�� �	��#	��� �! �/0


O X S


Y 106 k(s�1) 103 k(s�1) krel


H 2.35 4.83 2.1 � 103


4-Cl 2.19 5.20 2.4 � 103


4-Me 2.80 7.05 2.5 � 103


4-OMe 8.15 4.75 0.6 � 103


&�#�� �. $%��#��� �& ��#����� ���� "������ �� �'� � !�� �(�������)�#�� �& '(����	��&���


Y


104 k (s�1)


krel


H 0.12 3.6 30
4-Cl 0.11 10.7 97
4-Me 0.14 3.0 21


4-OMe 0.32 2.2 9
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formation of 2-hydroxytriazoles, a product of the same
reaction of the latter compounds.9,10


+23+'"1+�&�-


$	���	� ����	��. *��"��� ���(��� Preliminary kinetic
results were obtained on a system featuring a Eurotherm
093 pyrolysis unit coupled to a Perkin-Elmer Sigma 115
gas chromatograph. The kinetic data reported are from a
reactor set-up including an HPLC system (Bio-Rad
Model 2700) fitted with a UV–VIS detector (Bio-Rad
Model 1740) and an LC-8 column (25 cm � 4.6 mm i.d.,
5 �m film thickness) (Supelco) and a CDS custom-made
pyrolysis unit for the thermolysis reactions. The pyrolysis
tube was jacketed by an insulating aluminium block fitted
with a platinum resistance thermometer and a thermo-
couple connected to a Comark microprocessor thermo-
meter.


�����" ��� �& &��� ��#	���� Aliquots (0.2 ml) of very
dilute solutions (ppm) of neat substrates in acetonitrile as
solvent and chlorobenzene as internal standard were
pipetted into the reaction tube, which was then sealed
under vacuum (0.28 mbar), and the tube was placed
inside the pyrolyser for 600 s at a temperature where 10–
20% pyrolysis was deemed to occur. The contents of the
tube were analysed using the HPLC probe.


At least three kinetic runs were repeated for each 5–
10°C rise in temperature of the pyrolyser and for the
same time interval until 90–95% pyrolysis was achieved.
The rates were followed over a temperature range not less
than 50 K, and the rate coefficients were calculated using
the expression for a first-order reaction: kt = lna0/a. The
Arrhenius parameters were obtained from a plot of log k
vs 1/T (K).


3����� ������	�. +#�� ��"��,��� Solutions of sub-
strates in chlorobenzene were passed down a 1 m reactor
column packed with helices. The column was heated to


temperatures comparable to those used in the kinetic
investigations. The products of pyrolysis were swept
through the column using a stream of nitrogen and the
effluents were trapped in a glass coil surrounded by a
jacket of dry-ice. The material collected on the walls of
the trap (glass coil) was crystallized and analysed by
NMR spectroscopy.


,������	�. ���������� �! -(��	#�&������(��'�- ����(
)�#(�.'/0(���� To a stirred and heated solution of
aminotriazole11 (1 g, 10 mmol) in ethanol (10 ml) and a
few millilitres of water was added a solution of
benzaldehyde or substituted benzaldehyde (10 mmol) in
ethanol (5 ml). The resulting solution was refluxed for 1–
2 h and the precipitated product was filtered hot and
recrystallized from ethanol or dioxane in 80–85% yield.
The following compounds were thus prepared.


4-Benzylideneimino-1,2,4-triazol-3(2H)-one (1),
white powder (m.p. 189–190°C (EtOH), lit.11 m.p.
182°C. 1H NMR (DMSO): � 7.49–7.57 (m, 3H, Ar H),
7.78–7.83 (m, 2H, Ar H), 8.43 (s, 1H, triazole H), 9.44 (s,
1H, CH=N), 12.10 (s, 1H, NH). 13C NMR: � 128.6,
130.0, 132.4, 134.0, 136.6, 151.6, 155.1. Anal. Calcd for
C9H8N4O (188): C 57.45, H 4.25, N 29.78. Found: C
57.90, H 4.36, N 29.39%. MS: m/z 188 (M�). IR (cm�1):
3215, 3126, 1720, 1700.


4-p-Chlorobenzylideneimino-1,2,4-triazol-3(2H)-one
(2), white crystals, m.p. 225–226°C (EtOH). 1H NMR
(DMSO): � 7.58 (dd, 2H, Ar H), 7.84 (dd, 2H, Ar H), 8.40
(s, 1H, triazole H), 9.45 (s, 1H, CH=N), 12.10 (s, 1H,
NH). 13C NMR: � 130.0, 130.3, 132.6, 135.9, 137.1,
151.6, 154.0. Anal. Calcd for C9H7ClN4O (222.5): C
48.54, H 3.15, N 25.16. Found: C 48.82, H 3.44, N
24.62%. MS: m/z 222, 224 (M�). IR (cm�1): 3144, 1717,
1700.


4-p-Methylbenzylideneimino-1,2,4-triazol-3(2H)-one
(3), pale white powder, m.p. 222–223°C (EtOH). 1H
NMR (DMSO): � 2.37 (s, 3H, CH3), 7.31 (d, 2H, Ar H),
7.68 (d, 2H, Ar H), 8.38 (s, 1H, triazole H), 9.38 (s, 1H,
CH=N), 12.07 (s, 1H, NH). 13C NMR: � 22.0, 128.6,
130.1, 131.3, 136.7, 142.5, 151.7, 155.1. Anal. Calcd for
C10H10N4O (202): C 59.41, H 4.95, N 27.72. Found: C
59.82, H 4.99, N 27.38%. MS: m/z 202 (M�). IR (cm�1):
3374, 3150, 1707.


4-p-Methoxybenzylideneimino-1,2,4-triazol-3(2H)-
one (4), creamy white flakes, m.p. 221–222°C (EtOH).
1H NMR (DMSO): � 3.83 (s, 3H, CH3), 7.07 (d, 2H, Ar
H), 7.76 (d, 2H, Ar H), 8.35 (s, 1H, triazole H), 9.34 (s,
1H, CH=N), 12.03 (s, 1H, NH). 13C NMR: � 56.3, 115.4,
126.4, 130.4, 136.6, 151.8, 155.2, 162.8. Anal. Calcd for
C10H10N4O2 (218): C 55.05, H 4.59, N 25.68. Found: C
55.29, H 4.74, N 25.15%. MS: m/z 218 (M�). IR (cm�1):
3149, 3139, 1707, 1607.


���������� �! -(��	#�&������(�(���"����(��'�-(
����)�#��� A mixture of the 4-amino-3-mercapto-1,2,4-
triazole12 (10 mmol) and benzaldehyde or its substituted


,���
� �
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analogues (10 mmol) in acetic acid (10 ml) was refluxed
for 30 min. After cooling, the crystals of the products
were filtered and recrystallized from ethanol to afford the
title compounds in 80–90% yield. The following
compounds were thus synthesized.


4-Benzylideneimino-3-mercapto-1,2,4-triazole (5),
pale yellow crystals, m.p. 175–176°C. 1H NMR
(DMSO): � 7.48–7.71 (m, 3H, Ar H), 7.82–7.94 (m,
2H, Ar H), 8.91 (s, 1H, triazole H), 9.48 (s, 1H, CH=N),
13.95 (s, 1H, NH). 13C NMR (DMSO): � 129.4, 130.0,
133.0, 133.4, 139.0, 161.9, 163.8. Anal. Calcd for
C9H8N4S (204): C 52.94, H 3.92, N 27.45, S 15.68.
Found: C 52.98, H 4.06, N 26.94, S 16.25%. MS: m/z 204
(M�). IR (cm�1): 3445, 3106, 1596, 1286, 1228.


4-p-Chlorobenzylideneimino-3-mercapto-1,2,4-tria-
zole (6), white crystals, m.p. 236–237°C; lit.13 m.p.
237°C. 1H NMR (DMSO): � 7.63 (d, 2H, Ar H), 7.90 (d,
2H, Ar H), 8.91 (s, 1H, triazole H), 9.51 (s, 1H, CH=N),
14.01 (s, 1H, NH). 13C NMR (DMSO): � 130.8, 131.1,
131.9, 137.9, 138.8, 160.1, 163.9. Anal. Calcd for
C9H7ClN4S (238.5): C 45.28, H 2.94, N 23.48, S 13.42.
Found: C 45.54, H 3.13, N 23.44, S 13.40%. MS: m/z 238,
240 (M�). IR (cm�1): 3447, 3131, 1607, 1593, 1279,
1224.


4-p-Methylbenzylideneimino-3-mercapto-1,2,4-tria-
zole (7), creamy white crystals, m.p. 199–201°C. 1H
NMR (DMSO): � 2.37 (s, 3H, CH3), 7.34 (d, 2H, Ar H),
7.75 (d, 2H, Ar H), 8.91 (s, 1H, triazole H), 9.39 (s, 1H,
CH=N), 14.01 (s, 1H, NH). 13C NMR (DMSO): � 22.1,
129.6, 130.2, 130.5, 139.0, 143.6, 161.6, 163.6. Anal.
Calcd for C10H10N4S (218): C 55.05, H 4.59, N 25.68, S
14.67. Found: C 55.27, H 4.60, N 25.34 S, 14.66, MS: m/z
218 (M�). IR (cm�1): 3400, 3106, 1605, 1551, 1286,
1179.


4-p-Methoxybenzylideneimino-3-mercapto-1,2,4-tria-
zole (8), pale white crystals, m.p. 230–232°C; lit.13 m.p.
224°C. 1H NMR (DMSO): � 3.83 (s, 3H, CH3), 7.08, (d,


2H, Ar H), 7.81 (d, 2H, Ar H), 8.86 (s, 1H, triazole H),
9.31 (s, 1H, CH=N), 14.01 (s, 1H, NH). 13C NMR
(DMSO): � 56.4, 115.8, 125.4, 131.4, 131.7, 139.1,
162.2, 163.5. Anal. Calcd for C10H10N4OS (234): C
51.28 H 4.27, N 23.93, S 13.67. Found: C 51.27, H 4.27,
N 23.55, S 13.41%. MS: m/z 234 (M�). IR (cm�1): 3405,
3133, 1602, 1548, 1293, 1253.
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ABSTRACT: The interaction of the cyclophanes 2,6,9,13-tetraaza[14]paracyclophane (L1) and 2,6,9,13-
tetraaza[14]metacyclophane (L2) and of their Zn2� and Cu2� complexes with CO3


2� and its protonated forms is
described. The actuation of the Cu2�–L2 system as an electrocatalyst for the reduction of CO2 to CO in water is
advanced. Copyright  2001 John Wiley & Sons, Ltd.
Additional material for this paper is available from the epoc website at http://www.wiley.com/epoc


KEYWORDS: azacyclophanes; carbon dioxide; Cu2� coordination; Zn2� coordination; electrocatalysis
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Low-cost utilization of CO2 to prepare organic chemicals
has been a challenge for chemists in recent decades.1 In
order to convert the thermodynamically stable and
relatively unreactive CO2 molecule into desired products
in an efficient manner, different molecular electrochemi-
cal or photochemical catalysts have been developed.
Among them, the molecular complex [Ni(cyclam)]2�


(cyclam = 1,4,8,11-tetraazacyclotetradecane) seems to be
one of the most efficient electrocatalysts since, apart from
achieving high catalytic activity, it is selective with
respect to the reduction of water to hydrogen and,
therefore, the process can be even carried out in aqueous
solution.2


Recently, we synthesized and studied the metal ion
coordination capabilities of a series of azacyclophane
ligands characterized by the presence of a single aromatic
unit linked to the ends of polyamine bridges with
different numbers of nitrogen atoms and hydrocarbon
chains between them. These topological features strongly
influenced the chemistry of these compounds. Thus, for
instance, the cyclophane 2,6,9,13-tetraaza[14]paracyclo-


phane (L1) coordinates metal ions such as Cu2�, Zn2� or
Hg2� through just three out its four nitrogen atoms; the
aromatic moiety, incorporated in the macrocyclic frame-
work, prevents the full involvement of all its four
nitrogens in the coordination to a single metal ion.3


Therefore, the coordination spheres of the metal ions are
not saturated by the nitrogen donors of the receptor and,
thereby, can bind additional ligands.4 One such ligand
could be CO3


2� in either its free or protonated form. This
unsaturated coordination environment is a common
feature in many Zn2� and Cu2� metalloenzymes.5


To check this point, we undertook a study on the
interaction of the Cu2� and Zn2� complexes of the
receptors L1 and 2,6,9,13-tetraaza[14]metacyclophane
(L2) with carbonate in aqueous solution. The formation
of carbonate complexes was studied by potentiometry,
and in the case of the Zn2� complexes also by 1H and 13C
NMR spectroscopy. Additionally, we tested the capabil-
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ities of the Cu2� and Zn2� complexes in the reduction of
CO2.6 In aqueous media, carbon dioxide undergoes
electrochemical reduction at highly negative potentials
for which typical reduction products are carbon mon-
oxide and formate and oxalate ions.7


/!�4+3� �2" "1��4��1�2


The protonation constants for L2 determined potentio-
metrically at 298.1 K in 0.15 M NaClO4 are shown in
Table 1. For comparison, the constants of L1 taken from
the literature3 are also included in Table 1. As can be
seen, the replacement of a para- by a meta-substituted
aromatic spacer is not accompanied by significant
variations in the basicity constants. As determined by
NMR, the protonation sequence follows similar trends to
those reported for L1. The first two protonation steps
affect mainly the benzylic nitrogen atoms and the fourth
one occurs on the central nitrogens.8


In Table 2 are given the stability constants for the
formation of Cu2� and Zn2� complexes under the same
experimental conditions. The behavior previously de-
scribed for the protonation can also be extended to the
formation of metal complexes. The same speciation and
similar values of the equilibrium constants are obtained
for the para- and meta-substituted ligands. Therefore, it
seems clear that also in the case of L2 the presence of the
aromatic spacer prevents the simultaneous coordination
of both benzylic nitrogen atoms to a single metal ion.
Molecular modeling calculations on L2 support this point
and show that the distance between the benzylic


nitrogens is �6.6 Å, a value that is not very different from
that calculated for L1 (6.9 Å). Accordingly, the ML2�


complexes display large protonation constants and the
coordination sphere of the metal ions can be completed
by additional exogenous ligands. As can be seen in the
table, the formation of hydroxylated complexes is very
important at high pH values for both Zn2� and Cu2�


complexes.
The interaction of L1 and L2 and their metal


complexes with CO3
2� was also studied by potentiome-


try and the results are presented in Table 3. Potentio-
metric measurements show that the free receptor is able
to interact with CO3


2� anions in the pH range 11–7.
Below this pH value, the measurements could not be
followed owing to CO2 evolution that altered the stability
of the e.m.f. readings. In this pH range, for both receptors,
the species [HL(CO3)]�, [H2L(CO3)] and [H3L(CO3)]�


were detected, with association constants varying
between 2 and 4 logarithmic units. Addition of either
Cu2� or Zn2� to form the ternary systems metal ion–
receptor–carbonate yield a clear enhancement of the
percentage of complexed carbonate (see Fig. 1 for the
systems L1–CO3


2�, Cu2�–L1–CO3
2� and Zn2�–L1–


CO3
2�). Interestingly, in the presence of the metal ions


there is a significant diminution of the pH at which CO2 is
liberated.


The potentiometric measurements allowed the identi-
fication of the species [CuHL(CO3)]�, [CuL(CO3)] and


3���� �* 6�
�
	���
	 �
	���	�� 
0 ������
�� +�. �	� +�
�������	�� �	 !�� � 7���+" �� )8-�� 2


Reactiona L1b L2b


H � L = HL 9.93(3)b 10.02(1)
H � HL = H2L 9.09(1) 9.22(1)
H � H2L = H3L 7.43(1) 7.53(1)
H � H3L = H4L 3.61(1) 3.43(2)


a Charges omitted for clarity.
b Values in parentheses are standard deviations in the last significant
figure.


3���� �* �)� �	� 9	)� �
����: 0
�����
	 �
	���	�� 
0 ������
�� +�. �	� +� �������	�� �	 !�� � 7���+" �� )8-�� 2


L1b L2b


Reactiona Cu2� Zn2� Cu2� Zn2�


M � L = ML 13.01(1)b 6.83(1) 13.22(2) 8.73(2)
ML � H = MHL 7.80(1) 7.74(2) 8.18(1) 7.03(5)
ML � H2O = ML(OH) � H �9.10(1) �8.67(2) �10.06(2) �8.01(2)


a Charges omitted for clarity.
b Values in parentheses are standard deviations in the last significant figure.


3���� #* 5;���<��� �
	���	�� 0
� �1� �*����� +�=�+.
)�


�	� +�=�+.
)� &/ > �+.


)�' �������	�� �	 !�� � 7���+" ��
)8-�� 2


Reactiona L1b L2b


L � A � H = HLA 13.22(1) 13.33(1)
L � A � 2H = H2LA 23.01(2) 23.28(2)
L � A � 3H = H3LA 31.11(1) 32.04(2)
HL � A = HLA 3.29 3.31
L � HA = HLA 3.53 3.64
HL � HA = H2LA 3.39 3.57
H2L � HA = H3LA 2.4 3.11


a Charges omitted for clarity.
b Values in parentheses are standard deviations in the last significant
figure.
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[CuL(OH)(CO3)]� for the Cu2�–L systems and
[ZnH2L(CO3)]2�, [ZnHL(CO3)]�, [ZnL(CO3)] and
[ZnL(OH)(CO3)]� for the Zn2�–L systems. The stability
constants associated with these interactions are fairly
high (Table 4); as an example, the constants for the
equilibria CuL2� � CO3


2� � CuL(CO3) would be
Cu2�–L1, logK = 4.26(3) and Cu2�–L2, logK = 4.61(5).
The distribution diagram for the ternary system Zn2�–
L2–CO3


2� is shown in Fig. 2.
Although coordination of the metal ions by three of the


four nitrogen donors in the macrocycle should yield
completely asymmetric complexes, this is not observed
in the 1H and 13C NMR spectra in D2O solutions. This is
due to the broad signals that appear as a consequence of
the metal coordination exchange between both sides of
the macrocycle on the NMR scale-time (see Scheme
1).3,9 However, addition of a slight excess of carbonate
yields a completely asymmetric spectrum with as many
signals as there are carbon atoms in the macrocycle.
Additionally, the signals become narrower owing to the
fact that carbonate coordination slows the exchange
process of the metal ion between the two equivalent parts
of the molecule (see Scheme 1 and Fig. 3 for the system
Zn2�–L1–CO3


2�). Indeed, in the NMR spectra with
excess of carbonate both signals corresponding to free
and complexed ligand can be observed (Fig. 3), as
confirmed by assignment from 2D NMR correlation
experiments (see Supplementary Material). Raman


spectroscopy supports bidentate coordination of CO3
2�.


For solutions of the ternary complexes at pH 9.0, a signal
at 1038 cm�1 [v2(A1)] attributable to this form of
coordination appears.10


Water-soluble Cu2�–L2 and Zn2�–L2 complexes
catalyze the electrochemical reduction of CO2, as
indicated by voltammetric and coulometric experiments.
In acidic media, cathodic linear scan voltammograms and
differential pulse voltammograms of Cu2�–L2 com-
plexes exhibit a single wave close to �0.25 V vs SCE, as
shown in Fig. 4(A) and (B) for a solution at pH 5.3. In the
subsequent anodic scan a classical stripping peak is
recorded at �0.10 V, denoting the formation of metallic


5�� �� �* 6�
�� 
0 �1� �����	���� 
0 �
����:�� ���<
	��� ��
�?


3���� .* 5;���<��� �
	���	�� 0
� �1� �*����� �)�=+�=�+.
)� �	� �)�=+�=�+.


)� &�)� > �)� 
� 9	)�' &/ > �+.
)�'


�������	�� �	 !�� � 7���+" �� )8-�� 2


L1b L2b


Reactiona Cu2� Zn2� Cu2� Zn2�


M � L � A � 2H = MH2LA 30.63(2)
M � L � A � H = MHLA 26.43(2) 21.32(1) 27.14(2) 22.42(2)
M � L � A = MLA 17.27(2) 13.29(2) 17.58(1) 15.75(1)
M � L � A � H2O = MLA(OH) 7.67(1) 4.69(1) — 7.67(2)


a Charges omitted for clarity.
b Values in parentheses are standard deviations in the last significant figure.
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copper on the electrode surface during the prior cathodic
step. In a CO2-saturated solution at pH 5.3, linear scan
and differential pulse voltammograms show two cathodic
peaks at �0.36 and �0.50 V, as depicted in Fig. 4(C) and
(D). A similar response is observed in neutral and
alkaline media, suggesting the stabilization of the
intermediate oxidation state Cu� towards its dispropor-
tionation into Cu2� and Cu0.


Cyclic voltammograms at pH 5.5 of Zn2�, Zn2�–L2
and CO2-saturated Zn2�–L2 solutions exhibit only one
cathodic wave at �0.45, �0.74 and �1.07 V, respec-
tively. The electrochemical pattern suggests that the
electron-transfer process is preceded by dissociation of
complex species. Then, the large cathodic shift of the
reduction wave observed for ternary Zn2�–L2–CO3


2�


adducts reflects the larger stability of the mixed
complexes with respect to the binary Zn2�–L2 one.


Linear scan voltammetric curves at a glassy carbon
electrode (geometrical area 0.28 cm2) for a CO2-satu-
rated aqueous solution in the absence and in the presence
of Cu2�–L2 complexes, both at pH 5.3, are shown in Fig.
5. In the absence of the complex, a poorly defined
cathodic wave appears at �1.34 V vs SCE preceding the
proton discharge wave close to �1.7 V. In the presence of
the Cu2�–L2 complex, only one prominent rising curve
appears at less negative potentials. The peak intensity
shows an 1800-fold increase with respect to that observed
in the absence of the catalyst.


5�� �� #* �.� 7�@ ������� 0
� 9	)�=+�=�+.
)� �
���
	� ��


�? AB &/' �B�B� �
��� ����
� ����1���� ����
	C &$' �B�B. �
���
����
� ����1���� ����
	C &�' �B�B� �
��� ����
� ��
����� ����
	C
&�' �B�B. �
��� ����
� ��
����� ����
	� /������D� �
�����
	�
�
 �1� 0��� ����	� ���
	�	��� 5�� �� .* ���1
��� ��00���	���� ���� �
�����
����� &/� �'


�	� ��	��� ���	 �
�����
����� &$� �' �� �1� �����* ���<
	
������
�� /� $B �)�=+� &#� �!�" �'C &�� �' �1� ����
�
���
	 �+)E��������� /� �B �6�� �� � > �! �����
�� > -! �� �C �B 3(�� �� � > �! ����� � > !�� � 7���+"�
�? >  �) 


5�� �� 0* ���1
��� ��	��� ���	 �
�����
����� �� �1� F�5
0
� &/' �+)E�������� �
���
	 &!�� � 7���+"'C &$' �1� ����
��� 9	)�=+� &!� !� �!�. �'C &�' �1� ���� ��� �)�=+�
&!� !�!�. �'� �?  �) C �
��	���� ���	 ����� �! �� ���


Copyright  2001 John Wiley & Sons, Ltd. J. Phys. Org. Chem. 2001; 14: 495–500


498 S. ANDRÉS ET AL.







In order to examine the kinetics of the process by
which the copper complexes catalyse the electroreduc-
tion of carbon dioxide, it is instructive to carry out the
reduction at rotating disk electrodes. The Levich plot of
the plateau currents vs the square root of the rotation rate
(included in the Supplementary Material) shows that the
experimental points deviate from linearity as the rotation
rate increases and such values are intermediate between
the estimated responses for the diffusion–convection-
controlled reduction of carbon dioxide by one (n = 1) or
two (n = 2) electrons.


The corresponding Koutecky–Levich plot of (plateau
current)�1 vs electrode (rotation rate)�1/2 is linear. The
reciprocal of the intercept of this linear representation
defines a potential-independent kinetic current, ik, whose
values increase linearly with the concentration of copper
complex. These results indicate that the current-limiting
reaction is first order with respect CO2 and first order with
respect the catalyst. In contrast, the values of ik do not
exhibit significant variations with the pH at a constant
Cu2�–L2 concentration, denoting that the rate-limiting
step is independent of pH. The catalytic effect, however,
is largely confined to the pH range 3.5–6.5 and decreases
drastically for pH �7.0. This effect is attributable to a
compromise between the presence in the solution of
significant amounts of complexed copper (requiring pH
�3.5) and dissolved CO2 (requiring pH �7.0).


It should be noted that the reduction of carbon dioxide
at inert electrodes proceeds through the mechanism
suggested by Amatore and Saveant11 in which carbon
monoxide, carbonate and oxalate ions can be formed
through disproportionation or dimerization of the anion
radical produced in the initial one-electron reduction of
carbon dioxide. Subsequent one-electron transfer yields
formate ions.


Since the catalytic reduction potential of CO2 is
considerably more negative than the formal reduction
potential of the catalyst, it is likely that CO2 reduction
occurs at a potential corresponding to the redox potential
of an adduct formed between the reduced substrate and
the catalyst in agreement with the literature.12


This appears to be confirmed by voltammetric
experiments after the potential was held at �1.0 V for a
few minutes and then reasuming the scan. When the
potential is switched beyond �1.50 V and scanned back,
a crossover appears in the cyclic voltammograms (see
Supplementray Material). This crossover is characteristic
of the formation, at the electrode surface, of a product
that is itself reducible at a potential just negative of the
carbon dioxide reduction process.13


As discussed by Ley and Anson14 for the catalytic
effect of Cu2�–phenanthroline complexes adsorbed on
graphite electrodes on the electroreduction of dioxygen, a
simple outer-sphere electron transfer between the Cu�–
L2 complex and carbon dioxide is not likely because no
reduction of CO2 occurs at potentials near the formal
potentials of the Cu2�–L2/Cu�–L2 couple. Thus, an


inner-sphere pathway involving the formation of ternary
Cu�–L2–CO2 complexes seems called for. The large
stability of ternary Cu� complexes compared with that of
Cu�–L2 binary complexes towards disproportionation
and the first-order dependence of the kinetic currents
calculated from Koutecky–Levich plots on the concen-
tration of Cu2�–L2 suggests that the formation of such
Cu� intermediates plays a crucial role in the catalytic
mechanism.


The electrocatalytic effect of Zn2�–L2 complexes is
less intense than that of Cu2�–L2 complexes. Thus, in a
CO2-saturated solution at pH 5.3, the cathodic wave for
the reduction of CO2 is about 10 times larger than that
recorded in the absence of the complex. Electrocatalysis
is constrained to pH values between 4.5 and 7.0 because
of the almost entire dissociation of Zn2�–L2 complexes
below pH 5.0 and the protonation equilibria of carbon
dioxide. The maximum catalytic effect appears at pH
close to 6.0. Compared with the Cu2� complexes, the less
pronounced catalytic effect of Zn2�–L2 complexes
reflects the importance of the relative stability of the
intermediate Cu� complex species.


!67!/1,!23�+


���������� The synthesis of L1 was accomplished
following the general procedure reported elsewhere.15


L2 was prepared by a similar procedure and its synthesis
will be published elsewhere. The compounds were
handled as tetra(hydrobromide) salts and gave satisfac-
tory elemental analyses and spectroscopic characteriza-
tion. Data for L2.4HBr: m.p. 240–242°C; 1H NMR,
solvent D2O, �H (ppm) 1.90–2.05 (m, 4H), 3.01–3.18 (m,
8H), 3.40 (s, 4H), 4.29 (s, 4H), 7.47 (s, 3H), 7.62 (s, H);
13C NMR, �C (ppm) 22.6, 42.3, 43.9, 44.7, 50.9, 131.5,
131.6, 132.8, 133.9. Anal. Calcd for C16H32Br4N4: C
32.03, H 5.38, N 9.34. Found: C 32.2, H 5.4, N 9.5%.


7�@ ������
��
�*� 1H and 13C NMR spectra were
recorded on Varian Unity 300 and 400 spectrometers.
The chemical shifts are reported in ppm from TMS but
were measured against the solvent signal; dioxane
(� = 67.4 ppm) was used as reference for 13C NMR
spectra in D2O. All assignments have been performed on
the basis of 1H–13C heteronuclear multiple quantum
coherence experiments (HMQC, HMBC, GHMQC and
GHMBC). The pH was calculated from the measured pD
values using the correlation pH = pD �0.4.16


6
��	��
������ ��������	��� Stability constants were
determined by pH-metry at 298.1 � 0.1 K in 0.15 M


NaClO4 using the equipment that has been described
elsewhere.17 The program SUPERQUAD was used to
establish the speciation of the system and to calculate the
stability constants.18 Measurements of the systems
containing carbonate were usually run between pH 11
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and �7. Lower values of pH could not be explored owing
to CO2 evolution.


@���	 ������
��
�*� Spectra were recorded in an FT
Raman Perkin-Elmer diode-pumped Nd:YAG laser PSU
spectrometer. A total of 100 scans were measured at 960
mW.


5�����
�1������ �:������	��� Linear scan, cyclic and
differential pulse voltammetric experiments for the
Cu2�–and Zn2�–L2 systems were performed on aqueous
(0.15 M NaClO4) solutions of Cu2� or Zn2� nitrates in the
10�6–10�3 M concentration range, containing a stoichio-
metric amount or a small excess of the macrocyclic
ligand. The solution was first degassed with argon and
then cyclic voltammograms were recorded. Subse-
quently, CO2 was bubbled in the solution over a period
of 15 min and then voltammetric experiments were
performed under a CO2 atmosphere.


Solutions of the Cu2� or Zn2� complexes ions were
prepared by mixing Cu(NO3)2 or Zn(NO3)2 with L2 in a
molar ratio of 1:1 in 0.15 M NaClO4. The pH was
adjusted to the required values by adding appropriate
amounts of HClO4 and/or NaOH solution.


Cyclic voltammetry was performed with a Newtronics
200P wave generator, an HQ101 potentiostat and a
Riken-Denshi F35 x–y recorder. Linear scan and
differential pulse voltammograms at stationary and
rotating disk electrodes were obtained with a Metrohm
E506 polarecord stand. Experiments were carried out in a
conventional three-compartment cell with glassy carbon
and gold working electrodes. A saturated calomel
reference electrode (SCE) and a platinum wire auxiliary
electrode completed the three-electrode configuration.
Rotating disk voltammograms were obtained with a
Metrohm 628-10 rotating disk device using a gold
electrode (area 0.071 cm2).


Prior to the series of experiments, the working
electrode was cleaned and activated. Electrochemical
pretreatment was performed in blank solutions by
applying �1.50 V vs SCE for 10 min followed by �1.0
V for 1 min. Before each run the electrodes were polished
with an aqueous suspension of alumina on a soft surface,
dried and cleaned. Bulk electrolyses were performed in a
two-electrode configuration using a two-arm voltam-
meter with pyrolytic graphite electrodes. All voltam-
metric experiments were performed at 25°C under either
an argon or a carbon dioxide atmosphere. A very slow
flow of carbon dioxide was maintained during electro-
chemical measurements.
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ABSTRACT: Various highly crowded tertiary alkyl chlorides having a neopentyl or a (1-adamantyl)methyl
substituent on the reaction center were subjected to solvolysis rate studies, and the Grunwald–Winstein (GW) type
relationship with respect to theYCl scale was examined. Analyses of the plots showed that these bulky substituents
efficiently preclude the nucleophilic solvent participation from the rear side and that the data points for non-aqueous
protic solvents give linear GW type plots. On the other hand, increased crowding causes considerable downward
dispersions of the data points in aqueous mixtures of ethanol, acetone and 1-propanol. The magnitude of the
downward dispersion increases in this order, giving a curvature with a downward bulge in the GW type relationship.
Aqueous mixtures of the smallest alcohol, methanol, on the other hand, give only slight downward dispersions of the
data points, which constitute a linear GW type plot. These results can be explained in terms of two causes. First,
structural crowding makes the transition state of ionization less susceptible to the Brønsted base-type hydration to the
b-hydrogens than 1-chloroadamantane as the standard of theYCl scale. Second, with highly hydrophobic substrates
the first solvation shell in aqueous ethanol is expected to become more ethanol rich than the bulk phase, causing less
easy ionization of the substrate. The rate data can be semiquantitatively analyzed by using Hansch’s hydrophobicity
parameters. The present anomalies found in solvolysis reactions are regarded as a kinetic version of Wepster’s
observations of the solvent effects on the magnitude of Hammetts constants of bulky alkyl groups. Copyright 2001
John Wiley & Sons, Ltd.
Additional material for this paper is available from the epoc website at http://www.wiley.com/epoc


KEYWORDS: solvolysis rate; tertiary alkyl chloride; steric congestion; solvent effect; Grunwald–Winstein
relationship; solvation; hydrophobic effect


INTRODUCTION


Tertiary chloroalkanes constitute a family of popular
substrates in solvolysis studies.1 However, systematic
work related to the solvent effects on their solvolytic
reactivities, in particular on the Grunwald–Winstein
(GW) relationship, has been started only recently by
the Liu’s2 and our3 groups. This paper presents a full
account of the solvent effects in the solvolysis of various
crowded tertiary chloroalkanes3–9 in comparison with
2-chloro-2-methylpropane (2).


The GW relationship was originally proposed as a
linear free energy relationship in solvolytic reactions as


represented by the equation


logk=ko � mY 1


where k and ko are the first-order rate constants of
solvolysis of a given compound in a given solvent and in
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80%EtOH–20%H2O (v/v) at 25.0°C, respectively.4 As
thereferencecompound2 wasselected,andtheionizing
powerof asolvent,Y, wasdefinedby placingm= 1.00for
2 in eqn(1).4


In 1970, Schleyerand co-workersnoted that even2
would be subject to nucleophilic solvent participation
(NSP),5a andin 1982,Bentleyandco-workersredefined
YCl by using1-chloroadamantane(1)5b,c as the standard
chloridewhoserearsideis geometricallyprecludedfrom
NSP[Eqn. (2)]:


logk=ko � mYCl 2


TheyexaminedtheGW type relationshipof 2 against
YCl andfoundthat thedatapointsfor waterandaqueous
mixturesof organicsolventsfall upwardwith respectto
thosefor fluorinatedsolvents,suchas2,2,2-trifluoroetha-
nol (TFE),1,1,1,3,3,3-hexafluoro-2-propanol(HFIP)and
trifluoroaceticacid (TFA).5b Recently,we reportedthat
all the data points in many solventsexaminedfor 2-
chloro-2,4,4-trimethylpentane (3) are well accommo-
datedby a singlemYCl plot becausethe rearsideof 3 is
effectively shielded by the tert-butyl group.3a,c,d We
extendedthe study to the highly crowded 4-chloro-
2,2,4,6,6-pentamethylheptane(8) andfoundthat thedata
pointsof aqueousorganicsolventscomebelow thoseof
non-aqueoussolvents.3b The result was interpretedas
suggestingthat the bulky tert-butyl groups inhibit not
only the NSP toward the cationic center,but also the
Brønstedbase-typehydrationtowardtheb-hydrogensin
thetransitionstateof ionization.3b Furtherstudieson the
solvolysis of 8 revealedthat a downward bulge was
evident for the aqueousethanol data points.3d This
phenomenonwasascribedto hydrophobiceffects.3d


This papersummarizesthe accumulatedratedatafor
thesolvolysisof 3–9andsomeadditionalratedatafor 1
and2, andagainemphasizesthe importantfactorsof the
Brønstedbase-typehydrationandhydrophobiceffectsas
the causeof dispersionsof datapoints in the GW type
relationshipwith respectto YCl.


RESULTS


Substrates


The chlorides except for 5, 7 and 9 were reported
recently.6 The chlorides5, 7 and9 werepreparedfrom
the correspondingknown alcoholsby hydrochlorination
with HCl gas.The newprecursoralcoholcorresponding
to 9 was obtained by treating 1-(1-adamantyl)-4,4-
dimethyl-2-pentanone with methyllithium.


Solvolysis rates


1-Chloroadamantane (1). New YCl values for some


binarysolventsystemscontainingTFE andMeOH,TFE
andDMSO, and1-propanolandwaterwereobtainedby
determiningthe solvolysis ratesof 1 in thesesolvents.
The resultsaresummarizedin Table1.


2-Chloro-2-methylpropane (2) and 2-chloro-2,4,4-
trimethylpentane (3). New rateconstantsof solvolysis
of 2 were obtained in some binary solvent systems
containingTFE andMeOH, TFE andDMSO, and60%
TFE–40%EtOH(60T40E),andaresummarizedin Table
2. Table 2 also gives some newly determined rate
constantsfor 3 in 50% MeOH–50%water (50M50W)
andthreeTFE–EtOHmixtures.


Other congested tertiaryl chloroalkanes (4±9). The
ratesof solvolysis for 4–9 were determinedin various
solventsystemsandaresummarizedin Table3. Therate
of 8 in 80E20Whasalsobeenreportedin the literature.7


Elevenout of 25 rateconstantsfor thesolvolysisof 8 in
Table3 werereportedpreviously.3b


Solvolysis products


Previously,we reportedthat the methanolysisof 3 at
50°C gavethecorrespondingmethyletherandalkenesin


Table 1. Rate constants of solvolysis for 1-chloroadaman-
tane (1) in TFE±MeOH, TFE±DMSO, and 1-propanol±H2O at
25.0°C, and the corresponding YCl values


Solventa k� 105 (sÿ1) YCl
b


80T20M 0.0357c,d 1.65
60T40M 0.0041e,f 0.71
90T10D 0.0413c,g 1.71
80T20D 0.00385c,h 0.68
70P30W 0.0026e,i 0.51
60P40W 0.0073e,j 0.96


a M, T, D, P andW denotemethanol,2,2,2-trifluoroethanol,dimethyl
sulfoxide, 1-propanol,and water, respectively.The numbersmean
volumeÿ% of each componentat 25.0°C. The concentrationof
substratewas0.020mol dmÿ3.
b The YCl values were calculated by using ko = 8� 10ÿ9 sÿ1 for
80E20W5b andEqn.(2) with m= 1.
c Determined titrimetrically in a single run in the presenceof
0.025mol dmÿ3 2,6-lutidinewithin anexperimentalerror�2%.
d k = 7.54� 10ÿ6 sÿ1 (50.0°C), 9.15� 10ÿ5 sÿ1 (75.0°C); DH‡ =
22.3kcalmolÿ1; DS‡ =ÿ13.2calmolÿ1 Kÿ1.
e Extrapolatedfrom datadeterminedtitrimetrically in thepresenceof
0.025mol dmÿ3 2,6-lutidineat othertemperatures.
f k = 1.05� 10ÿ6 sÿ1 (50.0°C), 1.69� 10ÿ5 sÿ1 (75.0°C); DH‡ =
24.3kcalmolÿ1; DS‡ =ÿ11.0calmolÿ1 Kÿ1.
g k = 1.05� 10ÿ5 sÿ1 (50.0°C), 1.34� 10ÿ4 sÿ1 (75.0°C); DH‡ =
23.3kcalmolÿ1; DS‡ =ÿ9.6 calmolÿ1 Kÿ1.
h k = 9.63� 10ÿ7 sÿ1 (50.0°C), 1.61� 10ÿ5 sÿ1 (75.0°C); DH‡ =
24.3kcalmolÿ1; DS‡ =ÿ11.0calmolÿ1 Kÿ1.
i k = 7.19� 10ÿ7 sÿ1 (50.0°C), 1.33� 10ÿ5 sÿ1 (75.0°C), 1.50�
10ÿ4 sÿ1 (100.0°C); DH‡ = 25.0kcalmolÿ1; DS‡ =ÿ9.4
calmolÿ1 Kÿ1.
j k = 2.08� 10ÿ6 sÿ1 (50.0°C), 3.71� 10ÿ5 sÿ1 (75.0°C), 4.38�
10ÿ4 sÿ1 (100.0°C); DH‡ = 25.0kcalmolÿ1; DS‡ =ÿ7.2
calmolÿ1 Kÿ1.
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26and74%yields,respectively.3c In themethanolysisof
4 theyieldsof themethyletherandalkeneswere30 and
70%,respectively,at 25°C (Scheme1). With increasein
crowding, the yield of methyl ether decreased;6 (at
50°C) and 8 (at 25°C) gave the correspondingmethyl
ether in 12 and 6% yields, respectively. In the less
nucleophilic solvent TFE the substitutionproduct was
formedin 1% or lessyield from 6 and8.


DISCUSSION


The Grunwald±Winstein (GW) type relationship


As mentionedabove,BentleyandCarterfound that the
GW type plot for 2-chloro-2-methylpropane(2) against
YCl showeddispersionsof thedatapointsfor fluorinated
solventsbelow the aqueousethanol,aqueousmethanol
and aqueousacetonedata points.5b The faster ratesof
solvolysis of 2 in aqueousorganic solvents such as
EtOH–H2O, MeOH–H2O, TFE–H2O and acetone–H2O
thanexpectedfrom fluorinatedsolventdatapointswere
ascribed to nucleophilic assistanceto ionization in
aqueoussolventmixtures.5b


We carefully examinedthe datapointsfor fluorinated
solvents and further added some data points for the
solventsasshownin Table2. In consequence,it turned


out thatall thedatapointsfor non-aqueoussolventswith
theexceptionof formic acidarewell accommodatedby a
singlestraightline with m= 0.58(r = 0.9967)(Fig. 1).3d


Themagnitudeof this valueis considerablysmallerthan
the m values (0.73–0.77) for the other crowded
compounds3–9 employed in this work. This can be
ascribedto thegreaterNSPof ethanolandmethanolthan
the fluorinatedsolvents.It shouldalsobe notedthat the
methanoldatapoint deviatesslightly upwards(Fig. 1).
The non-aqueoussolventsystems,which we concluded
could be accommodatedby the single linear relation,
include 97HFIP, TFA, TFE, TFE–EtOH,TFE–MeOH,
TFE–DMSO,AcOH, MeOH andEtOH. In this respect,
the marked upward deviation of the formic acid data
point suggests a significant contribution to cation
stabilization,which deservescarefulexamination


The upwarddeviationsof the datapointsfor aqueous
solventmixturesare obviously causedby the very fast
rateof 2 in water(YCl = 4.575b,c). Clearly,theproblemis
focused on the question of why water accelerates
dramatically the solvolysis of 2 as comparedwith 1
(seebelow).It shouldalsobepointedoutthattheaqueous
methanol data points are linear whereasthe aqueous
ethanolandaqueousacetonelines showa slight upward
bulge.


In contrast,all thedatapointsfor thesolvolysisof 3 in
both aqueous and non-aqueoussolvents are well
accommodatedby a single straight line (Fig. 1). Liu
and co-workersreportedthat 3-chloro-3-isopropylpen-
taneand3-tert-butyl-3-chloropentanebehavesimilarly to
3 in the GW relationship.2 Phenomenologically, this
would have beencausedby the close approachof the
water data point to the non-aqueousline. Most of the
solvolysisratesusedfor the plots in Fig. 1 arereported
ones;all the data are summarizedin Table S1 in the
SupplementaryMaterial.


The linear behavior of the GW relationship for 3
suggestedthatcompounds4–9 havinggreatercongestion
would also behavesimilarly. Figures2 and 3 showthe
GW plots for 4–6 and7–9, respectively.Therearea few
new phenomenathat havenot beennotedbeforein this
field, asfollows.


(1) In theGW plotsof 4, 5, 6 (Fig.2) and7 (Fig.3), the
aqueousmethanoldatapointsarenearlyaccommodated
by the linearcorrelationfor non-aqueoussolvents.Since
the aqueousmethanol lines are essentiallylinear, the
waterdatapoint would fall on the non-aqueousline. On
theotherhand,theaqueousethanolandaqueousacetone
datapoints fall below the non-aqueousline. Obviously,
theseaqueoussolventmixturesshowa curvaturewith a
downwardbulge.


(2) In the highly crowdedcompounds8 and 9, the
deviationof the aqueousethanol,aqueousacetoneand
two aqueous1-propanoldatapointsbecomesenormous.
In thesecompounds,the hypotheticalwater datapoints
aresupposedto fall belowthenon-aqueousline, sincethe
aqueousmethanollines are almost linear. This is also


Table 2. Newly determined rate constants of solvolysis for 2-
chloro-2-methylpropane (2) and 2-chloro-2,4,4-trimethyl-
pentane (3) in TFE±MeOH, TFE±DMSO, 50% MeOH or
TFE±EtOH at 25.0°C


k� 105 (sÿ1)


Solventa 2 3


80T20M 2.11b,c —
60T40M 0.595b,d —
90T10D 2.12b,e —
80T20D 0.391b,f —
50M50W g 3520h


60T40E 0.408b 52.1b


50T50E g 19.9b


40T60E — 7.45b


a E, M, T, D andW denoteethanol,methanol,2,2,2-trifluoroethanol,
dimethylsulfoxideandwater,respectively.Thenumbersmeanvolume
ÿ% of eachcomponentat 25.0°C. Theconcentrationof substratewas
0.020mol dmÿ3 in titrimetric runs or (2–3)� 10ÿ4 mol dmÿ3 in
conductimetricruns.
b Determined titrimetrically in a single run in the presenceof
0.025mol dmÿ3 2,6-lutidinewithin anexperimentalerror�2%.
c k = 3.92� 10ÿ4 sÿ1 (50.0°C); DH‡ = 21.8kcalmolÿ1; DS‡ =ÿ6.9
calmolÿ1 Kÿ1.
d k = 1.18� 10ÿ4 sÿ1 (50.0°C); DH‡ = 22.3kcalmolÿ1; DS‡ =ÿ7.7
calmolÿ1 Kÿ1.
e k = 4.16� 10ÿ4 sÿ1 (50.0°C); DH‡ = 22.2kcalmolÿ1; DS‡ =ÿ5.5
calmolÿ1 Kÿ1.
f k = 8.90� 10ÿ5 sÿ1 (50.0°C); DH‡ = 23.3kcalmolÿ1; DS‡ =ÿ5.0
calmolÿ1 Kÿ1.
g SeeTableS1 in SupplementaryMaterial.
h Determinedconductimetricallyin the absenceof a buffer within an
experimentalerrorof �1%.
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supportedby the slower rate of 8 in 70T than in 100T
despitethegreaterYCl valueof theformer(2.96)5b,c than
the latter (2.83).5b,c


The abovetwo featuresappearto be characteristicof


highly alkyl-substitutedsubstrates.It is suggestedthat 8
and 9 may be less nucleophilically assistedthan the
standard1-chloroadamantane(1). We havefoundthat1-
bromo-3,5,7-triisopropyladamantane(10) also shows


Table 3. Rate constants of solvolysis of congested teritiary choloroalkanes


105 k (sÿ1) at 25.0°C
Solventa YCl


b 4 5 6 7 8 9


100E ÿ2.5 0.800c,d 1.17c 1.26c 3.92c 21.7c 37.7c


90E10W ÿ0.9 7.78c 10.1c 11.4c 31.8c 156e 233e


80E20W 0.00 32.0c 40.0c 46.5c 113e 527e,f 708e


70E30W 0.8 93.7e 124e 144e 318e 1500e 1760e


60E40W 1.38 245e 349e 481e 1070e 4280e 4190e


50E50W 2.02 1600e


40E60W 2.75 9170g


100M ÿ1.2 7.64c 11.9c 13.9c 39.3c 202e 370e


90M10W ÿ0.2 39.6e 61.3e 70.7e 174e 955e 1560e


80M20W 0.67 164e 207e 319e 703e 3910e 5280e


70M30W 1.46 568e 879e 1130e 2830e 13900e,h 21200e


60M40W 2.07 2180e 10500e


70A30W 0.17 34.7e 51.0c 55.4e 135e 596e 684e


50A50W 1.73 632e 1040e 1210e 1910e 6140e 8280e


40A60W 2.46 5130g


AcOH ÿ1.6 134i


100T (2.83)j 7390k 18800k 15100k,l 283000k,m,n


97T3W 2.83 8010k


70T30W 2.96 9800k 13300k 18700k,o 227000k,m,p


50T50W 3.16 11100k 19600k,m,q


80T20E 1.89r 922k 1630k 2220k 6750k 43000k,m,s


60T40E 0.63r 130k 209k 285k 779k 5100k 10100k


50T50E 0.16r 46.9k 81.9k 299k 1900k 3540k


40T60E ÿ0.48r 22.0k 691k 1410k


20T80E ÿ1.42r 112k


80T20M 1.65t 36600k,m,u


60T40M 0.71t 5920k,v


90T10D 1.71t 42800k,w


80T20D 0.68t 5100k,x


70P30W 0.51t 431g


60P40W 0.96t 855g


a E, M, A, T, D, P, andW denoteethanol,methanol,acetone,2,2,2-trifluoroethanol,dimethyl sulfoxide,1-propanolandwater,respectively.The
numbersmeanvolumeÿ% of eachcomponentat25.0°C, exceptfor theT–W system,which is basedonweightÿ%. Theconcentrationof substrate
was0.020mol dmÿ3 in titrimetric runsor (2–3)� 10ÿ4 mol dmÿ3 in conductimetric runs.
b Quotedfrom Ref. 5c unlessnotedotherwise.
c Determinedtitrimetrically in asinglerunin thepresenceof 0.025mol dmÿ3 2,6-lutidinewithin anexperimentalerror�2%unlessnotedotherwise.
d k = 2.05� 10ÿ4 sÿ1 (50.0°C); DH‡ = 24.2kcalmolÿ1; DS‡ =ÿ0.5 calmolÿ1 Kÿ1.
e Determinedconductimetricallyin duplicatein thepresenceof 0.025mol dmÿ3 2,6-lutidinewithin anexperimentalerrorof �1%.
f A reportedvalueis 5.25� 10ÿ3 sÿ1.7
g Determinedconductimetricallyin duplicatein theabsenceof 2,6-lutidinewithin anexperimentalerrorof �1%.
h k = 0.0734sÿ1 (18.38°C), 0.109sÿ1 (22.5°C), 0.136sÿ1 (24.7°C); DH‡ = 16.2kcalmolÿ1; DS‡ =ÿ8.1 calmolÿ1 Kÿ1.
i Determinedin the presenceof 0.025mol dmÿ3 NaOAc.
j Thevalueof 97T3Wwasassumed.
k Determinedconductimetricallyin duplicatein thepresenceof 0.00125mol dmÿ3 2,6-lutidinewithin anexperimentalerrorof �1%.
l k = 0.0481sÿ1 (9.7°C), 0.111sÿ1 (20.5°C); DH‡ = 12.0kcalmolÿ1; DS‡ =ÿ22.1calmolÿ1 Kÿ1.
m Extrapolatedfrom dataat othertemperatures.
n k = 0.0547sÿ1 (ÿ20.0°C), 0.124sÿ1 (ÿ12.0°C), 0.351sÿ1 (ÿ0.6°C); DH‡ = 12.5kcalmolÿ1; DS‡ =ÿ14.4calmolÿ1 Kÿ1.
o k = 0.0459sÿ1 (12.1°C), 0.111sÿ1 (20.0°C); DH‡ = 17.8kcalmolÿ1; DS‡ =ÿ2.3 calmolÿ1 Kÿ1.
p k = 0.0575sÿ1 (ÿ10.5°C), 0.108sÿ1 (ÿ5.0°C), 0.180sÿ1 (ÿ0.6°C); DH‡ = 15.5kcalmolÿ1; DS‡ =ÿ4.8 calmolÿ1 Kÿ1.
q k = 0.0454sÿ1 (9.0°C), 0.0753sÿ1 (14.0°C), 0.120sÿ1 (19.5°C); DH‡ = 14.6kcalmolÿ1; DS‡ =ÿ12.9calmolÿ1 Kÿ1.
r Ref.13a.
s k = 0.0537sÿ1 (5.0°C), 0.0919sÿ1 (10.0°C), 0.204sÿ1 (17.5°C); DH‡ = 16.6kcalmolÿ1; DS‡ =ÿ4.6 calmolÿ1 Kÿ1.
t SeeTable1.
u k = 0.0790sÿ1 (9.5°C), 0.130sÿ1 (14.3°C), 0.216sÿ1 (19.5°C); DH‡ = 15.9kcalmolÿ1; DS‡ =ÿ7.1 calmolÿ1 Kÿ1.
v k = 0.0288sÿ1 (18.3°C), 0.0334sÿ1 (19.7°C), 0.0423sÿ1 (22.0°C); DH‡ = 17.9kcalmolÿ1; DS‡ =ÿ4.0 calmolÿ1 Kÿ1.
w k = 0.0973sÿ1 (10.5°C), 0.215sÿ1 (18.1°C); DH‡ = 16.6kcalmolÿ1; DS‡ =ÿ4.6 calmolÿ1 Kÿ1.
x k = 0.0272sÿ1 (19.32°C), 0.0328sÿ1 (20.95°C), 0.0406sÿ1 (22.91°C), 0.0594sÿ1 (26.40°C), 0.255 sÿ1 (40.00°C); DH‡ = 19.1kcalmolÿ1;
DS‡ =ÿ0.3 calmolÿ1 Kÿ1.
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very similar behaviorin the GW plot.3d We ascribethe
downwardpositioningof the waterdatapoint below the
non-aqueoussolventline andthebulgefoundfor aqueous
ethanol and aqueousacetonedata points to different
causesasdiscussedbelow.


Steric hindrance to Brùnsted-base type hydration


1-Chloroadamantane(1) cannot be attacked by a
nucleophilefrom the rearside.Therefore,the resultthat
1 is moresusceptibleto solventnucleophilicitythan8 or
9 may be interpretedas a sign that 1 is more strongly
solvatedthan8 or 9 on the cationside in the transition
stateof ionization.In theearlywork by Bentley,andco-
workers, they postulatedthat the NSP as indicatedby
using Eqn. (2) is consideredto involve the interactions
with both the reactingcarbonatom and the hydrogen
atoms,in particulartheb-hydrogens.8 Recently,Richard
et al. pointedout thatBrønstedbase-typesolvationto b-


Scheme 1


Figure 1. Grunwald±Winstein plots with respect to YCl for
the solvolysis of 2 and 3 at 25°C. The points for 3 are shifted
upward by 2 units for clarity. The m value for 2 in non-
aqueous solvents is 0.58 (r = 0.9967) and that for 3 in all
solvents is 0.75 (r = 0.9977)
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hydrogenswould be more important than nucleophilic
assistancetowardcarbeniumcarbonin theionizationstep
of cumyl substrates.9 According to Monte Carlo and
RISM calculationson the hydrationof a t-Bu�Clÿ ion
pair, theaverageprimaryhydrationnumberis about1 for
carbeniumcarbon,but it amountsto 3 for eachmethyl
group.10Thelattertypeof solvationtob-hydrogensin the
transitionstateof ionizationof 8 or 9 shouldbeseverely
blocked owing to the presenceof bulkyl tert-butyl or
adamantylgroups. The downward positioning of the
waterpointsbelowthenon-aqueousline maybeascribed
to greater steric hindrance of hydration toward b-
hydrogensin 8 or 9 thanin 1.


Dependence of curvature on substrate and sol-
vent


Markeddeviationswith a curvedshapein the GW type
plot, which are observedfor the solvolysisof crowded
substratesin aqueousethanol, aqueousacetone and
aqueous1-propanol(Figs.2 and3), call for cautionand
placea limitation on the useof thesesolventsystems.
Aqueous methanol is a good solvent system in this
respect,butpoorsolubilitiesof substratesrestrictits wide


use.Severalfactorscould be behindthe behaviorof the
solvents to give curvatures, including hydrophobic
effects,changingclusterstructure,possibility of solvent
sortingor formationof waterpools,differencein ground-
statesolvationbetweensubstrates,andevenmechanistic
differences between the crowded alkyl systemsand
standard1-chloroadamantane(1). Among thesepossibi-
lities, we preferthehydrophobiceffect (seebelow).


Themarkedcurvaturesof theplotsof aqueousethanol
data(Figs.2 and3) stemfrom significantdeviationsfrom
linearity in the log k vs watermole fraction (fH2O) plots
[Fig. 4(a)]. More comprehensibleplots aregiven in Fig.
4(b),wherethedeviations(Dlog k) in Fig.4(a)areplotted
against fH2O. The deviation increasesin the order
2< 1� 3< 6< 8< 9.


We examinedsimilar plots for aqueousmethanoland
TFE–EtOHsystems,but the former showedonly slight
deviationsof <0.2 log k unit, and the latter gave an
essentiallylinear plot of log k vs. TFE mole fraction as
shownin Fig. 5 for 1, 2, 3 and8.


Hydrophobic effects


The deviation in the linear free energy relationship


Figure 2. Grunwald±Winstein plots with respect to YCl for
the solvolysis of 4, 5 and 6 at 25°C. The points for 5 and 6
are shifted upward by 2 and 4 units, respectively, for clarity.
The m values for 4, 5 and 6 in non-aqueous solvents are 0.74
(r = 0.9976), 0.76 (r = 0.9959) and 0.75 (r = 0.9995), respec-
tively


Figure 3. Grunwald±Winstein plots with respect to YCl for
the solvolysis of 7, 8 and 9 at 25°C. The points for 8 and 9
are shifted upward by 2 and 4 units, respectively, for clarity.
The m values for 7, 8 and 9 in non-aqueous solvents are 0.73
(r = 0.9994), 0.77 (r = 0.9987) and 0.76 (r = 0.9992), respec-
tively
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causedby solvent effects has been reported in the
Hammett rule. Hoefnageland Wepsterfound that the
Hammetts constantsof bulky alkyl groups,suchastert-
butyl and1,1-diethylpropyl(Et3C), becomesignificantly
more negative (less ionizing) in aqueousethanol or
aqueoustert-butyl alcohol thanin water,andthe results
wereascribedto the hydrophobiceffect.11 They applied
Hansch’shydrophobicconstant(p)12 for substituentsto
improve the Hammett relationshipin aqueousorganic
solvents.11 The presentresults in solvolysis reactions
constitutea kinetic versionof HoefnagelandWepster’s
observations.We assumethat the more alkylated the
substrate,themorewatermoleculesareexpelledfrom the
solvation shell. Presumably,the first solvation shell
becomesmore ethanol-richthan the bulk phase.This
would leadto lesseasyionizationof thesubstrate.


We wished to examinesemiquantitativelythe sensi-
tivity of hydrophobiceffect in aqueousmethanoland
aqueousethanol.Sincetheextentof downwarddeviation
from thenon-aqueousline indicatesthemagnitudeof the
hydrophobiceffect, we examinedthe ratesin 70E30W
and80M20Wrelativeto thatin 60T40Easastandardfor
each substrate.These solvent systems have similar
respectiveYCl values,0.8,5b,c 0.675b,c and0.6313a (Table
3). Therefore,thequantitiesdefinedby log(k70E/k60T40E)
andlog(k80M/k60T40E) mayberegardedasa parameterof
thehydrophobiceffect exertedby 70Eand80M at a YCl


value of approximately 0.7. The magnitude of the
hydrophobiceffectwith respectto thesubstratestructure
may be evaluatedby makinga plot of log(k70E/k60T40E)
and log(k80M/k60T40E) vs relative Hansch’shydrophobic
constants(


P
p). We selected2-chloro-2-methylpropane


(2) asa standard(
P


p = 0), andthe
P


p valuesof other
compoundswerecalculatedby assumingtheadditivity of


p. For example,
P


p of 6 was evaluatedas 3.10 by
consideringthat the threehydrogensof 2 werereplaced
by a tert-butyl (p = 1.98)12 and two methyl (p = 0.56)12


groups.Table 4 summarizesthe
P


p, log(k70E/k60T40E),
and log(k80M/k60T40E) values, and Fig. 6 shows the
relationshipsbetweenthetwo logarithmicrateratiosandP


p.
A comparisonof theslopes,ÿ0.25for 70Eandÿ0.09


for 80M, indicatesthattheformersolventsystemis about
2–3 times more sensitiveto the hydrophobicityof the
substrate.Theupwarddeviationsof thevaluesfor 2 from
the correlationlines in Fig. 6 would be ascribedto NSP


Figure 4. (a) Plots of log k against mole fraction of water in the solvolysis of 1, 2, 3, 6, 8 and 9 in EtOH±H2O at 25°C. The rate
constants in water for 1 and 2 were taken from Refs 5b and 4, respectively, and those for 3, 6, 8 and 9 were estimated by
extrapolation of the MeOH±H2O data points to YCl of water (4.57) in Figs 1±3. (b) Plots of deviations of log k from a straight line
in Fig. 4(a) against mole fraction of water


Figure 5. Plots of log k against mole fraction of TFE in the
solvolysis of 1, 2, 3 and 8 in TFE±EtOH at 25°C
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including the Brønstedbase-typesolvation. Recently,
Tada et al. reported the hydrophobic effects on the
solvatochromism (ET) in various aqueous organic
solvents.14


Possibilities of differential ion-pair return or
mechanistic change


Recently,Kevill and D’Souza13b applied Eqn. (3) to a
limited numberof rate data3b for 8 that we reportedin
1997:


logk=ko � mYCl � hI 3


Equation (3) was originally developedto correct the
chargedelocalizationto an aromaticring,15 but it was
also shown to be usable for correction of ion-pair
return.16 Compounds8 and 9 mainly give alkenesas
solvolysisproduct.This meansthat the leaving group,
once ionized, mainly attacks one of the neighboring
hydrogenatoms,andthefractionof ion-pairreturnwould
be very small. On the basisof the fairly goodfit of the
plot, they suggesteda possibility of reducedion-pair
return.13b However,the behaviorof 10 in the GW plot
againstYBr


5b,cparameters,which is verysimilar to thatof
8 and 9,3d lessensthe possibility of reducedion-pair
returnasa causeof deviationsin theGW relationshipin
Figs2 and3.


It was also suggestedby Bentley et al. that the
unexpectedlyslow ratesof solvolysisof congestedalkyl
compoundsin aqueousethanol might be causedby
mechanisticchangesto concertedelimination.17 How-
ever,thispossibilitywouldbelow since10, whichcannot
undergo the elimination reaction, also shows marked
deviations in the GW relationship similarly to the
congestedsubstratesusedin thepresentstudy.3d


EXPERIMENTAL


Boiling andmelting pointsareuncorrected.1H and13C
NMR spectra were recorded in CDCl3 at 270 and
68MHz, respectively.Medium-pressureliquid chroma-
tography(MPLC) wasconductedon Merck silica gel 60
(230–400mesh).Theknownalcoholscorrespondingto 5
and 7 were preparedby treating 4,4-dimethyl-2-penta-
none (Aldrich) with propylmagnesiumbromide and
isobutyllithium, respectively. Most of the solvolysis
solvents were purified as describedpreviously.18 1-
Propanolwas distilled over CaH2. DMSO wasdistilled
overCaH2 underreducedpressure.HFIP wasdriedover
molecularsieves3A anddistilled.Solventmixturesbased
on volume-% were prepared by mixing weighed
componentsby usingthe following densities19 at 25°C;
water (0.99705),acetone(0.78440),ethanol(0.78493),
methanol(0.78637),TFE (1.3686,anextrapolatedvalue
from 1.4106and1.3736at 0 and22°C, respectively)and
DMSO (1.09537).


1-(1-Adamantyl)-2,4,4-trimethyl-2-pentanol. 1-(1-Ada-
mantyl)-4,4-dimethyl-2-pentanone20 (1.59g, 6.39mmol)
was treatedwith methyllithium (9.54mmol) in diethyl
ether.Usualwork-upof thereactionmixturefollowedby
MPLC [SiO2, hexane–diethylether(97:3)] affordedthe
alcohol (1.63 g) in 96% yield. Colorlesscrystals,m.p.
55.5–56.5°C. Found: C, 81.63; H, 12.41. C18H32O
requiresC, 81.75; H, 12.20%.�H, 1.03 (9H, s), 1.21
(1H, s),1.36(3H, s),1.34(1H, d, J 14.8Hz), 1.39(1H, d,
J 14.8Hz), 1.49 (1H, d, J 14.8Hz), 1.53 (1H, d, J
14.8Hz), 1.67–1.70(12H, m), 1.89–1.98(3H, m); �C,
28.9 (CH), 29.7 (CH3), 31.6 (C), 31.8 (CH3), 34.0 (C),
37.1(CH2), 44.2(CH2), 57.1(CH2), 58.7(CH2), 76.4(C).


General procedure for the preparation of 5 and 7. The
correspondingknown alcohols(ca 1.5 g) were treated


Table 4. Total p (
P


p) relative to 2 and logarithmic rate ratios
between the rate in 70% EtOH or 80% MeOH and that in
60%TFE±40% EtOH


Compound
P


pa Log(k70E/k60T40E)
b Log(k80M/k60T40E)


b


2 0 0.94 0.74
3 1.98 0.10 0.18
4 3.30 ÿ0.14 0.10
5 3.00 ÿ0.23 0.00
6 3.10 ÿ0.30 0.05
7 3.51 ÿ0.39 ÿ0.05
8 3.96 ÿ0.54 ÿ0.12
9 5.28 ÿ0.76 ÿ0.28


a Relativeto 2. For p, seeRef. 12.
b For ratedata,seeTables2, 3 andS1.


Figure 6. Plots of log(k70E/k60T40E) (*) and log(k80M/k60T40E)
(*) values against


P
p for the solvolysis of 2±9 at 25 °C
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with dry HCl gasin pentaneatÿ40°C for 5–10min. The
solutionwasdriedwith asmallamountof CaCl2, flushed
with N2 and filtered. Pentanewas evaporatedand the
chloride was distilled under reduced pressure.The
chlorides were used for rate studies without being
subjectedto microanalysisbecauseof their instability.


4-Chloro-2,2,4-trimethylheptane (5). B.p. 42.0–42.5°C
at6 mmHg.�H, 0.93(3H, t, J 7.3Hz), 1.05(9H,s),1.45–
1.60(2H, m), 1.63(3H, s),1.74–1.82(2H, m), 1.85(1H,
d, J 15.2Hz), 1.89 (1H, d, J 15.2Hz); �C, 14.2 (CH3),
18.2 (CH2), 31.5 (4� CH3), 32.3 (C), 48.8 (CH2), 55.7
(CH2), 75.8(C).


4-Chloro-2,2,4,6-tetramethylheptane (7). B.p. 43.0°C
at 4 mmHg.�H, 1.00(6H, d, J 6.6Hz), 1.06(9H, s),1.65
(3H, s), 1.68 (1H, dd, J 5.6, 14.8Hz), 1.78 (1H, d, J
15.2Hz), 1.79 (1H, dd, J 5.6, 14.8Hz), 1.91 (1H, d, J
15.2Hz), 1.89–2.00(1H, m); �C, 25.0(CH), 25.1(CH3),
31.4(CH3), 31.7(CH3), 32.3(C),55.4(CH2), 56.7(CH2),
75.8(C).


1-(2-Chloro-2,4,4-trimethylpentyl)adamantane (9).
The precursoralcohol (414mg, 1.57mmol) in CH2Cl2
was treatedwith dry HCl gasat ÿ40°C for 2 min. The
reaction mixture was treatedwith a small amount of
CaCl2, flushedwith N2, andfiltered. Evaporationof the
solventaffordeda yellow liquid, which wasfoundby 1H
and 13C NMR to contain threekinds of alkenesand 9
showingthe chlorinatedcarbonat 76.0ppm. The NMR
spectrashowedthat 9 waspresentin about40%,andno
indicationwasfound for the formationof otherchloride
isomers.All of the four tert-butyl signals and all the
olefinic protonsin 1H NMR spectrawereunambiguously
assigned(seeSupplementaryMaterial).Themixturewas
usedfor ratestudieswithout furtherpurification.


General procedures for product studies. Thesolvolysis
wasconductedfor a solutionof 0.04mol dmÿ3 substrate
in thepresenceof 0.05mol dmÿ3 2,6-lutidinefor 10half-
lives at appropriatetemperatures.The reactionsolution
wasmixedwith saturatedaqueousNaClandsuccessively
extractedwith pentane.Thecombinedpentanelayerwas
washedwith saturatedaqueousNaCl three times and
dried (MgSO4). The product distributions were deter-
mined by GLC (PEG 20M, 2m� 3 mmf id) for the
extract, or by 1H NMR for the crude product after
distillation of pentaneon a 30cm Vigreux column.


Methanolysis of 1-(2-chloromethylpropyl)adamantane
(4). GLC analysesshowedtheratio betweenalkenesand
the methyl etherto be 70:30. 1H NMR analysisshowed
theformationof theendo-alkene[�H 4.84(br s)] andthe
exo-alkene[�H 4.50(m), 4.76(m)] in a ratio of 5:65.


Methanolysis and tri¯uoroethanolysis of 4-chloro-4-
ethyl-2,2-dimethylhexane (6). The product ratio be-


tweenalkenesand substitutionproductwas determined
by GLC. The methoxyl 1H signal appearedat �H 3.12.
Detailedanalysisof alkeneswasnot carriedout.


Methanolysis and tri¯uoroethanolysis of 4-chloro-
2,2,4,6,6-pentamethylheptane (8). The product ratios
weredeterminedby 1H NMR. Themethyl ethershowed
the methoxyl signal at �H 3.12. No indication for the
formationof thetrifluoroethyletherwasfound.Theratio
betweenthe endo- (presumablya mixture of Z- and E-
forms) and exo-alkeneswas determinedbasedon the
respectivesignalsat �H 5.11(br s) and4.79(s).


Kinetic Methods. Thetitrimetric andconductimetricrate
constantsweredeterminedasdescribedpreviously.18


Supplementary Material


A tableof therateconstantsfor 2 and3 usedfor theplots
in Fig. 1 and1H NMR spectrafor 9 areavailableat the
epocwebsiteat http://www.wiley.com/epoc.
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ABSTRACT: The pH-independent hydrolysis of 4-nitrophenyl 2,2-dichloropropionate (NPDCP) in the presence of
aqueous micelles of sodium dodecyl sulfate, sodium dodecylbenzene sulfonate, alkyltrimethylammonium chlorides,
alkyldimethylbenzylammonium chlorides (alkyl = cetyl and dodecyl) and polyoxyethylene(9) nonylphenyl ether was
studied spectrophotometrically. The observed rate constants, kobs, decrease in the following order: bulk water
�cationic micelles �anionic micelles �non-ionic micelles. This order is different from that observed for pH-
independent hydrolysis of 4-nitrophenyl chloroformate (NPCF), whose reaction is faster in cationic micelles than in
bulk water. A proton NMR study on solubilization of a model ester, 4-nitrophenyl 2-chloropropionate, showed that
the methylene groups in the middle of the surfactant hydrophobic chain are most affected by the solubilizate. Lower
polarity and high ionic strength of interfacial water decrease the rates of hydrolysis of both NPCF and NPDCP, but the
fraction of the former ester that diffuses to the interface is probably higher than that of the latter. Therefore, whereas
the (negatively charged) transition state of NPCF is stabilized by cationic interfaces and destabilized by anionic
interfaces, that of NPDCP is negligibly affected by ionic interfaces, which explains the observed rate retardation by
all ionic micelles. Calculated activation parameters corroborate our explanation. Copyright  2001 John Wiley &
Sons, Ltd.


KEYWORDS: 4-nitrophenyl 2,2-dichloropropionate; hydrolysis; aqueous micellar solutions; hydrophobic interac-
tions; electrostatic interactions


�'(%�)*+(��'


The effects of organized assemblies on chemical
reactivity have been rationalized in terms of differences
between the properties of interfacial and bulk water and,
for ionic micelles, local concentrations of reactants in the
Stern region and electrostatic interactions between the
charged interface and reactants and/or transition states.1–6


Micelle-mediated, pH-independent hydrolyses offer in-
sights into the subtle interactions that affect chemical
reactivity in organized assemblies because their mech-
anisms are simple and have been studied in sufficient
detail, and because they can be used to probe properties
(e.g. polarity and ionic strength) of interfacial water.7–9


Recently, we studied the pH-independent hydrolysis of
4-nitrophenyl chloroformate (NPCF), in the presence of
the aqueous micelles of the following surfactants:


anionic, sodium dodecyl sulfate (SDS), sodium dode-
cylbenzene sulfonate (SDBS); cationic, cetyltrimethy-
lammonium chloride (CMe3ACl),
cetyldimethylbenzylammonium chloride (CMe2BzACl),
dodecyltrimethylamminium chloride (DMe3ACl), dode-
cyldimethylbenzylammonium chloride (DMe2BzACl);
non-ionic, polyoxyethylene(9) nonylphenyl ether, Arko-
pal N-090. The reaction was enhanced by cationic
micelles and retarded by anionic and non-ionic micelles.
These results were explained in terms of electrostatic
stabilization/destabilization of the reaction transition
state (TS), by charged interfaces and by differences
between the properties of interfacial and bulk water.9


We report here on the pH-independent hydrolysis of 4-
nitrophenyl 2,2-dichloropropionate (NPDCP) in the
presence of the above-mentioned aqueous micelles. We
were interested in determining how pH-independent
hydrolyses are affected by increasing reactant chain
length and hydrophobicity. In contrast to the hydrolysis
of NPCF, the corresponding reaction of NPDCP is
retarded by all micelles. Hydrophobic interactions of the
reactant state (RS) with the surfactant and micellar
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‘medium’ effect cause rate retardation. Negligible
interactions of the (negatively charged) TS with the
ionic interface explain the small dependence of reaction
rates on the charge of the latter, and rate retardation by
cationic micelles.
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1��
������ The reagents were obtained from Aldrich,
Fluka, Merck and Clariant (SDBS and Arkopal N-090)
and were purified by standard procedures.10


NPDCP was prepared by reacting the corresponding
acyl chloride with sodium 4-nitrophenoxide under phase-
transfer conditions. First, 2,2-dichloropropionic acid was
generated from its sodium salt by acidification with
sulfuric acid, followed by extraction of the aqueous
solution with dichloromethane. The solvent was removed
and the acid distilled, b.p. 80–81°C/10 mmHg (90–92°C/
14 mmHg).11 A mixture of 2,2-dichloropropionic acid
(13.16 g, 0.09 mol) and thionyl chloride (12.24 g,
0.1 mol) was refluxed for 3 h and the acyl chloride was
purified by distillation, b.p. 117–119°C (117.4 –117.8°C/
753 mmHg).11 Equal amounts (0.03 mol) of 4-nitrophe-
nol and NaOH were dissolved in 25 ml of water. After
agitation for 30 min, solid tetrabutylammonium hydro-
gensulfate (0.2g) was added, followed by a solution of
2,2-dichloropropionyl chloride (3.20 g, 0.02 mol) in
25 ml of dichloromethane. The mixture was vigorously
stirred for 30 min and the organic phase was separated,
washed with cold water, and dried over anhydrous
MgSO4. After solvent evaporation the ester was purified
with flash column chromatography, using hexane as
eluent; yield, 30%; IR (KBr, Perkin-Elmer FT-1750),
1771 cm�1 �CO; 1528 and 1348 cm�1, �NO2


(asymmetric
and symmetric, respectively). The ester 4-nitrophenyl 2-
chloropropionate was prepared by a similar procedure
from the corresponding acyl halide and sodium 4-
nitrophenoxide; yield 38%; IR (KBr), 1774 cm�1, �CO;
1532 and 1347 cm�1, �NO2


(asymmetric and symmetric,
respectively)


The purity of the esters and surfactants was established
by microanalysis (Microanalysis Laboratory, Instituto de
Quı́mica, Universidade de São Paulo) and, for surfac-
tants, by surface tension measurement (Lauda TE 1C
digital ring tensiometer). Their critical micelle concen-
trations (c.m.c.) were determined at 30°C in the presence
of 0.01 M HCl.


2��
��� �
����
�
���� The apparatus was that em-
ployed previously.9 All experiments were carried out in
triplicate, under pseudo-first-order conditions, in the
presence of 0.01 M HCL and 4% (v/v) acetonitrile.
Preliminary runs showed that the observed rate constant,
kobs, is independent of [NPDCP] in the range (0.5–
5) � 10�5 M. In subsequent work, the final [NPDCP] was
0.6 to 2 � 10�5 M. The reaction was followed by


monitoring the liberation of 4-nitrophenol at 320 nm as
a function of time. The relative standard deviation for
kobs, i.e. (standard deviation/kobs) � 100 was �0.2%, and
when the experiment was run 3 times, the difference
between any two kobs was �2%.


�3 -1. �&
����� Proton NMR spectra were obtained
with a Bruker DRX-500 instrument at a digital resolution
of 0.05 Hz per data point. Chemical shifts were measured
at 30°C, relative to internal dioxane (5 � 10�3 M), then
transformed into the TMS scale by using
�dioxane = 3.53 ppm.12


%� *-( �') )� +*  ��'


We found that the reaction under consideration is
independent of solution pH in the range 1.0–4.0 (4%
acetonitrile in water). The pH-independent hydrolysis of
the structurally similar 4-nitrophenyl dichloroacetate is
associated with a sizeable solvent deuterium kinetic
isotope effect, kH2


O/kD2
O = 3.1.7a,b These results are


compatible with reaction Scheme 1 and the TS structure
depicted.7


In the TS, shown a second ‘general base’ water
molecule abstracts a proton from the attacking ‘nucleo-
philic’ water molecule, leaving the organic moiety with a
net negative charge.7 In the presence of 0.1 mol l�1 SDS
or CMe3ACl the micellar reaction was found to be
independent of [HCl] in the range 0.001–0.1 mol l�1 and
showed a sharp isosbestic point at 288 nm. Additionally,
the kinetics were rigorously first order; identical kobs were
obtained in the presence or absence of 4 � 10�5 mol l�1


4-nitrophenol; an initial rapid release of 4-nitrophenol
was not observed. Hence the reactions in bulk aqueous
medium and in micellar pseudo-phases have similar
mechanisms, with water attack being the rate-limiting
step. This conclusion is similar to that reached for other
micellar, pH-independent hydrolysis reactions.8,9


In presence of the micelle, the reaction is represented
by Scheme 2, where E refers to NPDCP, kw and km are
pseudo-first-order rate constants in bulk water and in the
micelle, respectively, and the binding constant Ks is


 �	��� !
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written in terms of the molarity of micellized surfactant,
i.e. (CD � c.m.c.), where CD is the analytical concentra-
tion of surfactant.


From scheme 2, the following equation was derived:8


kobs��kw�kmKs�CD�c.m.c�	��1�Ks�CD� c.m.c�	 �1�


Figures 1 and 2 show the dependence of kobs on
[surfactant], where the points are experimental and the
curves were calculated from Eqn. (1) by iteration, by
using experimentally determined kw and c.m.c. The
results for km and Ks are given in Table 1.


The dependence of kobs on temperature was studied at
[surfactant] in the plateau region of the rate constant–
surfactant plots (Figs 1 and 2). The results are given in
Table 2, and the corresponding activation parameters are
given in Table 3. Plots of log kobs versus 1/T were
rigorously linear, which shows that micellar structural
changes, if they do occur in the temperature range
employed, have no measurable effects, e.g. on the heat
capacity of the TS. Tables 2 and 3 also show data for
hydrolysis in electrolyte solutions in aqueous dioxane;
this will be addressed later.


We measured 1H NMR chemical shifts of the
surfactant discrete protons, �surfactant, as a function of
[ester] in order to determine its average solubilization site
in the micellar pseudo-phase. Model ester- 1, 4-
nitrophenyl 2-chloropropionate, was used instead of
NPDCP, because the latter would have undergone
extensive hydrolysis during sample preparation and
spectra acquisition. The structures presented show the
relevant surfactant protons of SDS, CMe3ACl, CMe2B-
zACl, and DMe2BzACl. The reason for the additional


splitting of protons D of the last two surfactants is the
presence of interfacial benzyl group, as discussed else-
where.9


Plotsof��surfactant = �surfactant inD2O � �surfactant � model


ester 1 in D2O were found to be linear, and the slopes are
given in Table 4, which shows that model ester 1 is
solubilized (on average) in the region of surfactant
protons C and D.


Table 1 shows that the reaction is retarded by all
surfactants (km/kw from 0.02 to 0.11), is only slightly
affected by micellar charge (kDMe3


ACl/kSDS = 2.2) and,
for similarly charged surfactants, is almost insensitive to
variations of the structure of the hydrophilic group
(kDMe2


BzACl/kDMe3
ACl = 1.2). This is at variance with


the hydrolysis of NPCF in the presence of the same
surfactants, where the reaction shows catalysis by
cationic micelles (km/kw between 1.7 and 2.7) and a
stronger dependence on micellar charge (kDMe3


ACl/
kSDS = 13.5).


The question now arises of what the reasons are for the
different micellar effects on hydrolysis of NPCF and
NPDCP. At the outset, we emphasize that the rate-
limiting step of both reactions is the same, namely attack
on the ester carbonyl group by a ‘nucleophilic’ water
molecule catalyzed by a second ‘general base’ water
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molecule.7,13 We address the question raised by con-
sidering the following: (i) strength of ester–micelle
association, (ii) average micellar solubilization site of
the ester, (iii) medium effects arising from the low
polarity and the high ionic strength of interfacial water
relative to bulk water and (iv) stabilization/destabiliza-
tion of RS and/or TS by different mechanisms, including
electrostatic and hydrophobic interactions.


With regard to point (i), we note that NPDCP binds
efficiently to all micelles, and Ks for NPDCP 
 10Ks for


NPCF. Therefore, part of the micellar effect on hydro-
lysis of both esters may arise from this large difference in
substrate–micelle association.


Concerning point (ii), our NMR data show that model
ester 1 is located, on average, in the region occupied by
surfactant protons C and D, i.e. the same solubilization
site of 4-nitrophenyl chloroacetate (model ester 2) that
has been employed (in a similar NMR experiment)
instead of NPCF. LogPoctanol [the partition coefficient of
a substrate between water and n-octanol, a measure of its


(��� !� .
����� �4 �9
 �&&�������� �4 <*�� =�> �� ���
 ��������� 4�� �9
 9)	���)��� �4 ?!�����&9
�)� ���!	��9����&��&�����
 �� �9
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�
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Surfactant 104 c.m.c. (mol l�1)a Ks, (mol l�1)b 103 km (s�1)b,c km/kw
d


SDS 31 848 � 96 1.5 0.04
SDBS 2.6 274 � 11 0.8 0.02
CMe3ACl 2.3 673 � 34 2.7 0.08
CMe2BzACl 0.024 650 � 13 3.4 0.10
DMe3ACl 19.0 189 � 6 3.3 0.10
DMe2BzACl 28.7 268 � 6 3.9 0.11
Arkopal 0.62 677 � 6 0,0007 0.02
N-090


a Experimental c.m.c., determined at 30°C in the presence of 0.01 M HCl by surface tension (see Experimental).
b Calculated from Eqn. (1) by iteration, by using experimental c.m.c.
c Relative standard deviations in km are �1%.
d At 35°C, the rate constant in water, kw, is 0.0344 s�1.
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103 kobs (s�1)


T (°C) Water
SDS


(0.2 M)
CMe3ACl


(0.2 M)
CMe2BzACl


(0.2 M)
DMe3ACl


(0.3 M)
DMe2BzACl


(0.3 M)
Arkopal N-090


(0.2 M)
CH3SO3Na


(1.0 M)a
(CH3)4NCl


(0.1 M)a


15 13.4 0.31 0.95 1.18 1.18 1.39 0.29 0.39 0.50
25 21.6 0.58 1.76 2.04 2.15 2.47 0.52 0.67 0.89
35 34.4 1.09 3.11 3.64 3.79 4.18 0.85 1.10 1.46
45 51.8 1.85 5.14 5.88 5.97 6.4 1.36 1.72 2.30


a In 50% (w/v) aqueous dioxane.
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hydrophobicity,14 calculated using the LogP program
(ACD, Toronto, Canada)] are 1.66, 1.65, 2.17 and 3.24
for model ester 2, NPCF, model ester 1 and NPDCP,
respectively. That is, the first two esters have practically
the same hydrophobicity and are expected to be
solubilized (on average) in the same region of the
micellar pseudo-phase. NPDCP partitions into n-octanol
11.7 times more than model ester 1 and is expected,
therefore, either to be solubilized deeper within the
micelle or to associate more strongly with it. Hence part
of the micellar effect on both hydrolysis reactions may
arise from different solubilization sites of NPCF and
NPDCP within the micellar pseudo-phases.


In considering point (iii), we take into account the
dynamic nature of the micelle and the binding process
itself; both result in RS/TS sampling interfacial water
whose properties are akin to those of electrolyte solutions
in aqueous organic solvents.15–17 The low microscopic
polarity and high ionic strength of this water (relative to
bulk water) is expected to affect the present reactions
because their TS differ in polarity and solvation from
their RS. Aqueous dioxane has been proposed as a model
for interfacial water and we employed 1.0 M Me4NCl
and/or 1.0 M MeSO3Na in 50% (w/v) aqueous dioxane in
order to mimic the polarity and ionic strength of


interfacial water of cationic and anionic micelles,
respectively. Solubility constraints precluded the use of
more concentrated electrolyte solutions. Table 3 shows
that the reaction in these model media is slower than that
both in bulk water and the corresponding ionic micelles.
Although the ionic strength in the Stern layer is �1.0 M,16


rates of other pH-independent hydrolyses decrease as a
function of increasing [electrolyte].7a–c,8a,c That is,
hydrolysis of NPDCP in these models solvents would
have been even slower had we been able to use
[electrolyte] �1.0 M. Although the results in these media
and in micellar solutions show the same trend, i.e. the
reaction in both is slower than in bulk water, rate
retardation does not seem to have the same origin, as
shown by considering the contributions of ��‡H (= �‡H
in micelles or electrolyte solution ��‡H in bulk water)
and T��‡S to ��‡G of the reaction in ionic micelles.
Whereas ��‡H contributes 1–2.8 kcal mol�1, the T��‡S
term makes a minor contribution, from 0.3 to
0.7 kcal mol�1 (1 kcal = 4.184 kJ). On the other hand,
for the reaction in model media both terms contribute
almost equally to ��‡G, and T��‡S is negative. It is
interesting that the data for Arkopal-N090 are similar to
those for model media, i.e. ��‡H and (negative) T��‡S
contribute equally to ��‡G.
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Reaction medium �‡H (kcal mol�1) �‡S (cal K�1mol�1) �‡G (kcal mol�1)


Water 7.7 �40.4 19.7
SDS, 0.2 M 10.5 �38.1 21.9
CMe3ACl, 0.2 M 9.7 �38.6 21.2
CMe2BzACl, 0.2 M 9.2 �39.8 21.1
DMe3ACl, 0.3 M 9.3 �39.5 21.0
DMe2BzACl, 0.3 M 8.7 �41.3 21.0
Arkopal N-90, 0.2 M 8.8 �44.2 21.9
CH3SO3


�Na�a 8.4 �44.7 21.8
(CH3)4N�Cl�b 8.7 �43.5 21.6


a The errors are �0.1 kcal mol�1 (�‡H and �‡G) and 0.5 cal K�1mol�1 (�‡S).
b Salt concentration, 1.0 M in 50% (w/v) aqueous dioxane.
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Slope (Hz / mol 4-nitrophenyl 2-chloropropionate)


Surfactant Me3N� Me2N� CH2 (A) CH2 (B) CH2 (C) (CH2)5 (D) (CH2)n (D�) CH3 (E) C6H5CH2


SDS 576 � 34 1075 � 38 2025 � 41 1131 � 59
CMe3ACl 355 � 72 870 � 83 1195 � 106 1757 � 142 1665 � 70 543 � 70
CMe2BzACl 215 � 24 489 � 52 1528 � 193 1759 � 34 �160 � 27 �319 � 34 952 � 29
DMe2B-
zACl


185 � 52 212 � 15 1248 � 34 1659 � 48 103 � 33 �64 � 31 694 � 47


a Measurements were carried out at 500.13 MHz (see Results and Discussion for designation of the discrete surfactant protons).
b The following values of � (ppm) were observed for the surfactant discrete protons in the absence of solubilizate: SDS (0.1 M), 3.801, 1.459, 0.661 and 1.088
for protons (A), (B), (D) and (E), respectively; CMe3ACl (0.1 M), 2.944, 3.150, 1.556, 1.157, 1.089 and 0.671 for protons (Me3N�), (A), (B), (C), (D) and (E),
respectively; CMe2BzACl (0.1 M), 2.811, 2.761, 1.502, 1.002, 1.107, and 0.701 for protons (Me2N�), (A), (B), (D), (D�) and (E), respectively; DMe2BzACl
(0.1 M), 2.820, 2.772, 1.531, 1.032, 1.064 and 0.681 for protons (Me2N�), (A), (B), (D), (D�) and (E), respectively.
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The large Ks and ��surfactant indicate that RS of NPDCP
is stabilized by hydrophobic interactions with the
surfactant tail [point (iv)]. On the other hand, the small
dependence of km on micellar charge [km(DMe3ACl)/
km(SDS) = 2 and 13.5 for NPDCP and NPCF, respec-
tively] indicates that TS does not interact significantly
with the ionic interface. It is tempting to use an analogy to
the ‘spatiotemporal hypothesis’ introduced by Menger.18


In order to rationalize the fast rates of certain intramol-
ecular reactions and the high catalytic efficiency of
enzymes, he argued that ‘the rate of reaction between
functionalities A and B is proportional to the time that A
and B reside within a critical distance.’ Evidence has
been given to show that this distance should be �3 Å. For
the reaction studied, the analogy to this idea, is as
follows: (a) because both micelle and substrate solubi-
lization are dynamic in nature, some RS/TS should
diffuse to the ionic interface and are affected by
electrostatic interactions; (b) the TSs of concern carry a
net negative charge, so that electrostatic interactions with
the micellar interface are much more important for TS
than for RS. These are stabilizing for cationic micelles
(rate increase) and destabilizing for anionic micelles (rate
decrease), provided that the TS comes within a certain
distance from the interface. The contribution of electro-
static interactions depends, therefore, on the fraction of
TS that comes within this distance. If this fraction is
insignificant, the micelle-mediated reaction will be
dominated by other (retarding) effects, e.g. stabilization
of the RS and medium effects. (Although the rate
variations that are being discussed here are very modest
compared with those discussed by Menger,18 the analogy
employed is useful, provided that the dynamic nature of
the micellar system is taken into account.)


The preceding discussion agrees with contributions of
��‡H and T��‡S to ��‡G of hydrolysis of both esters,
and we concentrate on cationic micelles. For example,
RS/TS of NPCF diffuse easily within the micelle, so that
the reaction is sensitive to charge of the interface
(kDMe3


ACl/kSDS = 13.5) and km �kw. The reaction is
associated with negative ��‡H (�2.9 to
�3.4 kcal mol�1) due to electrostatic stabilization of the
TS, and negative T��‡S (�2.5 to �3.0 kcal mol�1) due
to decrease in the number of degrees of freedom on going
from RS to TS (the latter is associated with the interface).
Hydrolysis of NPDCP is associated with a positive ��‡H
whereas T��‡S makes a smaller contribution. Both
quantities agree with an RS that is stabilized by
hydrophobic interactions with the surfactant tail, a
reaction occurring in an aqueous medium of low water
activity, and a TS whose stability is little affected by the
ionic interface. (The question of water activity is
important because the reaction is second order in water,
i.e. km/kbulk water = k3m [interfacial water]2/k3w [bulk
water]2, where k3 refers to the third-order rate constant.
Consequently, the effect of decreased water activity is
expected to be larger for NPDCP because it diffuses less


readily than NPCF to the micellar interface where such
activity is relatively high. Uneven hydration of the
oxyethylene units19 and uncertainty about the localiza-
tion of NPDCP in the non-ionic micelle preclude detailed
interpretation of the inhibition by Arkopal N-090.)


+�'+-* ��' 


In contrast to micelle-mediated pH-independent hydro-
lysis of NPCF, the reaction of NPDCP is slower than that
in bulk water and shows little dependence on the structure
and charge of the surfactant. We explain our results in
terms of a combination of hydrophobic stabilization of
the RS, low water activity at the reaction site and
negligible contribution of electrostatic effects of the ionic
interface to the stability of TS. This explanation agrees
with the higher enthalpies and entropies of activation of
the micellar reaction relative to that in bulk water (Table
3). Experimental determination of the average solubiliza-
tion site of the substrate and of the activation parameters
is important for understanding the subtle interactions that
affect chemical reactivity in organized assemblies.
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ABSTRACT: A series of multi-porphyrin arrays were synthesized and the self-assembly behaviour of these
compounds at the air–water interface was investigated by the Langmuir–Blodgett technique. It was found that as the
overall area of the porphyrin molecules was increased, upon going from a mono- to bis- to a tetra- and then to
hexaporphyrin species, the intermolecular stacking between the molecules also increases, resulting in more stable
monolayers. In the case of the hexaporphyrin species the intermolecular interactions are so strong that monolayer
formation is irreversible. All porphyrin monolayers can be transferred to a glass surface with good transfer ratios,
leading to highly ordered porphyrin films in which the chromophores are arranged orthogonal to the glass surface.
Copyright  2001 John Wiley & Sons, Ltd.
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The design and construction of self-assembled arrays of
chromophoric molecules having well-defined shapes and
dimensions is a topic of great current interest, primarily
owing to their importance within natural systems, in
particular photosynthesis and energy transfer.1,2 Porphy-
rins are particularly attractive building blocks for the
synthesis of such architectures, since they possess both
interesting (photo)catalytic activity and electronic
properties.3,4 As a consequence of these properties,
applications can be foreseen in fields such as molecular
electronics (molecular-scale wires, switches and photo-
voltaic devices) and catalysis. Furthermore, these arrays
are of great use in the construction of models for the study
of the energy- and electron-transfer functions of the
natural photosynthetic machinery.2


In earlier work, we described the aggregation beha-
viour of the Pd-containing porphyrin dimer 5 and the
hexaporphyrin species 8 on solid surfaces.5 Upon
evaporation of solutions of these porphyrin-containing
molecules on a substrate, ring-shaped assemblies of
micrometre size are formed, which can be envisaged as
being simple synthetic analogues of the naturally occur-
ring circular photosynthetic antenna complexes LH1 and
LH2.2 These ring structures were studied with several
surface scanning techniques such as atomic force
microscopy, scanning electron microscopy and near-field
scanning optical microscopy, which gave insight into the
ordering of the multi-porphyrin molecules within the
assemblies.5 The rings of dimer 5 were found to be
constructed from an amorphous conglomerate of smaller
nano-sized aggregates whereas the rings formed by
hexaporphyrin 8 exhibited a well-defined internal archi-
tecture. The increase in structural order found within the
rings formed by 8 is partially the result of the large �
surface present in the hexaporphyrin species which leads
to strong intermolecular �–� interactions between
neighbouring porphyrin molecules.


Another approach to organize molecules into ordered
arrays is with the help of the Langmuir–Blodgett tech-
nique, by which molecules are assembled at an air–water
interface.6 This technique was used in the present study to
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investigate the influence of the porphyrin surface area on
the self-organizing properties of these molecules. To this
end a series of multiporphyrin molecules which possess
different porphyrin surface areas were synthesized and
studied, i.e. using amphiphilic pyridine porphyrins 1–3,7


tetrakis(4-hexadecyloxyphenyl)porphyrin 4,7 Pd-por-
phyrin dimer 5,7 tetraporphyrins 6 and 7, which contain
Pd and Ru metal centres, respectively, and hexaporphy-
rins 85 and 9. Organized mono- and multi-layers of the
above-mentioned porphyrins are of potential interest as


materials in photoelectric devices and, when derived
from chiral porphyrins, as non-linear optical materials.


21�56.� �*# #3�05��34*
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The amphiphilic porphyrins 1–3 were synthesized from
4-(hexadecyloxy)benzaldehyde, 4-pyridinecarboxalde-
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hyde and pyrrole following a method developed in our
laboratory.7,8 Porphyrin 4 was prepared from 4-(hexa-
decyloxy)benzaldehyde and pyrrole. The multiporphyrin
assemblies 5 and 6 were synthesized from trans-Pd
Cl2(NCPh)2 and porphyrins 2 and 3, respectively,
following a procedure described by Drain and co-
workers.9 The reactions of these monomeric porphyrins
with Pd can be followed by UV–visible spectroscopy.
The wavelength maximum of the porphyrin Soret band of
3 was found to shift from 422 to 426 nm upon reaction
with the palladium complex and the half-width of this
band doubled, in line with the results reported by Drain
and co-workers.9 A titration experiment (Fig. 1) in di-
chloromethane showed that a well-defined complex with
1:2 Pd to porphyrin stoichiometry was formed.


The titration of trans-PdCl2(NCPh)2 with porphyrin 2
in dichloromethane revealed that a complex with a 1:1
molar ratio was formed (Fig. 2), which is consistent with
the expected 4:4 palladium to ligand stoichiometry in
complex 6. In this case the maximum of the Soret band
showed a red shift of 8 nm and also a doubling of the
half-width of this band was observed. The ability and
versatility of this approach to generate well-defined
multi-porphyrin arrays has been highlighted by the recent
assembly of a nanomeric porphyrin complex.9


Porphyrin complexes 5 and 6 could be purified by
column chromatography, since they are more apolar than
the starting compounds 2 and 3. Their 1H NMR spectra
showed downfield shifts for the 2� and 6� pyridyl protons
indicating that the palladium is coordinated to these
groups. Both complexes were further characterized by
elemental analysis and by mass spectrometry. For
porphyrin 6 no mass corresponding to the tetrameric


structure was found, probably because the compound is
not stable during the mass spectrometric measurement
and decomposes. The mass spectra did show, however,
the presence of decomposition products, i.e. porphyrin
trimers, dimers and monomers. Although, theoretically,
larger cyclic arrays would give the same characterization
data, due to the geometric constraints imposed by the
angle between the pyridines on the porphyrins (90°) and
the pyridine–Pd–pyridine angle (180°), no other cyclic
structure can be easily formed.


EPR measurements were carried out in order to
investigate if there were any electronic interactions
between the porphyrin units in molecules of type 5. For
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this purpose a copper-containing analogue (5 �Cu2) was
synthesized by reacting trans-PdCl2(NCPh)2 with Cu-
substituted porphyrin 3. The EPR spectrum of 5 �Cu2


showed no coupling between the two copper nuclei; only
a broadening of the signal relative to the monomer was


observed. Based on CPK models, the distance between
the copper centres in 5 �Cu2 was estimated to be approxi-
mately 18 Å. This is in line with the observed broadening
of the EPR signal, which only occurs when the metal
centres are closer than 20 Å.10,11 Electrochemical studies
confirmed that the palladium centres in 5 (and also in 6
without Cu) do not influence each other. A single
wave was found in both cases. The reduction potentials
of the porphyrins in both complexes were identical
[5, E1/2 = �1.67 V; 6, E1/2 = �1.62 V (vs Fc/Fc�)].


Porphyrin 3 was also treated with RuCl2(DMSO)4


(DMSO = dimethyl sulphoxide),12 which resulted in
another porphyrin tetramer compound 7. Molecular
modelling revealed that steric hindrance between cis-
porphyrins in 3 leads to a non-planar arrangement of the
chromophores, unlike in 5 and 6 (see Fig. 3). The chloride
ligands in 7 are orthogonal to the plane of the molecule
(also unlike in 5 and 6). The maximum of the Soret band
of 7 was found to be red shifted and the width at half-
height of this band was found to be increased when
compared with 3. The 1H NMR spectra of 7 revealed
downfield shifts for the 2� and 6� protons of the pyridyl
groups indicating that the ruthenium(II) centre is
coordinated to these groups. The complex was further
characterized by elemental analysis.
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It is known that tetrakis(pyridinium)ruthenium(II)
dichloride can be reversibly oxidized in acetonitrile at
a potential of 0.26 V vs SCE.12 For 7, however, no
oxidation wave for the oxidation of ruthenium(II) to
ruthenium(III) was observed around this potential. This
puzzling result is attributed to the 12 long aliphatic chains
present in this molecule. Molecular modelling studies
suggested that the ruthenium metal in 7 could be com-
pletely shielded by the tails of the amphiphilic porphyrin
units, which may cause an inhibition of the electron
transfer process at the electrode. Furthermore, it was
found that the reduction of the porphyrin units was
irreversible which also may be the result of the shielding
effect of the hydrocarbon chains. Encapsulated porphy-
rins13 and dendrimeric porphyrins14 have been reported
previously to display a similar irreversible electrochemi-
cal response.


Hexaporphyrin 8 was synthesized by a base-catalysed
coupling reaction of 5-(4-hydroxyphenyl)-10,15,20-
(4-hexadecyloxyphenyl)porphyrin to hexakis(bromo-
methyl)benzene. The compound was fully characterized
by elemental analysis and NMR and mass spectrometry.
NMR measurements and molecular modelling studies
were performed to obtain information about the overall
structure of 8 and the geometric arrangement of the
porphyrins in this molecule.5 These studies revealed that
the porphyrins are arranged in dimeric pairs around the
central benzene ring with an average centre-to-centre
distance of 9 Å, giving the molecule a propeller-like
shape. As in the case of 5, EPR experiments were carried
out on the Cu derivative of 8. No coupling between the
metal centres was observed, indicating that the copper–
copper distance must be larger than 6 Å. The EPR
signals were broadened, however, which suggests that the
two metal centres are less than 20 Å apart. On going from
5-(4-hydroxyphenyl)-10,15,20-(4-hexadecyloxy-
phenyl)porphyrin to hexamer 8 no shifts in wavelength in
the UV–visible spectra were observed. Only a slight


broadening of the Soret band at �max = 423 nm of 8 was
visible, implying that no significant electronic interac-
tions are present between adjacent porphyrins in this
molecule. This is in line with the calculated centre-to-
centre distance of 9 Å, which is too large for excitonic
coupling to occur.


Reaction of 8 with Zn(OAc)2 yielded the hexazinc(II)
porphyrin 9 in almost quantitative yields. NMR spectro-
metry for this compound revealed similar chemical shifts
as found for 8,5 indicating that 8 and 9 possess a similar
non-planar, propeller-like geometry (Fig. 3). UV–visible
studies, however, revealed a small (3 nm) blue shift of the
zinc(II) porphyrins in 9, compared with the monomeric
zinc(II) derivative of 5-(4-hydroxyphenyl)-10,15,20-(4-
hexadecyloxyphenyl)porphyrin. According to the exciton
model developed by Kasha and co-workers,15 a blue shift
points to a face-to-face stacking of porphyrins. Appar-
ently, the pairs of zinc(II)porphyrins in 9 are more
overlapping (on top of each other) than the pairs of free
base porphyrins in 8, resulting in a smaller overall
porphyrin surface area for the former molecule.16


6��!���� �	�	����� ��� 6��!�����'	�!���
���������


In a previous paper, we reported on the physical proper-
ties of monolayers formed by 1–4.8 In the following
monolayer studies on porphyrins 5–9 using the Lang-
muir–Blodgett (film balance) technique are described


The characteristic features of the Langmuir mono-
layers of compounds 5–9 and for comparison also from
compounds 1–4 are listed in Table 1. The organization
and orientation of the porphyrins in the monolayers is
determined by the balance between the intermolecular
�–� interactions, the interaction of the hydrophilic
(pyridine) groups with the aqueous phase and the steric
repulsion between the hydrocarbon chains. As we
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Compound Molecular areaa � (mN m�1)�1 Type of transfer


Transfer ratio Soret-band (nm)b


Downstroke Upstroke CHCl3 Air–water Glass


1c 60 0.004 Z �0.2 �0.6 426 445 —
2c 88 0.008 Y 0.7–0.9 1.0 420 432 —
3c 115 0.017 Y �0.8 1.0 420 398/440 —
4 50 0.015 — — — 420 398/440 —
5 360 — — — — 426 — —
6 360 0.008 Z 0.1 0.6 426 430d —
7 800 0.05 — — 422 — —
8 200 — — 423 436 436
9 200 — — 0.69 423 436 436


a The mean molecular areas (Å2 per molecule) were determined by taking the tangent of the isotherms at the pressure of the monolayer transfer
(10 mN m�1) and extrapolating to zero pressure.
b The UV–visible spectra were recorded after equilibration of the monolayer.
c Taken from Ref. 6.
d Asymmetric band with a shoulder at 416 nm.
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reported previously, the take-off area of compounds 1–4
gradually increases upon increasing number of alkyl
chains from one (1) to three (3) hydrocarbon tails (Table
1).7 The molecular areas as predicted from CPK models
(CPK models, Harvard Apparatus; all computational
calculations were carried out using the CHARMM 3.31
force field within the QUANTA package) are signifi-
cantly larger than the measured areas derived from the
isotherms, which indicates that the planes of porphyrins
1–4 are tilted (even orthogonal for molecule 4) with
respect to the water surface. We propose that the polar
pyridine groups point to the aqueous interface and
determine the orientation of the porphyrins at this
interface. The number of hydrocarbon chains subse-
quently determines the distance between the porphyrins
within the monolayer, which results in an increase in the
mean molecular area from 60 to 115 Å2 per molecule on
going from 1 to 3. With a very small measured molecular
area of 50 Å2 per molecule, which points to an almost
perpendicular orientation on the water surface, porphyrin
4 does not follow this trend. This can be understood, since
4 possesses no polar pyridyl groups to interact with the
water surface, and hence the organization of the
molecules in the monolayer is determined solely by
intermolecular forces.


Dimer 5 showed a rise of the surface pressure at an area
of 360 Å2 per molecule (Table 1). Already above
6 mN m�1 the monolayers collapsed, indicating that they
are not stable (isotherm not shown). For tetramer 6 an
identical take-off area of 360 Å2 per molecule was
measured (Fig. 4), suggesting that its molecules are
aligned at the air–water interface in a similar way to those
of compound 5. In contrast to 5, however, the monolayers
assembled from 6 were far more stable. The molecular
areas measured for 5 and 6 indicate that the planes of the


molecules are also tilted with respect to the interface with
two porphyrin units pointing to the water surface. The
difference in stability of the monolayers of tetraporphyrin
6 compared with those of diporphyrin 5 can be attributed
to the two extra porphyrin units present in the former
compound. The larger � surface is thought to give an
extra stabilizing interaction between neighbouring mol-
ecules of 6, which prevents the porphyrin monolayers
from collapsing.


For tetraporphyrin 7 a completely different surface
pressure isotherm was recorded. A rise of surface
pressure was already observed at 800 Å2 per molecule,
indicating that the molecules are initially lying flat on the
air–water interface. The lipophilic hydrocarbon chains
presumably adopt an orientation perpendicular to this
interface. During further compression the porphyrin units
were lifted from the water surface and at an area of 100
Å2 per molecule a second steep increase of the surface
pressure was observed. This second rise of surface
pressure corresponds to twice the molecular area
measured for porphyrin 4. This may indicate that 7 is
also oriented perpendicular to the air–water interface
with one or possibly two porphyrin units making contact
with the water surface in a similar orientation as seen for
the molecules in the monolayers of 2–4 (Fig. 5). The fact
that the porphyrin 7 initially lies flat on the water surface
might be attributed to the interaction of the ruthenium(II)
centre with the water sub-phase.


To study the organization of the propeller shaped
hexaporphyrins 8 and 95 on the water subphase, solutions
of these compounds in chloroform (10�4–10�3 M) were
spread on water, and after evaporation of the solvents the
isotherms were measured. Compounds 8 and 9 showed a
rise in surface pressure at 200 and 250 Å2 per molecule,
respectively (Fig. 4). With the diameter of the molecules
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being 50 Å (predicted from CPK models) and hence the
calculated area being 2500 Å2, the measured take-off
areas point in both cases to a perpendicular orientation of
the disc-shaped molecules with respect to the water
subphase. Furthermore, these areas indicate that the
distances between the molecules of 8 and 9 amount to 4
and 5 Å, respectively. These distances are small enough
for inter-excitonic coupling to occur.


UV–visible spectroscopy on the monolayer at the air–
water interface revealed before compression a 16 nm red-
shifted Soret band for both hexamers 8 and 9 with respect
to their solution spectra, which is indicative of an off-set,
edge-to-tail arrangement of the porphyrins. This shift
implies that the hexaporphyrin molecules self-assemble
immediately upon spreading on the surface prior to com-
pression, forming small domains on the water surface.


Compression merely results in an increase in the
observed absorption due to an increase in the local
concentration of the chromophores, which is a result of
the small domains being pushed together. The red shift of
the Soret band was unaltered upon further compression
and hence the arrangement of hexaporphyrins within the
small preformed domains remained intact (Fig. 6). This
observation is not uncommon for monolayers of porphy-
rins, especially when they are as hydrophobic as 8.5


There is a very little favourable interaction between the
hydrophobic hexaporphyrins and the water subphase,
which induces the molecules to aggregate immediately
after deposition. The organization and orientation of the
molecules in the aggregates are determined by intermol-
ecular forces (mainly �–� interactions and the interac-
tions of the alkyl tails). It should be noted that a large
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volume fraction is due to the alkyl tails. In the case of the
tetramers 6 and 7 they possess 12 tails whereas 8 and 9
possess 18 alkyl tails. These alkyl tails also play a
significant role in the monolayer stability.


The observed red shift in the case of 8 and 9 can either
arise from intermolecular stacking or be the consequence
of intramolecular stacking within one hexaporphyrin.
Zinc(II) derivative 9 displayed a shifted Soret band in
solution, which was blue shifted compared with that of a
control monomeric porphyrin, which indicates intramol-
ecular stacking of the porphyrins in a face-to-face
arrangement. When the porphyrins within one hexamer
are pushed together, the blue shift can be expected to
become more pronounced. As shown in Fig. 6, for 9 this
is not the case. Instead, a redshift is observed, indicative
of an edge-to-tail orientation of the porphyrins. This red
shift must be the result of intermolecular exciton
coupling, not intramolecular interactions. These observa-
tions lead to the idea that the neighbouring hexaporphy-
rins are arranged in columns. Within the columns the
molecules are slightly rotated with respect to each other
in order to accomplish an edge-to-tail ordering of the
porphyrins within one ‘hexamer’ with the porphyrins of a
neighbouring ‘hexamer’ (Fig. 6, bottom).


Hysteresis experiments were performed in order to
obtain information about the reversibility of monolayer
formation. These experiments showed that monolayers of
8 were irreversibly formed, in contrast to those of 9,
which were reversibly formed (Fig. 7). This difference
may be attributed to the difference in stacking forces
between the hexaporphyrins. As was deduced from the
UV–visible experiments described above, the free base
porphyrins in 8 span a larger area within the molecule,
providing more stacking possibilities with neighbouring
molecules, than is possible for the zinc(II) porphyrins in
9. The latter are face-to-face ordered within one molecule
of 9, resulting in a smaller porphyrin surface area and
hence less �–� stacking interaction with other hexapor-
phyrins, resulting in reversible monolayer formation. In


addition, the zinc centre in 9 is able to complex weakly an
axial ligand forming a five-coordinate zinc species. Upon
deposition on a water interface the zinc could readily
complex a water molecule which would interfere with
optimal �–� stacking. Contradictory to this argument,
however, are the identical red shifts observed for both 8
and 9 upon aggregation, which indicate a similar inter-
molecular stacking geometry. Probably both the more
compact molecular geometry of 9 when compared with 8
and the possibility of coordinating a water molecule are
responsible for the larger molecular area found for the
former compound and the reversible formation of its
monolayer.


The values of the compressibility parameter, �, for
some of the porphyrin multimers are included in Table
1.18 As can be seen, the monolayer of tetraporphyrin 7
has a more fluid character than the monolayer of tetra-
porphyrin 6. Transfer of the monolayers of compound 6
to hydrophilic glass substrates was studied at a surface
pressure of 20 mN m�1. At higher pressures collapse of
the layers occurred. The transfer properties of this
porphyrin are also compiled in Table 1. Low downstroke
and upstroke transfer ratios are observed which are most
likely due to the weak interaction of the apolar porphyrin
6 with the hydrophilic glass. The UV–visible absorption
spectrum of transferred 6 showed an asymmetric Soret
band, which indicates some splitting of this band and
presumably the formation of edge-to-edge type of
aggregates.15 Brewster angle microscopy experiments
on the monolayers of 6 revealed that after spreading the
porphyrin molecules formed domains and after compres-
sion a homogeneous film.7 By applying an equilibration
period of 15 min at a surface pressure of 0 mN m�1 a
homogeneous film was obtained. UV–visible spec-
troscopy indicated that 6, just like 8 and 9, formed
aggregates immediately after spreading.


Transfer of the monolayers on to a substrate was also
investigated using hexaporphyrin 8. Both hydrophilic and
hydrophobic quartz substrates were used in order to
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investigate the influence of the nature of the surface on
the transfer. The dipped substrates were further studied
using UV–visible spectroscopy.


In contrast to what was expected, because 8 is highly
hydrophobic, transfer of this compound on to the hydro-
phobic quartz slides was very poor. Vertical dipping had
to be repeated 10 times in order to obtain sufficient
transfer of material and the prepared film was very
irregular. Transfer of the monolayer by vertical dipping
on to hydrophilic quartz substrates was also poor. The
specific character of the monolayer with very strong �–�
interactions between molecules is thought to hinder
transfer. Probably upon lowering the quartz substrate into
the monolayer a hole is created, which is not refilled with
new hexamer material. Horizontal dipping using a
hydrophilic quartz substrate proved to be the most
successful procedure, as was concluded from the
observed selectively high UV–visible absorption inten-
sity.


All the dipped substrates containing a film of 8
displayed a red shift of the Soret band, indicative of edge-
to-tail stacking of the porphyrins (Fig. 8), similar to the


red shift observed for the monolayers on a water sub-
phase. Apparently, the orientation of the hexaporphyrin
molecules with respect to each other is preserved upon
transfer, although the ordering decreases, as is evidenced
by the significant broadening of the Soret band. This
decrease in ordering can be attributed in part to the poor
transfer ratio. In spite of this poor transfer ratio by
studying the substrates under different angles with
respect to the light source of the UV–visible apparatus,
it was concluded that the plane of the porphyrins in the
hexaporphyrin molecules is perpendicular to the quartz
substrate, just as it is on the water surface itself with the
hexaporphyrins arranged in small domains (see Fig. 8,
bottom).


04*065�34*�


We have shown that it is possible to assemble multi-
porphyrin compounds in monolayers on a water surface.
These monolayers can endure surface pressures from 50
to 60 mN m�1 before collapse occurs. The porphyrin
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molecules described adopt a perpendicular orientation
with respect to the water surface. Compounds 5 and 6 are
tilted and 7 is initially lying flat on this surface, but is
lifted upon further compression. Except for 5, the
monolayers are fairly stable and can be transferred on
to hydrophilic glass substrates, as was demonstrated with
compounds 6, 8 and 9. The size of the porphyrin surface
has an influence on the stability of the monolayer. This is
evident when bisporphyrin 5 is compared with the
tetraporphyrin 6. The two extra porphyrin moieties in
the latter compound lead to a more stable monolayer.
Tetraporphyrin 7 displays a deviating behaviour and
cannot be fitted in these comparisons. Hexaporphyrins 8
and 9, which possess the largest surface area, form the
most tightly aggregated monolayers, in spite of being
non-planar. The intermolecular �–� stacking and the
interactions of the alkyl tails for compound 8 results in
such a strong intermolecular interaction that its mono-
layers are irreversibly formed.


1<�123$1*.�6


Unless indicated otherwise, commercial materials were
used as received. CHCl3 was distilled from calcium
hydride. Melting-points were measured with a Jeneval
polarising microscope connected to Linkam THNS 600
hot-stage. Fast atom bombardment (FAB) mass spectra
were recorded with a double focusing VG 7070E
spectrometer. As a matrix nitrobenzyl alcohol was used.
EPR spectra were recorded on a Bruker ESP 300
spectrometer, equipped with an Oxford flow cryostat.
Elemental analyses were performed with a Carlo Erba Ea
1108 instrument. 1H NMR spectra were recorded on
Bruker WH-90, WM-200 and AM-400 instruments.
Chemical shifts (�) are reported in ppm downfield from
the internal standard tetramethylsilane. Abbreviations
used are s = singlet, d = doublet, t = triplet, m = multiplet
and br = broad. Thin-layer chromatography (TLC) was
performed using precoated F-254 plates and column
chromatography using basic alumina and silica 60H
(Merck). trans-Bis(benzonitrile)palladium(II) dichloride
was purchased form Acros Chimica. Tetrakis(dimethyl-
sulphoxide)ruthenium(II) dichloride 21,23-2H-5-(4-pyr-
idyl)-10,15,20-tri(4-hexadecyloxyphenyl)porphyrin (1),
21,23-2H-5,10-di(4-pyridyl)-15,20-di(4-hexadecyloxy-
phenyl)porphyrin (2) and hexakisporhyrinatobenzene (8)
were synthesized according to literature procedures.5,17


6��B �� $. 5.�.(1.�������).�/���� /.���(1.��7������.

7����	��)�
������	C�������&� �����
���� (7)> trans-
Bis(benzonitrile)palladium(II) dichloride (7.2 mg,
0.018 mmol) was added with stirring to a solution of 3
(50 mg, 0.037 mmol) in 50 ml of dichloromethane. After
2 h the solvent was evaporated and the resulting solid was
adsorbed on silica. Compound 5 was subsequently
purified isolated by elution with CHCl3–MeOH (95:5,


v/v). Yield: 34 mg (64%). TLC [silica, MeOH–CHCl3
(5:95, v/v)], Rf = 0.95. m.p.: 225°C (decomposition to
starting materials). IR (KBr, cm�1): 3433, 2923, 2852. 1H
NMR (200 MHz, CDCl3), �: 9.58 (d, 4H, pyridyl,
J = 6.6 Hz), 8.99 (s, 4H, �-pyrrole, J = 4.9 Hz), 8.89 (s,
8H, �-pyrrole), 8.82 (d, 4H, �-pyrrole, J = 4.9 Hz), 8.37
(d, 8H, pyridyl, J = 6.6 Hz), 8.18 (d, 12H, phenyl,
J = 8.4 Hz), 7.45 (d, 12H, phenyl, J = 8.4 Hz), 4.40 (t,
12H, OCH2, J = 2.6 Hz), 2.0–1.3 (b, 168H, CH2), 1.00 (t,
18H, CH3), �2.75 (b, 4H, NH). FD MS: found for
C182H250N10O6Pd m/z 2776.86576; calc. 2776.86156.
UV–vis (CHCl3), �/nm log(�/l mol�1 cm�1)): 426(5.9),
521(4.6), 558(4.5), 592(4.2), 651(4.2). Anal. Calc. for
C182H248N10O6PdCl2, C 76.72, H 8.77, N 4.92; found, C
76.59, H 8.96, N 4.85%. CV: E1/2 = �1.67 V (vs Fc/Fc�),
�Ep = 69 mV, E1/2 = �1.98 V, ib/if = 1.


�
����(%%) �.(1.�������).�/���� /.���(1.��7������
7�.
���	��)�
������	> This compound was synthesized
according to a literature procedure.5 Yield: 95%. UV–
vis (CHCl3), �/nm (log(�/l mol�1 cm�1)): 418(5.5),
540(4.2). FAB-MS: m/z = 1398 (M).


6��B�
����(%%) �.(1.�������).�/���� /.���(1.��7������.

7����	��)�
������	C�������&�(%%) ���
����> This com-
pound was synthesized in the same way as described for
compound 5. Yield: 53%. UV–Vis (CHCl3), �/nm
(log(�/l mol�1 cm�1)): 422(5.7), 540(4.6). Anal. Calc.
for C182H246N10O6Cu2PdCl2 �H2O, C 73.05, H 8.35, N
4.68; found, C 72.71, H 8.31, N 4.73%.


�����( �� $. 5.���/.��(1.�������).��� /.��(1.��7�.
�����
7����	��)�
������	 �����(�������&� �����
����)
(8)> trans-Bis(benzonitrile)palladium(II) dichloride
(19 mg, 0.048 mmol) was added with stirring to a
solution of 2 (55 mg, 0.049 mmol) in 50 ml of dichloro-
methane. After 2 h the solvent was evaporated and the
resulting solid was adsorbed on silica. Compound 6 was
isolated by column chromatography [eluent CHCl3–
MeOH (95:5, v/v)]. Yield: 29 mg (47%). TLC [silica,
MeOH–CHCl3 (5:95, v/v)], Rf = 1. M.p. �400°C. IR
(KBr, cm�1): 3433, 2923, 2852. 1H NMR (200 MHz,
CDCl3), �: 9.50 (d, 16H, pyridyl, J = 6.2 Hz), 8.9 (m,
24H, �-pyrrole), 8.34 (d, 16H, pyridyl, J = 6.2 Hz), 8.15
(d, 16H, phenyl, J = 8.26 Hz), 7.35 (d, 16H, phenyl,
J = 8.57 Hz), 4.3 (t, 16H, OCH2), 2.0–1.3 (b, 224H, CH2),
0.9 (t, 24H, CH3), �2.8 (b, 8H, NH). FD MS: found for
dimer C148H184N12O4Pd2Cl2, m/z = 2473.20421; calc.
2473.20850. UV–Vis (CHCl3), �/nm (log(�/l mol�1


cm�1)): 429(6.0), 520(4.7), 556(4.5), 592(4.3),
648(4.0). Anal. calc. for C296H368N24O8Pd4Cl8, C
69.72, H 7.27, N 6.59; found, C 69.66, H 8.22, N
6.42%. IR (KBr, cm�1): 3433, 2923, 2852. CV:
E1/2 = �1.62 V (vs Fc/Fc�), �Ep = 82 mV, ib/if = 1.


9������&�(%%) �.(1.�������).�/���� /.���(1.��7������
7�.
���	��)�
������	> This compound was synthesized
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according to a literature procedure.17 Yield: 90%. 1H
NMR (200 MHz, CDCl3), �: 9.00 (d, 2H, pyridyl,
J = 5.8 Hz), 8.88 (d, 2H, �-pyrrole, J = 5.0 Hz), 8.86 (s,
4H, �-pyrrole), 8.72 (d, 2H, �-pyrrole, J = 5.0 Hz), 8.12
(d, 2H, pyridyl, J = 5.9 Hz), 8.05 (d, 6H, phenyl,
J = 8.3 Hz), 7.25 (d, 6H, phenyl, J = 8.4 Hz), 4.20 (t,
6H, OCH2), 2.10 (m, 6H, OCH2CH2), 1.6–1.2 (m, 78H,
CH2) 0.90 (t, 9H, CH3). UV–Vis (CHCl3), �/nm
(log(�/l mol�1 cm�1)): 419(5.1), 524(4.0). FAB MS:
m/z = 1441 (M � 1).


�����0��B�������&�(%%) �.(1.�������).�/���� /.���(1.��7�.
�����
7����	��)�
������	C�&���	�&�(%%) �����
���� (9)>
Palladium(II) 5-(4-pyridyl)-10,15,20-tri(4-hexadecyl-
oxyphenyl)porphyrin (20 mg, 14 mmol) and RuCl2
(DMSO)4 (1.7 mg) were reacted in the melt (T = 90°C)
for 30 min. Purification was achieved by column
chromatography (eluent CH2Cl2). Yield: 8.5 mg (45%).
M.p. = 97°C (decomposition to starting materials). 1H
NMR (200 MHz, CDCl3), �: 9.75 (d, 8H, pyridyl,
J = 6.1 Hz), 9.01 (d, 8H, �-pyrrole, J = 4.9 Hz), 8.86 (d,
8H, �-pyrrole), 8.81 (s, 16H, �-pyrrole), 8.35 (d, 8H,
pyridyl, J = 6.5), 8.10 (d, 8H, phenyl, J = 8.6 Hz), 8.00 (d,
16H, phenyl, J = 8.5 Hz), 7.26 (d, 8H, phenyl,
J = 8.5 Hz), 7.08 (d, 16H, phenyl, J = 8.6 Hz), 4.24 (t,
8H, OCH2, J = 5.9 Hz), 4.01 (t, 16H, OCH2, J = 6,2 Hz),
2.00–1.30 (b, 336H, CH2), 0.88 (t, 36H, CH3,
J = 6.9 Hz). UV–Vis (CHCl3), �/nm (log(�/l mol�1


cm�1)): 422(6.1), 527(4.9), 556(4.51). Anal. calc. for
C364H492N20O12Pd4RuCl4, C 72.57, H 8.37, N 4.66;
found, C 72.76, H 8.25, N 4.67%.


5�7�0��B@�	�(%%) �
������	��
+�	@�	�C (;)> A solution
of hexaporphyrin 8 (14.4 mg, 1.75 �mol) and
Zn(OAc)2 �2H2O (25 mg, 0.11 mmol) in 25 ml of
CHCl3–CH3OH (2:1) was refluxed for 2 h. After
evaporation the product was purified by column chroma-
tography (eluent CHCl3). Yield: 13.9 mg (92%).
M.p. = 185°C. 1H NMR (300 MHz, CDCl3), �: 8.96 (d,
12H, �-pyrrole, J = 4.7 Hz), 8.94 (d, 12H, �-pyrrole),
8.65 (d, 12H, �-pyrrole, J = 4.6 Hz), 8.44 (d, 12H,
phenyl, J = 7.8 Hz), 8.18 (d, 12H, phenyl, J = 8.1 Hz),
8.02 (d, 12H, �-pyrrole, J = 4.3 Hz), 7.79 (d, 12H,
phenyl, J = 8.5 Hz), 7.30 (d, 12H, phenyl, J = 7.5 Hz),
6.86 (d, 24H, phenyl, J = 7.7 Hz), 6.25 (s, 12H, benzyl),
5.81 (d, 24H, phenyl, J = 8.0 Hz), 4.28 (br, 12H, OCH2),
3.01 (br, 24H, OCH2), 2.0–1.1 (br, 504H, CH2), 0.86 (br,
54H, CH3). MALDI-TOF-MS: m/z = 8665 [M� � Na].
Anal. calc. for C564H750N24O24Zn6, C 78.38, H 8.75, N
3.89; found, C 79.29, H 8.12, N 3.61%.


,���� ���
����
	 ���� ������
�����> This technique was
applied for measuring the masses of compounds 5, 6 and
7 because FAB-MS only showed decomposition pro-
ducts. Field desorption (FD) mass spectrometry was
carried out using a JEOL JMS SX/SX102A four-sector
mass spectrometer, coupled to a JEOL MS-MP7000 data


system; 10 �m tungsten wire FD emitters containing
carbon microneedles with a average length of 30 �m
were used. The samples were dissolved in methanol–
water and then loaded on to the emitters with the dipping
technique. An emitter current of 0–15 mA was used to
desorb the samples. The ion source temperature was
generally 90°C.


�<*����+�� �������
	 �7������	��> A stock solution of
porphyrin in dichloromethane was prepared (concentra-
tion 1.3 � 10�6 M). Exactly 2 ml of this solution were
transferred to a quartz cuvette (pathlength 1.000 cm) in a
thermostated compartment of a Perkin-Elmer �-5 UV–
visible spectrophotometer. Subsequently, 25 �l aliquots
of a trans-bis(benzonitrile)palladium(II) dichloride stock
solution were added and the absorption at the wavelength
maximum of the porphyrin B band was measured.


?�	�&�� �
	
����� �7������	��> �–A Isotherms were
recorded on a Lauda Filmwaage FW2, which was
thermostated at 20°C and placed in a laminar flow
cabinet. Ultrapure water used as the subphase was
obtained by filtration through a SERALPUR PRO 90C
system. The monolayers were formed by spreading the
porphyrins, from their chloroform solutions (10�4–
10�3 M), on to the water subphase (pH = 5.5) with the
help of a microsyringe. After equilibration of the
monolayers for at least 15 min the compression was
started. The compression and expansion rates were 3 cm2


min�1. Monolayers were transferred to glass substrates
by the vertical dipping technique using a dipping/
withdrawal rate of 3 mm min�1 before use the substrates
were cleaned in a DECON-soap solution by sonication
for 15 min. After extensive rinsing with pure water and
acetone, the substrates were dried by purging with a
stream of N2. The absorption spectra of monolayers at the
air–water interface were recorded with a quartz fibre
optic probe (Spectrofip 8452, Photonetics) connected to
an HP 8452 diode-array spectrophotometer. The spec-
trum was taken by passing light through the monolayer
and reflecting the light beam back into the fibre, via a
concave mirror placed just below the water surface.


Hexaporphyrins in chloroform (10�4–10�3 M) were
spread on the water surface with a microsyringe. After
equilibrating for 5 min, the molecules were compressed
with a speed of 10 Å2 per molecule per minute. For the
hysteresis experiment the monolayers were compressed
until a pressure of 12 mN m�1 was reached. This pressure
was kept constant for 10 min, after which the barriers
were fully expanded. After 30 min, the molecules were
compressed again until collapse occurred.


Films of hexaporphyrins were prepared as has been
described above. The monolayer was compressed until a
pressure of 8 mN m�1 was reached, which was kept
constant during transfer of the monolayer. Quartz slides
of 40 � 13 mm were cleaned prior to dipping by
sonicating in an Alcanox solution for 1 h with subsequent
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extensive rinsing with Milli-Q water and sonication in
chloroform. The hydrophobic quartz plates were pre-
pared by treatment with a 1% dimethyloctadecyl-3-
trimethyloxysilylpropylammonium chloride (DMOAP)
solution for 5 min and rinsing with Milli-Q water.
Hydrophilic quartz plates were obtained by treatment
with a 2:1 mixture of concentrated sulphuric acid and
30% hydrogen peroxide with subsequent rinsing with
Milli-Q water. The quartz plates were dipped into the
monolayer with a speed of 5 mm min�1.


!�����
�������� ����&����	��> Cyclic voltammetry
was performed with a PAR Model 173 potentiostat
equipped with a PAR Model 176 I/E converter coupled to
a PAR Model 175 universal programmer. The measure-
ments were carried out with 1 mM solutions of the
porphyrin in dichloromethane with 0.1 M tetrabutyl-
ammonium hexafluorophosphate as the supporting elec-
trolyte at 20°C. A three-electrode configuration was
employed with platinum auxiliary and working elec-
trodes and Ag/Ag� (0.1 M AgI) as the reference
electrode. Potentials were calibrated against the ferro-
cene/ferrocinium couple (E1/2 = 0.050 V vs Ag/Ag�).


6��8���� �	�� ����
��
��> Brewster angle microscopy
experiments were carried out with an NFT BAM1
instrument, manufactured by Nano Film Technology
(Göttingen, Germany). The instrument was equipped
with a 10 mV He–Ne laser with a beam diameter of
0.68 mm operating at 632.8 nm. Reflections were de-
tected using a CCD camera. Full details of the BAM
technique have been described in the literature.18


����	���!������
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ABSTRACT: A method for the determination of kinetic isotope effects (KIEs) in organic reactions using natural
abundance deuterium NMR is proposed. The method consists of the determination of the site-specific H/D isotopic
ratios of the starting reactant and the product in a reaction run under pseudo-first-order kinetic conditions. Using simple
and easy experimental procedures, primary and/or multiple secondary KIEs can be measured simultaneously with high
precision. The application of this approach to different types of reaction is described. The primary and �-secondary
KIEs for C—H(D) bond breaking of —CDH— can be measured separately. The uncertainty in the determination of
small secondary KIEs can reach less than 1%. The results show that some remote secondary KIEs are not negligible.
The advantages and limitations of the method are discussed. One of its merits is that the method can even be used in
complex situations when there are branch reactions and when the reaction is reversible. The performance depends
essentially on the signal separation in the NMR spectra. Copyright  2001 John Wiley & Sons, Ltd.


KEYWORDS: reaction kinetics; isotope effects; natural abundance; deuterium; NMR
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It has been well established that chemical kinetic isotope
effects (KIEs) can be determined at natural abundance
using 2H NMR and several experimental methods have
been proposed.1–6 Each of these methods has its
advantages and disadvantages but none of them is
suitable for all applications.7 Thus, it is necessary to
develop more experimental approaches in order to
facilitate the study of KIEs at natural abundance. Today,
high-resolution NMR spectrometers are available in
many laboratories and current NMR data acquisition
and manipulation methods allow us to obtain more
accurate quantitative 2H NMR results. It should be noted
that, in spite of the very low natural abundance of
deuterium (0.015%), the quantitative analysis of 2H at
natural abundance by NMR can be more precise than that
of 1H by NMR. This is because in 2H NMR only
monodeuterated molecules whose signal is a singlet are
analysed, whereas in 1H NMR the signal of a non-


equivalent hydrogen is often a multiplet for which the
precise measurement of the surface area under the peak is
more difficult. This background favours the development
and the application of natural abundance 2H NMR in KIE
studies. Here we present a method based on competition
under pseudo-first-order conditions for the measurement
of KIEs. The pseudo-first-order kinetic method has been
frequently applied to the determination of KIEs using
isotopically enriched substrates. Our interest is to
determine KIEs at natural abundance by this method.
The experimental procedure required is very simple and
it has been used in the determination of the primary KIE
of the hydrolysis of Grignard reagents.4 In this paper, it is
shown that this method can be applied to a wide range of
reactions and that not only can primary and different
secondary KIEs be determined simultaneously but also
that very high precision can be obtained.


&' ("#


In a chemical reaction, there is competition between
unlabelled and naturally monodeuterated molecules. As
there are a number of isotopomers monodeuterated at
different sites of the molecule, several competitions may
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occur simultaneously:


S � HR ��kH HP


S � DiR ��kDi DiP


In the equation, the subscript i indicates site i of the
reactant R which reacts with the substrate S in forming a
product P in which the hydrogens of R are found; at site i
there are pi equivalent hydrogen atoms, for example, for
methyl, CH3, pi = 3. For S, only the unlabelled molecules
are considered in the above reactions. At natural
abundance, the reaction between monodeuterated S and
monodeuterated R can be disregarded. HR refers to the
unlabelled molecules of R. Its rate constant in the
reaction forming HP is kH:


d�HP��dt � kH�S��HR� �1�
DiP is a monodeuterated molecule formed from a


monodeuterated reactant R, DiR. The corresponding rate
constant is kDi


:


d�DiP��dt � kDi �S��DiR� �2�
From Eqns (1) and (2), we have


d�HP��d�DiP� � �kH�kDi��HR���DiR� �3�
In the experiment, the reactant R is always introduced


in large excess. Thus, during the reaction, [HR]/
[DiR] 	 constant (i.e. pseudo-first-order reaction kinetic
conditions are maintained). Integration of Eqn. (3) gives


�HP���DiP� � �kH�kDi��HR���DiR� �4�


The specific hydrogen isotope ratio (in ppm) of site i is
defined as (D/H)i = NDi


/(piNH)8 where NDi
is the number of


isotopomers monodeuterated at site i and NH is the number
of the unlabelled species. In the cases where site i is not the
reaction centre and the stoichiometric number of hydrogens
at position i, pi, does not change when HR is converted to
HP, such as in the case of remote secondary KIEs, both
sides of Eqn. (4) are multiplied by pi and we have


pi�HP���DiP� � �kH�kDi�pi�HR���DiR� �5�


Since the specific isotopic ratio of site i in R (D/H)i,R


= [DiR]/(pi[HR]) and that in P (D/H)i,P =[DiP]/(pi[HP]),


kH�kDi � �D�H�i�R��D�H�i�P �6�


The KIE(s) can thus be determined through the
analysis of site-specific isotopic ratios of the reactant
(R) and the product (P). In the experiment, the complete
conversion of S is not necessary if P can be isolated easily
from the reaction mixture. (D/H)i,R and (D/H)i,P can be
determined with very high precision using the SNIF
NMR method.8,9 The error of the measurement can be


estimated by the following equation:


��kH�kDi� � kH�kDi


���������������������������������������������������������������
��D�H�i�R


�D�H�i�R


�2


�
�
��D�H�i�P


�D�H�i�P


�2
�


�7�


Although Eqn. (6) is obtained for the cases in which pi


does not change from HR to HP, it is also valid for cases
where i is the reaction centre and the number of non-
equivalent hydrogens is different in HR and in HP. This
will be demonstrated below in a concrete example in
which, for the reaction centre i, the primary effect and �-
secondary effect are simultaneously determined using
Eqn. (6). Generally, if H(D)i is involved in bond
breaking, kH/kDi


is a primary effect, KIE(I). Otherwise,
it is a secondary effect, KIE(II).


So long as R is in large excess, the (secondary) KIEs of
the monodeuterated isotopomers of S cannot be deter-
mined. However, by repeating the experiment with S in
large excess, similar pseudo-first-order conditions are
established in which S now behaves as R (the reactant in
large excess) and R as S. The KIEs can therefore be
calculated using Eqn. (6).


!'�$� � ��# #��%$���"�


)�'*�+ ��� )�'*��+� 
� �
������
� 
� ��������,����


Two brominating agents, N-bromosuccinimide (NBS)
and bromine, were used in the bromination of toluene:


C6H5CH3�R� � Br2�S� � C6H5CH2Br�P1� � HBr�P2�


Values of pi for the different sites of the phenyl ring
remain the same before and after the reaction. The
reaction centre is the methyl of toluene, which is
converted to a methylene in the product, leading to a
change of pi. In order to demonstrate the validity of Eqn.
(6) in this example, we should consider the following
competitive reactions:


Br2�NBS� � PhCH3 ��3kH


PhCH2Br � HBr�NH of succinimide�


Br2�NBS� � PhCH2D ��2k��D


PhCHDBr � HBr�NH of succinimide�
Br2�NBS� � PhCH2D ��kD


PhCH2Br � DBr�ND of succinimide�
Copyright  2001 John Wiley & Sons, Ltd. J. Phys. Org. Chem. 2001; 14: 239–246
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The rate equations for these reactions can be written,
respectively, as


d�HBr�NH of succinimide���dt �
d�PhCH2Br��dt � 3kH�PhCH3��Br2�NBS�� �8�


d�PhCHDBr��dt � 2k��D�PhCH2D��Br2�NBS�� �9�
d�DBr�ND of succinimide���dt �


kD�PhCH2D��Br2�NBS�� �10�


In Eqn. (8), the rates of formation of HBr (or
succinimide) and PhCH2Br do not include those
produced in the second and third of the above three
reactions because they are involved in reactions with
naturally deuterated isotopomers and can be disregarded.


Equations (8) and (10) give


d�HBr�NH of succinimide��
d�DBr�ND of succinimide�� �


3kH�PhCH3�
kD�PhCH2D� �11�


and from Eqns (8) and (9) we obtain


d�PhCH2Br�
d�PhCHDBr� �


3kH�PhCH3�
2k��D�PhCH2D� �12�


After integration, the KIE(I) = kH/kD = (D/H)CH3
/


(D/H)HBr (NH of succinimide) and the �-KIE(II) = kH/k�-D =


(D/H)CH3
/(D/H)CH2Br. The validity of Eqn. (6) is justified.


Accordingly, the calculation of the secondary KIEs is
based on the analysis of toluene (R) and benzyl bromide
(P1) while for the calculation of the KIE(I), an additional
analysis of P2 (the succinimide or HBr which was
converted to pyridinium bromide) is necessary. The
results are summarized in Table 1.


The uncertainty for the KIE(I) values is larger than that
for the KIE(II) values. This is related to the error of
measuring the (D/H)NH. Because the 2H NMR (Fig. 1)
signal of ND(or ND�) is broad and of low intensity , the
signal-to-noise ratio is smaller. Owing to the bad
separation of the o-, p- and m-phenyl deuterium signals
of the spectra of both reagent and product, only one
average ring hydrogen KIE(II) has been obtained. We
carried out a second kinetic experiment with bromine for
which only KIE(II)s were determined and obtained the
same KIE(II) values within standard deviations. The
KIE(I) value for NBS bromination is of the same order as
previously reported values: 3.59–6.4.2,10. The difference
may be attributed to the difference in reaction conditions
such as solvent, temperature, etc. The solvent under our
working conditions is always the reactant in excess. The
KIE(I) in the reaction with bromine is smaller than some
published data and close to that of chlorination.10a This
may also be related to the different experimental
conditions used. It is worth noting that an exchange
between HBr or HCl and the phenyl hydrogens may
occur under certain conditions. It would be useful to


 ���� -. +�����	��	� �, -��.�/ �� -��.��/� 	 ��
��� ����	��	��


Bromination with Br2 (50°C) (D/H)Ph (ppm) (D/H)CH3
(ppm) (D/H)CH2Br (ppm) (D/H)NH(HBR


) (ppm)


Expt 1 Starting toluene 155.6 (0.7) 122.4 (0.4)
Expt 1 Benzyl bromide 149.1 (0.7) 132.4 (0.8)
Expt 1 HBr–pyridine 91.1 (4.2)


Expt 2 Starting toluene 153.0 (0.3) 123.8 (0.3)
Expt 2 Benzyl bromide 150.0 (0.8) 134.1 (0.4)


NH
Expt 1 KIE(I) 1.3(0.1)


Phenyl CH3(�)
Expt 1 KIE(II) 1.044 (0.007) 0.924 (0.006)


Expt 2 KIE(II) 1.020 (0.006) 0.923 (0.004)


Bromination with NBS (110°C) (D/H)Ph (ppm) (D/H)CH3
(ppm) (D/H)CH2Br (ppm) (D/H)NH(HBr) (ppm)


Starting toluene 155.6 (0.7) 122.4 (0.4)
Benzyl bromide 144.9 (0.8) 133.2 (0.9)


Succinimide 36.8 (1.0)


NH
KIE(I) 3.33 (0.09)


KIE(II) Phenyl CH3(�)
1.074 (0.008) 0.919 (0.007)


a The standard deviation is given in parentheses.
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estimate its influence on the KIE measurement. The �-
KIE(II) value obtained in this work is comparable to that
[0.85 (
0.10)] determined by natural abundance 2H
NMR with another method2 in that both measurements
find an inverse effect. However, the precision in the
present work is much higher.


)�'*�+ ��� )�'*��+� 
� /�����0%���� �����
��


The acetylation of benzene catalyzed by AlCl3 was
studied:


C6H6�R� � CH3COCl�S� ��AlCl3 C6H5COCH3�P1�
� HCl�P2�


Because one of the six benzene hydrogens is in the
reaction centre, two products P1 and P2 should be
analysed for the calculation of KIE(I) and KIE(II). HCl
(P2) was converted to pyridinium chloride for 2H NMR
measurement of KIE(I). Since the signals of acetophe-
none are well separated, all KIE(II)s were also obtained
(Table 2). The small normal value for KIE(I) is in good
agreement with determinations made for other Friedel–
Craft reactions.11 The three ring hydrogen positions have
different KIE(II)s of which the error of measurement is
not more than 1%. The o-H shows no KIE whereas the m-
H has a marked inverse effect and the p-H has a small
normal effect. A major advantage of using natural
abundance 2H NMR for the determination of KIE is that
multiple KIE(II)s can be determined simultaneously. For
deuterium KIE(II)s, most studies focus on �- and �-
KIE(II)s. According to the conventional view, �-KIE(II)
is related to the changes in the C�–H(D) out-of-plane
bending vibrations when the reactant is converted into the
transition state while �-KIE(II) is primarily a result of
hyperconjugation.7 Generally, when the force constants
for the bonds to isotopic nuclei decrease on going from
reactant to transition state in the rate-determining step,
the KIE is normal; otherwise it is inverse. Several studies
have shown that many remote KIE(II)s are not negligible
and that the KIE(II)s of different sites in a molecule in a
reaction are often very different: some may be normal
whereas others are inverse or negligible. The mechanistic
significance of these data has not yet been well studied.
By combining these data with ab initio theoretical
calculations, more details of the reaction mechanism
could be revealed. The aim of this work is to present the
methodology and the mechanistic significance of the KIE
values will not be discussed in detail.


)�'*��+� 
� �
������
� 
� 
��1��


KIE(II)s for the bromination of cyclohexene:


were determined. The results are summarized in Table 3.
In this reaction there is no C—H bond breaking, but the


number of non-equivalent hydrogens increases during the
reaction. Precise KIE(II) values are obtained in the


/���� -. ������
 ������� %& ��� ������� �, ��� �������
�� �������� �, ��� �����	� �, ����	��	� �, ��
��� ��
�0 * .�/ ������� � .��
���/1 .�/ ������� 23 .��4�

����	��/1 .�/ ������� 2% .����		�	��/* � ��� �������� ����
�	5�
 ���������� �� � �����

� ������������� 	������6
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experiments. Marked inverse effects are observed at �, �1


and �2 positions whereas there is no effect at �2 and �1


sites. The inverse �-KIE(II) seems to indicate an sp3-like
transition state during the formation of bromonium ion.


)�'*��+� 
� � #����0���� �����
�


The reaction studied is that between perchlorocyclopen-
tadiene and hex-1-ene:


The results are given in Table 4.
The reaction is very slow under the experimental


conditions. We took advantage of this to check the
reaction kinetics and confirmed that the reaction is of first
order for the substrate (S). The rate constant is 0.011 h�1


for the unlabelled molecules. In order to facilitate the
purification of the product (it is difficult to separate the
unreacted perchlorocyclopentadiene and the addition
product), the reaction was not stopped until �100%
conversion was reached. Only one endo addition product
was obtained: 5-butyl-1,2,3,4,7,7-hexachloro-bicyclo-
[2.2.1]hept-2-ene (1).12 In the NMR spectrum, there are
more overlapping signals for 1 than for hex-1-ene. Since
in the 2H NMR spectrum of 1, the signals of D1exo and D3


as well as those of D3� and D6 cannot be separated, not all
the site-specific KIE(II)s can be obtained. In addition, for
the C-4 and C-5 hydrogens only an average value can be
determined. Owing to incomplete signal separation, the
precision of (D/H)i of some sites of the two molecules is
not very good. Even so, the maximum error is only 1.9%.
This example shows that the performance of the method


 ���� 2. +�����	��	� �, -��.�/ �� -��.��/� 	 ��� �����
��	� �, ��4�� .8#°�/


(D/H)ring (ppm) (D/H)o-H (ppm) (D/H)m-H (ppm) (D/H)p-H (ppm) (D/H)NH(HCl) (ppm)


Starting benzene 138.5 (0.5)
Acetophenone 138.6 (0.5) 141.3 (0.5) 136.8 (0.9)
HCl–pyridine 103.2 (1.4)


KIE(I) NH
1.34 (0.02)


KIE(II) o- m- p-
0.999 (0.005) 0.980 (0.005) 1.012 (0.008)


 ���� 3. +�����	��	� �, -��.��/� �, ���
���9�� ����	��	� .%#°�/


Starting cyclohexene (D/H)� (ppm) (D/H)� (ppm) (D/H)� (ppm)
123.0 (0.7) 133.6 (0.8) 126.6 (0.9)


(E)-1,2-Dibromocyclohexane (D/H)� (ppm) (D/H)�1 (ppm) (D/H)�2 (ppm) (D/H)�1 (ppm) (D/H)�2 (ppm)
125.7 (0.4) 138.6 (0.3) 133.4 (0.5) 126.6 (0.7) 129.4 (0.7)


KIE(II) � �1 �2 �1 �2
0.979 (0.006) 0.964 (0.006) 1.001 (0.007) 1.000 (0.009) 0.978 (0.009)


 ���� 4. +�����	��	� �, -��.��/� 	 ��� +	�
�:�
��� �����	� ���7�� �����
������
������	�� �� ��9636�� ."8°�/


Starting
hex-1-ene (D/H)H1endo


(D/H)H1exo
(D/H)H2


(D/H)H3
(D/H)H4,H5


(D/H)H6


(ppm) (ppm) (ppm) (ppm) (ppm) (ppm)
132.4 (1.9) 130.5 (0.5) 153.6 (1.4) 136.0 (1.1) 145.0 (0.9) 114.4 (0.6)


Product (1) (D/H)H1endo
(D/H)H1exo,H3


(D/H)H2
(D/H)H4,H5


(D/H)H3�,H6


(ppm) (ppm) (ppm) (ppm) (ppm)
122.3 (2.3) 137.6 (0.6) 160.1 (2.1) 169.5 (1.9) 126.8 (1.3)


KIE(II) H1endo H2 H4, H5
1.082 (0.026) 0.959(0.015) 0.855(0.011)
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depends critically on the resolution of the NMR signal.
Nevertheless, significant KIE(II)s can be observed even
taking into account this level of uncertainty. A theoretical
calculation is necessary for the interpretation of the
effects.


)�'*��+ 
� �����1����
�


The following esterifications were studied:


EtOH�R� � PhCOCl�S� � PhCO2Et�P� � HCl


PrOH�R� � PhCOCl�S� � PhCO2Pr�P� � HCl


Only the KIE(II)s of the alcohol moiety were determined
(Table 5).


Two kinetic experiments were carried out and the
results are in good agreement. Although the precision of
the KIE(II) values is very high, the measured isotopic
effects are negligible. In each experiment, the standard
deviation reflects mainly the precision of the NMR
measurement. However, the conditions of reaction and of
product isolation and purification must be rigorously
controlled. Notably, isotopic fractionation introduced
during product isolation must be avoided essentially by
minimizing losses during working. Neglecting these
precautions will distort the KIE results. The KIE(I) of
O—H bond breaking cannot be determined because the
hydrogen of the HCl formed in the reaction dissolves in
the large quantity of alcohol present, with which it is in
rapid exchange. Thus, the precise measurement of its
(D/H) value is not possible. The KIE(II)s of the phenyl
moiety could also be studied by using an excess quantity
of benzoyl chloride in the reaction. The experiment was


not done in this work because the effects are expected to
be very small, as shown for the alkyl moiety.


%"�%�$��"��


The above examples represent different cases in which
the 2H NMR method has been applied to the determina-
tion of primary and secondary KIE values at natural
abundance. These examples illustrate effectively that the
use of this method has many advantages: (1) The
determination of fractional conversion of reactants5,6 is
not necessary and this simplifies the experimental
procedure by avoiding the error in its determination. (2)
The precision is generally high as, in most cases, the site-
specific isotope ratios (D/H)i of organic compounds are
of the order of 150 ppm (average natural abundance) and
the NMR precision can generally reach
�(D/H)i � 0.5 ppm. Thus, the error of small KIE values
should not be larger than 1% according to Eqn. (7). As is
shown by the results, the method is very suitable for the
study of small KIE(II)s. (3) The KIE(II) for multiple sites
can be determined simultaneously provided the reso-
nances are sufficiently well resolved. (4) Since in the
NMR measurement an external reference is used, no
internal reference is necessary. The internal reference
method relies on using a remote deuterium in the reacting
molecule assumed to have no KIE.2,6 However, the use of
an internal reference must be treated cautiously. We show
here that, in a number of the reactions studied, ‘remote’
hydrogens show significant KIE(II)s. The use of an
external reference avoids the risk of choosing an internal
reference which may have a non-negligible KIE(II). (5)
As the measurement of KIEs is based on the analysis of


 ���� 5. +�����	��	� �, -��.��/� 	 �����	;���	� .��<&:2��<�
� =>°�1 2�<&:2��<�
� ?=°�/


Experiment No. (D/H)CH2
(ppm) (D/H)CH3


(ppm)


1 Starting ethanol 141.4 (0.8) 124.0 (0.3)
1 Ethyl ester 141.8 (0.7) 123.2 (0.3)


2 Starting ethanol 138.2 (1.4) 122.3 (0.9)
2 ethyl ester 141.2 (0.5) 121.5 (0.5)


CH2 CH3
1 KIE(II) ethyl 0.997 (0.007) 1.006 (0.003)


2 KIE(II) ethyl 0.979 (0.010) 1.007 (0.008)


(D/H)�-CH2
(ppm) (D/H)�-CH2


(ppm) (D/H)CH3 (ppm)
1 Starting ethanol 110.8 (0.7) 141.5(0.7) 129.4 (0.6)
1 Propyl ester 110.3 (0.6) 141.2(0.3) 130.1 (0.5)


2 Starting propanol 114.7 (0.6) 135.4 (0.3) 128.1 (0.7)
2 Propyl ester 115.6 (0.6) 136.9 (0.8) 130.6 (0.3)


�-CH2 �-CH2 CH3
1 KIE(II) propyl 1.005 (0.008) 1.002 (0.005) 0.995 (0.006)
2 KIE(II) propyl 0.992 (0.007) 0.989 (0.006) 0.980 (0.006)
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the reaction product (this corresponds to following the
product formation kinetics), more KIE values can be
obtained than for intermolecular competition method6


based on analysis of the starting reagent (this corresponds
to following the kinetics of disappearance of the
reactant). This is particularly useful when the number
of non-equivalent hydrogens increases after the reaction
as, for example, in the acetylation of benzene. The
intermolecular competition method cannot be used either
for the KIE measurement of this reaction or for the
determination of the KIE(I) and �-KIE(II) in toluene
bromination. (6) The other methods1,5,6 can only be used
in ‘clean’ and irreversible reactions. The present method
is still applicable even when there are branch reactions
between S and R. If the products of the branch reactions
can be isolated and analysed, the KIEs of these reactions
can also be calculated. (7) In addition, it can be applied in
some complicated situations such as reversible reactions.
Since at the early stage the backward reaction can be
disregarded, the KIEs of the forward reaction can be
determined by quenching the reaction at this stage. In this
case, the initial quantities of both reactants can be in
stoichiometric proportion and their conversion fraction
should not exceed 5% to ensure a 20-fold excess. In this
situation, the KIEs of the monodeuterated isotopomers of
both R and S can be calculated simultaneously from
(D/H)i of R, S and P:


for R: kH�kDi � �D�H�i�R��D�H�i�P �13�


for S: kH�kDi � �D�H�i�S��D�H�i�P �14�


A critical parameter in determining (D/H)i values is the
precision with which these signal surface areas are
calculated. For all the quantitative NMR measurements
reported here the signal surfaces were always calculated
by using a curve-fitting program in which the analysis
involves automatic integrated management of all experi-
mental parameters, including the phases of the individual
resonances.13 The use of manual direct integration from
spectra for the calculation of signal surface areas should
be avoided. As the NMR integration depends on many
factors, such as signal-to-noise ratio, lineshape, integra-
tion area, phase, baseline and integration correction, the
results from manual integration may be sensitive to
operators.14 When using the automatic curve-fitting
program, all operators obtain the same results at optimal
curve fitting and this ensures the objectivity of the results.


In our work, only deuterium KIEs are reported. In
principle, isotope effects for other heavy atoms (13C, 15N,
17O, etc.) can also be studied by natural abundance NMR
using the same method. Unfortunately, there are still a
number of unresolved problems in the natural abundance
quantitative NMR analysis of these isotopes.15 A further
difficulty is that, since the isotope effects are much
smaller than with deuterium, the analyses would need a
much higher precision than for deuterium. For instance,


while the range of variation of 13C/12C isotopic ratios at
natural abundance is only of the order of 40� as
compared with more than 500� for 2H, for the precise
determination of the specific 13C contents of different
sites in a molecule, the error should be better than 0.5�.
This is an extremely difficult task for 13C NMR. Many
factors can influence quantitative 13C NMR analysis. The
results of intramolecular 13C ratio measurement may vary
according to decoupling parameters such as the decou-
pling frequency offset (O2). In addition, in precise
quantitative 13C NMR analysis at natural abundance, the
�1.1% bi-labelled molecular species should be taken into
account. Only recently have satisfactory quantitative 13C
NMR results been reported.16 The approach described
relied on the use of references of known site-specific
isotopic ratio to determine the appropriate acquisition
parameters. However, this approach may be suitable only
in a limited number of cases as the same parameters
cannot be applied to the analysis of all molecules. The
quantitative analysis of 15N, 17O, etc., is even more of a
challenge. In spite of the considerable progress made,
NMR still cannot be used as a routine analytical tool for
the precise determination of heavy atom isotope (13C,
17O, etc.) KIEs. However, in certain cases the KIE of
carbon, oxygen or nitrogen can be determined at natural
abundance with high precision using isotope ratio mass
spectrometry, for isotopic analysis. This work is in
progress.


'6�'!�&'� ��


0���	��	� �, �
@�
��4���* 0���	��	� �,
��
��� 7	�� ����	�* A 1.7 ml (0.033 mol) amount of
bromine was added slowly to 250 ml (2.35 mol) of
toluene at 50°C. The hydrogen bromide formed was
conveyed to two successively connected traps containing
pyridine by the nitrogen gas bubbling through the
reaction mixture. The pyridinium bromide was isolated
by evaporation of the pyridine and was dried under
vacuum for 6 h. The excess toluene was removed by
distillation under vacuum and the benzyl bromide was
isolated by vacuum distillation.


0���	��	� �, ��
��� 7	�� �6���������		�	��* A
6 g (0.033 mol) amount of N-bromosuccinimide was
added to 250 ml (2.35 mol) of toluene under reflux
(110°C). Complete reaction was indicated by a negative
starch–iodide test. The reaction flask was cooled to 0°C
and the succinimide was removed by filtration and dried
under vacuum for 6 h. The excess toluene was removed
by distillation under vacuum and the benzyl bromide was
obtained by vacuum distillation.


��	���
:���,�� �����	��* A 250 ml (2.8 mol) amount of
benzene and 6.4 g (0.048 mol) of finely powdered
anhydrous aluminium chloride were heated to 50°C then
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2.8 ml (0.04 mol) of acetyl chloride were added over a
period of 30 min. The hydrogen chloride formed was
conveyed to the traps by nitrogen gas bubbling as
described above. After cooling, the pyridinium chloride
was isolated by evaporation from the pyridine and was
dried under vacuum for 6 h. After work-up, the excess
benzene was removed by distillation and the acetophe-
none was purified by vacuum distillation.


0���	��	� �, �
�;�* A 1.5 ml (0.028 mol) amount of
bromine dissolved in 25 ml of carbon tetrachloride was
added slowly to 200 ml (1.97 mol) amount of cyclohex-
ene at 20°C. The excess cyclohexene was removed by
distillation under vacuum and (E) 1,2-dibromocyclohex-
ane was isolated after vacuum distillation.


+	�
�:�
��� �����	��* A mixture of 3.7 ml (0.023 mol)
of hexachlorocyclopentadiene and 200 ml (1.6 mol) of
hex-1-ene was refluxed (65°C) over a period of 20 days.
The cycloaddition product was recovered by distillation
under vacuum from the excess hex-1-ene.


�����	;���	��* While gently refluxing at constant
temperature (EtOH, 78°C; PrOH, 97°C), 5.5 ml
(0.047 mol) of benzoyl chloride were added dropwise
to an excess of anhydrous alcohol (EtOH, 200 ml, 3.4
mol; PrOH, 250 ml, 3.34 mol). The refluxing was
continued for 45 min to ensure complete reaction. After
cooling, the excess alcohol was removed by distillation.
The benzoate ester was isolated after evaporation under
vacuum from the remaining alcohol.


�&! ��������. ��� ���	�	��* The deuterium NMR
spectra were recorded at 61.4 MHz under broad-band
proton decoupling using a Bruker DPX 400 spectrometer
equipped with an 19F lock device; frequency window
1200 Hz, memory size 16K, scan number 200 to 27000
according to the sample and exponential multiplication
corresponding to a line broadening of 0.5 or 1 Hz. Six
spectra were recorded for each sample and an average
(D/H)i value was calculated from the six measurements.


.+A&/	 ��
��
��	�* The (D/H)i values were determined
using an external reference, TMU (tetramethylurea)†, of
which the isotopic ratio (D/H)R was precisely calibrated.
In the analysis of succinimide, dioxane was used as
reference in place of TMU. (D/H)i was calculated from
the following equation:


�D�H�i � �D�H�RPRmRMSAi��PimSMRAR� �15�


where Pi and PR are the stoichiometric numbers of
hydrogens in site i of the sample and in the reference and
MS, mS, MR and mR are, respectively, the molecular
weight and mass of the samples and of the reference.


When detectable impurities are present, mS (sample
weight) in Eqn. (15) is replaced by fSmS, where fS is the
sample purity in mole fraction. Ai and AR are,
respectively, the signal areas of the site i monodeuterated
molecule and the reference. These were derived from the
quantitative evaluation of the 2H NMR spectrum using a
curve-fitting program (Interliss from Eurofins Scientific,
Nantes, France).13


 ���
� ��������	�* The purity of all analysed samples
was checked by GC. If the NMR signals of the impurity did
not disturb the sample’ spectrum, no further purification
was carried out. The liquid samples were mixed directly
with the reference and lock materials without solvent. NMR
tubes of 10 mm diameter were used. For the determination
of (D/H)NH(HBr or HCl) values, the solid samples (succini-
mide and pyridinium halides) were dissolved in a mixture
of deuterium-depleted water [(D/H) = 3 ppm] and aceto-
nitrile (1:2.5) and deuterium-depleted water and pyridine
(1:3), respectively. In the calculation of (D/H)NH values, a
correction was made for the contribution of residual
deuterium in the deuterium depleted water.


����
7����������
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ABSTRACT: The kinetics of the reaction of �-alkoxyvinyl methyl ketones R1O—CR2=CH— COCX3 (1a–e)
(a, R1=CH3, R2=H, X=H; b, R1=C2H5, R2=H, X=F; c, R1=C2H5, R2=H, X=Cl; d, R1=R2=CH3, X=Cl;
e, R1=R2=CH3, X=F) with aliphatic amines was studied in various solvents. The details of appropriate
enaminoketone (2a–d) formation are discussed in terms of an addition–elimination reaction. It is shown that the
limiting step of the reaction is the decomposition of a zwitterionic intermediate, and that the observed second-order
reaction rate constants are a function of the solvent’s relative permittivity �r. At high amine concentrations in non-
polar solvents, the third-order rate coefficient appears in the reaction rate equation as a consequence of a catalyzed
route of the intermediate decomposition. The reaction has low �H≠ and high negative �S≠ values owing to the
formation of a highly polar zwitterionic intermediate. Its lifetimes are determined mainly by the electron-withdrawing
ability of COCX3. Copyright  2001 John Wiley & Sons, Ltd.


KEYWORDS: �-alkoxyvinyl methyl ketones; amines; kinetics


�%&'()*+&�(%


The methyl vinyl carbonyl group is one of the most
versatile and useful entities in organic synthesis.1


Substitution of a methyl group by a trifluoromethyl
group changes abruptly the chemical properties of
enones.1,2 We have been concerned for some time both
with the synthetic use of trifluoromethyl vinyl ketones2,3


and with mechanistic aspects4 involved in the reaction of
these compounds with amines. Thus, we have shown that
ethoxyvinyl trifluoromethyl ketone is a convenient and
comprehensive starting reagent for the synthesis of
various fluorine-containing compounds such as hetero-
cycles, enones, enaminones, and chelate complexes.
Moreover, it was found that the reaction kinetics of �-
alkoxyvinyl alkyl ketones with nucleophiles, containing
amino groups, are strongly dependent upon the sub-
stituents at the carbonyl C-atom, solvent polarity and the
structure of the amino-containing nucleophiles.4 Pro-
ceeding with this work we have become interested in
trihalomethyl vinyl ketones and their reaction with


nucleophiles. We reasoned that trihalomethyl vinyl
ketones, besides being obviously valuable synthetic
intermediates3,5 are also very interesting substances for
mechanistic studies. We therefore decided to extend our
work to the systems 1a–e by changing the �- and �-
substituents, the nucleophile, and the solvent. The aim of
this work was to ascertain the rate-determining step of
this multi-step reaction.


,-.,'�/,%&01


�������$�� (E)-4-Methoxy-3-buten-2-one (1a) was pur-
chased from Fluka (�max = 262 nm in hexane). (E)-1,1,1-
Trifluoro-4-ethoxy-3-buten-2-one (1b) (�max = 260 nm in
hexane) and (E)-1,1,1-trichloro-4-ethoxy-3-buten-2-one
(1c) (�max = 263 nm in hexane) were synthesized from
trichloroacetic and trifluoroacetic anhydride, respec-
tively, and ethyl vinyl ether as described.6 (E)-1,1,1-
Trichloro-4-methoxy-3-penten-2-one (1d) (�max = 265
nm in hexane) and (E)-1,1,1-trifluoro-4-methoxy-3-
penten-2-one (1e) (�max = 263 nm in hexane) were
obtained as described.7


Uv–visible spectra of the appropriate products of the
reaction of 1a–d with amines have been published.1,4,5


The NMR spectra were all in accord with the
molecular structures. All �-alkoxyvinyl methyl ketones
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were stored under N2 at 4°C and were purified by
distillation before use.


�	$"����� All solvents were analytically pure (Aldrich,
Fluka) and were further purified by published methods.8


Acetonitrile was purified by a four-step method,9 stored
under N2 and distilled prior to use. Diethylamine and n-
butylamine were purified by standard methods.


!������ �)#��������� Kinetic measurements were carried
out under pseudo-first-order conditions by adding 10 �l
of a 10�2 M solution of the substrate (1a–d) to 2 ml of the
amine solution (5 � 10�2 M for 1a and b, 5 � 10�4 M for
1c and d and 5 � 10�3 M for 1e unless stated otherwise)
in thermostated (with accuracy �0.2°C) quartz 10 mm
cells (Hellma) at various temperatures (20 –50°C in 5°C
steps). The kinetic runs were followed by UV–visible
spectrophotometry utilizing a Carl Zeiss Jena M40


&�2�� $� !������ ��� ����"���	� #��������� 	
 ��� ������	� 	
 ��	��� ��3� %��� ������$�����


Enone Solvent kobs (l mol�1 s�1)a �G≠ (kJ mol�1) �H≠ (kJ mol�1) �S≠ (J K�1 mol�1)


1a Methanol (2.72 � 0.06) � 10�2 80.5 � 1.9 30.8 � 1.7 �170 � 6
2-Propanol (1.62 � 0.02) � 10�2 81.8 � 1.2 31.6 � 0.8 �173 � 3
n-Butanol (2.31 � 0.02) � 10�2 80.9 � 0.8 29.3 � 0.5 �176 � 2
t-Butanol (7.66 � 0.06) � 10�3 83.6 � 1.2 42.7 � 1.0 �140 � 8
n-Decanol (1.87 � 0.12) � 10�3 — — —
DMSOb (1.39 � 0.06) � 10�3 87.7 � 0.8 38.7 � 0.5 �167 � 2
Acetonitrile (1.99 � 0.06) � 10�3 86.9 � 4.1 40.7 � 3.7 �157 � 8
1,2-Dichloroethane (1.50 � 0.02) � 10�3 87.6 � 2.7 35.6 � 2.5 �177 � 8
Chloroform (7.84 � 0.04) � 10�4 89.2 � 3.0 40.0 � 2.7 �168 � 2
Dibutyl ether (2.42 � 0.02) � 10�4 89.3 � 1.3 29.1 � 1.0 �205 � 2
1,4-Dioxane (3.76 � 0.04) � 10�4 91.0 � 1.7 44.9 � 1.4 �157 � 5
Triethylamine (6.19 � 0.02) � 10�4 89.8 � 2.3 20.4 � 2.0 �236 � 10
Cyclohexane (3.46 � 0.04) � 10�4 91.2 � 1.8 37.5 � 1.5 �183 � 5
Hexane (2.55 � 0.04) � 10�4 91.9 � 2.0 41.7 � 1.6 �171 � 3


1b Methanol 76.82 � 0.23c


n-Butanol 93.31 � 0.28c


n-Pentanol 93.05 � 0.27c


n-Decanol 95.32 � 0.31c


1,2-Dichloroethane 67.93 � 0.21 67.2 � 2.1 17.7 � 1.9 �168 � 6
Chloroform 30.87 � 0.18 63.4 � 1.6 17.5 � 1.4 �156 � 5
1,1,2-Trichloroethene 21.50 � 0.12 64.3 � 2.2 14.5 � 2.1 �170 � 7
Tetrachloromonomethane 9.03 � 0.08 66.4 � 1.5 17.3 � 1.3 �167 � 4
Cyclohexane 6.46 � 0.05 67.2 � 2.1 17.7 � 1.9 �168 � 6
Hexane 4.32 � 0.02 68.2 � 1.8 18.4 � 1.5 �168 � 4


1bd Acetonitrile (9.07 � 0.02) � 10�2 76.9 � 1.5 21.9 � 1.2 �188 � 4
1,2-Dichloroethane (4.59 � 0.02) � 10�2 79.4 � 2.1 28.9 � 1.9 �172 � 6
Chloroform (2.12 � 0.02) � 10�2 81.2 � 2.6 32.8 � 1.4 �173 � 5
1,1,2-Trichloroethene (1.92 � 0.02) � 10�2 81.5 � 1.8 23.2 � 2.1 �199 � 4
Tetrachloromonomethane (6.38 � 0.06) � 10�3 84.1 � 1.5 29.3 � 1.3 �187 � 8
Hexane (3.26 � 0.03) � 10�3 85.7 � 2.5 28.1 � 1.5 �197 � 9


1c Methanol 6.85 � 0.01 69.2 � 2.6 32.2 � 2.5 �126 � 8
n-Pentanol 7.26 � 0.01 69.2 � 3.9 29.8 � 3.8 �135 � 13
n-Octanol 6.20 � 0.01 69.2 � 2.8 30.2 � 2.6 �133 � 9
Acetonitrile 11.40 � 0.05 69.3 � 1.3 12.8 � 1.2 �175 � 4
1,2-Dichloroethane 5.53 � 0.02 67.6 � 2.0 11.9 � 1.7 �189 � 6
Chloroform 3.79 � 0.02 68.5 � 2.7 25.5 � 2.5 �177 � 5
1,1,2-Trichloroethene 2.40 � 0.01 69.6 � 1.3 23.8 � 1.0 �157 � 3
Tetrachloromonomethane 1.28 � 0.01 71.2 � 1.0 25.2 � 0.7 �156 � 3
Hexane 0.67 � 0.005 72.7 � 1.0 24.3 � 0.9 �165 � 7


1d Methanol (8.99 � 0.08) � 10�3 83.2 � 0.9 33.3 � 0.7 �170 � 3
1,2-Dichloroethane (7.26 � 0.07) � 10�3 83.8 � 1.3 31.7 � 1.2 �178 � 5
Chloroform (2.62 � 0.06) � 10�3 82.2 � 1.4 37.8 � 1.5 �165 � 5
1,1,2-Trichloroethylene (1.94 � 0.05) � 10�3 87.0 � 1.2 37.3 � 1.1 �169 � 1
Tetrachloromonomethane (7.19 � 0.09) � 10�4 89.4 � 1.7 42.1 � 1.6 �162 � 5
Hexane (3.50 � 0.10) � 10�4 91.2 � 1.2 36.6 � 1.0 �186 � 4


1e Acetonitrile (9.80 � 0.08) � 10�2 77.6 � 0.9 26.5 � 1.2 �175 � 7
Hexane (2.18 � 0.05) � 10�3 81.7 � 0.9 27.5 � 1.3 �185 � 9


� �� ��� ��
� �	����� ����� 	���
� �� �	
��� ��!�������� ��� �����	�� 	� ��� ���� �� �� �����"���
� #����	�� "	�� i�$��%&�
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spectrophotometer. The reactant consumption and pro-
duct accumulation kinetics were recorded virtually
simultaneously by real changes in the optical densities
of two bands (where it was possible owing to solvent
transmission). In cases of an E � Z isomerization of the
reaction product the kinetics were registered by reactant
consumption only. The kinetic measurements were
carried out at suitable analytical wavelengths on the
slopes of the appropriate spectral bands in the region
256–263 nm (for reactants) and 303–328 nm (for prod-
ucts). Control experiments showed virtual irreversibility
of the reaction under the conditions used.


All kinetic runs were followed for at least 3–4 half-
lives. The accuracy of rate constant determination was 1–
3%. Half-logarithmic anamorphoses of kinetic curves (1)
and (2) were straight lines (r �0.999) providing pseudo-
first-order rate constants (kp�f) with an accuracy
��0.5%.


ln��D�0��D��	 
 f ��	 �reactant	 �1	
ln��D�����D�� � �D��	 
 f ��	 �product	 �2	


where [D]0 is the initial optical density of the substrate,
[D]� is the final optical density of product and [D]� is the
optical density at time �.


���	��' ��� �����'	���� ���� �	�������� Second-order
coefficients (kobs) were obtained by dividing the pseudo-
first-order coefficients by the amine concentration
(Tables 1 and 2). In some systems the observed second-
order rate constant kobs increased with increase in the


amine concentration. This rate increase was linear
according to the equation


kobs 
 k� � k���amine� �3	


In the systems where kobs was independent of the
amine concentration, the second-order rate constants
were determined as the average of at least 10 experi-
ments. The least-squares intercepts, which are the
uncatalyzed second-order rate coefficients k�, and the
slopes, which give the amine-catalyzed third-order rate
coefficients k�, and their ratios, k�/k�, are given in Table 1.
The observed second-order rate constants kobs, obtained
at a fixed concentration of diethylamine (see above), and
thermodynamic parameters for the reaction of 1a with
diethylamine, evaluated at 20°C, are listed in Table 2.


�*� +�, �#������ The 13C and 1H NMR spectra were
recorded on Bruker UNITY plus 500 MHz and WP-200
spectrometers at 25°C using standard conditions. The
concentrations of the samples varied from 0.2 to 0.5 M;
13C chemical shifts were measured against external
CH3CN and 13C spectra were recorded in proton-
decoupled modes; data are given in Table 3.


',�*1&� 0%) )��+*���(%


The reaction under investigation is a specific case of a
nucleophilic vinylic substitution via addition–elimina-
tion5 (Adn-E). The Adn-E route is a multi-step reaction.10


&�2�� 4� �*� +�, �������$ ���
�� -�. 
	� ��	��� ��3� �������� �� "���	�� �	$"���� -�$$ "�$��� �� ##� ��$���"� �	 ����	�����$� ��
��°�.


/ * � �


,�0 �,�1�2 �0�3*


Enone Solvent C(2) C�(3) C�(4)


1a Methanol-d1 200.18 107.23 165.92
Pentanol 198.36 106.93 164.85
DMSO-d6 197.48 108.28 165.14
Acetonitrile-d3 197.78 107.70 164.55
Chloroform-d 197.77 107.04 163.86
Tetrachloromethane 194.75 106.97 162.80


1b DMSO-d6 180.12 98.63 169.78
Acetonitrile-d3 180.59 98.57 169.94
Chloroform-d 180.29 98.24 168.35
Tetrachloromethane 179.50 98.30 167.73
Cyclohexane-d12 179.46 98.16 167.62


1c DMSO-d6 181.74 96.74 170.40
Acetonitrile-d3 182.08 96.72 169.94
Chloroform-d 181.29 96.42 167.85
Tetrachloromethane 180.27 96.52 167.50
Cyclohexane-d12 179.05 96.29 165.86
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Usually the initial nucleophilic attack is rate determi-
ning,10b but in the presence of the electron-withdrawing
group (COCX3) and with a slow leaving group (OAlk)
subsequent steps also may appear in the rate equation.
Earlier,4 from the dependence of the pseudo-first-order
coefficient on the nucleophile concentration, the reaction
of 1a and b with amines was determined to be first order
for both enone and amine. At higher amine concentra-
tions (102–103-fold excess), the second-order rate con-
stant depends on the amine concentration in certain
systems (see Table 1).


The details of the reaction of enones 1a–d with
aliphatic amines are given in Scheme 1. The linear
dependence of kobs on amine concentration implies the
presence of other rate constants in the rate equation. As
has been shown by Rappoport and co-workers,10,11 a
steady-state treatment of Scheme 1 gives Eqn. (4) for the
observed second-order rate constant:


kobs 
 k1k2 � k3�A�
k�1 � k2 � k3�A� �4	


according to which


kobs 
 k1 �5	


when (k2 � k3[A]) � k�1, and the reaction is overall
second order ([A] = amine concentration). When the
uncatalyzed reaction [route (i), Scheme 1] is faster than
the catalyzed reaction but slower than the reverse
reaction, i.e. k�1 � k2 � k3[A], kobs is composite but it
is again a second-order constant:


kobs 
 k1k2�k�1 �6	


For the catalyzed reaction [route (ii), Scheme 1] when the
counter-reaction of zwitterion formation is faster than its


decomposition, i.e. k�1 � (k2 � k3[A]), kobs is given by
the sum of the second- and third-order terms [Eqn. (7)],
and it will increase linearly with increase in the amine
concentration:11


kobs 
 �k1k2�k�1	 � �k1k3�k�1	�A� �7	


In certain cases (see Table 1) a linear kobs vs [amine]
relationship is observed. Consequently, the reaction
follows two competing routes: an uncatalyzed route
whose rate constant k� is given by k1k2/k�1, and a
catalyzed route whose rate constant k� is given by k1k3/
k�1. Hence the k�/k� values of Table 1 are identical with
the k3/k2 ratios in Scheme 1 and a measure of the relative
importence of the two routes starting from a common
intermediate. The ratios observed for the systems 1a–e
are moderate but high enough, being in the region
assigned by Rappoport and Topol11b in nucleophilic
vinylic substitutions as the region of genuine base
catalysis. Nevertheles, the values of the k3/k2 ratios are
in the ranges 1.51–7.05 for diethylamine, 0.51–17.9 for
diisopropylamine and 0.24–28.3 for n-butylamine, in-
dicating the predominance of the uncatalyzed route
(when catalyzed route predominates, the k3/k2 ratios are
in the range 1000–�10,11), and therefore the k� values in
Table 1 are very close to kobs in Table 2.


'������� �	 ��3� ���
 5������ �����


The reaction of enones 1a–d with n-butylamine possesses
particular features (see Scheme 2). All enones interact as
E-isomers (Ref. 12 for 2a; unpublished results for 2b–d),
but the spacial structure of obtaining enaminoketones
2a–d differs depending on the structure of the inter-
mediate. For 1a and 1d the lifetime of the intermediate
(IM) is short enough to accomplish 60° counterclockwise


��
��� �
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internal rotation only (route A, Scheme 3) and form an
intramolecular H-bond in the zwitterion before expulsion
of the leaving group.10 As a result, a single geometrically
pure Z,Z-product is obtained (with �max = 303 nm for 2a
and 325 nm for 2d). It is worth mentioning that at least
for product 2a the E → Z transition is relatively slow
process13 and even traces of the E-isomer can be
observed in the course of the reaction (first of all, no
isosbestic point was observed in the UV spectra for the
systems 1b and c during the kinetic measurements).


A comparison of systems 1c and 1d shows that CH3 as
the �-substituent reduces the reaction rate kobs (Table 2)
and the lifetime of the intermediate. On the other hand,
the intermediate lifetime of 1b and c is prolonged
(relative to 1a) owing to the higher charge dispersal of
COCHal3; as a result, predominant 120° clockwise
rotation (route B, Scheme 3)14 occurs, giving the
structure where intramolecular H-bonding is impossible.
Expulsion of R1OH gives retained E-products 2b and
c (with �max = 307 and 317 nm, respectively), which
isomerizes relatively fast into the Z,Z form (with
�max = 315 and 329 nm, respectively).


Primary butylamine was found to be more reactive
than secondary diethylamine in the systems 1a and 1e
(in acetonitrile the relative k� ratios are 3:1 and 23:1,
respectively). A similar observation of amine reactivity
in nucleophilic vinylic substitution was explained by the
formation and cleavage of the intramolecular hydrogen
bond in the intermediate.11a


'������� �	 ������ ��3� ���
 ��������� ������


The k� coefficients in Table 1 are very close to or coincide
with kobs in Table 2 for the reaction of 1a–d with


��
��� $


6����� �� �$	�� 	
 ��� $	������ 	
 ��� 	4���"�� ���	��'
	���� ���� �	������� -$� �	4�. "� ����#�	��$ �	$"��� #�������"���
-�5��. 
	� ��� ������	� 	
 ��	��� %��� ������$�����6 �� �� ��
�#�	��� �	$"����� � 1�*�/ 7 �� �� �� �$�	�	$�� � 1��8�/7 *�
�2 �� �#�	��� �	$"���� ��� �$�	�	$�� � 1���987 /� �� ��
�#�	��� �	$"���� ��� �$�	�	$�� � 1�/�:�7 �� �� �� �#�	���
�	$"���� ��� ������	$� � 1�����
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diethylamine because the uncatalyzed route is predomi-
nant in the decomposition of the intermediate. As can
be seen from Fig. 1, the solvent effects in the reaction
of enones 1a–d are moderate in aprotic solvents: the
slope s of the plot of lnkobs vs 1/�r (�r = relative
permittivity) is in the range from �3.40 (1a) to �6.62
(1d). The changes in kobs occur in the expected direction:
the Kirkwood equation predicts15 that if a reaction
between neutral, dipolar molecules occurs with the
formation of an activated complex (AC) with a dipole
moment �AC greater than either �enone or �amine, there
will be an increase in the rate constant with increasing �r.
Moreover, the slope s increases in absolute value with
the rise of the electron-withdrawing ability of the
COCX3 groups (Fig. 1): s(COCF3) � s(COCCl3) �
s(COCH3), being a sign of, at least, an increase in the
difference �enone � �AC. The CH3 group as �-substituent
evokes a threefold decrease in kobs owing to the lowering
of the partial positive charge on the C� atom due to
inductive effect and hence diminishing the enone
electrophilicity. 13C chemical shifts have been shown to


��
��� 4


6����� $� �$	�� 	
 �*� �������$ ���
�� 	
 ��� �'���4	� ��	� "�
����#�	��$ �	$"��� #�������"��� -�5��.6 �� �� �� �$�	�	$�7 �� �� ��
�#�	��� �	$"����7 *� �� �� �#�	��� �	$"����
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be dependent on the electron density at carbon atoms of
the system16


� �


R1O C

C C

O


From comparison of plots of ln kobs vs 1/�r and �13C� vs
1/�r (cf. Figs 1 and 2), one can conclude that the reaction
rate is determined mainly by the charge on C� of the
enone, which strongly depends on its solvation effects by
the medium.


The slope s for the reaction of 1b with diethylamine
practically coincides with s for for the reaction of 1b with
diisopropylamine (s = �5.98 and �6.19, respectively),
hence the slope s is determined presumably by substrate
(enone) solvation.


The slope s for 1a in protic solvents (alcohols) is much
higher in absolute value than in aprotic solvents (�28.1
and �3.40, respectively, see Fig. 1, plots 1 and 2),
whereas for 1b and c the distinction in s in alcohols and in
aprotic solvents is almost absent (Fig. 1, plots 3 and 4).
Indeed, in protic solvents one would expect additional
solvent effects due to H-bond formation between solvent
and solute.15 Electron density displacement in hydrogen-
bonded 1a increases the partial positive charge on C�,
thus raising the electrophilicity of enone 1a. On the other
hand, inductive electron-withdrawal of CHal3 decreases
significantly the hydrogen-bond basicity of the carbonyl
group (cf. pKHB of acetone, 1,1,1-trichloropropan-2-one
and 1,1,1-trifluoropropan-2-one: 1.18, 0.00 and �0.06,
respectively17), and therefore solvent effects for 1b–d in
alcohols are very similar to those in aprotic solvents.
From the Brønsted relationship (Fig. 3) it is obvious that
the general acid-catalyzed process takes place in system


1a in alcohols, whereas in system 1b this effect is not
observed.


The k� constant of the catalyzed route in system 1a
with diethylamine decreases with increasing solvent
polarity, whereas in system 1b with diisopropylamine
an increase in k� with increasing solvent polarity is
observed (Table 1). This behavior of k� in aprotic
solvents suggests that in the case of system 1a the
decomposition of the zwitterion intermediate occurs via a
less polar transition state in comparison with 1b.


'������� �	 ������ �� ��� �2 ���
 �������� �����


Enone 1a does not react with triethylamine, thus
permitting one to estimate the catalyzing influence of
tertiary amines on the reaction of 1a with diethylamine.
There was no increase in kobs for the reaction of 1a
with diethylamine in the presence of high concentrations
of triethylamine. As can be seen from Table 2 and Fig. 1,
the increase in kobs in triethylamine (in comparison with
hexane) occurs as a consequence of the rising of relative
permittivity of the solvent. On the other hand, the absence
of a rate increase by N-methylpiperidine for the reaction
of 1,1-dicyano-2-(4-dimethylaminophenyl)-2-ethoxy-
ethylene with morpholine was interpreted in terms of a
specific base–general acid catalysis.11 In contrast to 1a,
enone 1b reacts easily with triethylamine (kobs = 3.70
� 10�2 l mol�1 s�1) giving the appropriate enamino-
ketone 2b. The reaction mechanism involves the forma-
tion of the zwitterion11


with subsequent de-ethylation.7c This assumption is
strongly supported by the fact that trimethylamine does
not react with 1b even at high concentration (0.17 M in
hexane), probably owing to the absence of a leaving �-H-
atom in the alkyl groups of trimethylamine. Moreover, no
rate acceleration of the reaction of 1b with diethylamine
is observed in the presence of triethylamine. The lack of
rate acceleration of 1a and 1b in the presence of bases


&�2�� 7� ����"���	� #��������� 	
 ��� ������	� 	
 ��	���
��3� %��� �'4���$����� �� ��)��� �� � °�


Enone �G≠ (kJ mol�1) �H≠ (kJ mol�1) �S≠ (J K�1 mol�1)


1a 98.9 � 2.0 16.8 � 1.5 �280 � 12
1b 70.1 � 1.0 6.2 � 0.8 �218 � 3
1c 75.1 � 1.1 14.8 � 1.0 �206 � 8
1d 85.4 � 1.0 25.9 � 1.0 �203 � 2


6����� 4� �$	�� 	
 ��� $	������ 	
 ��� 	4���"�� ���	��'
	���� ���� �	������� -$� �	4�. "� #!� 	
 �$�	�	$�6


�: �� ��7 �� �2
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(tertiary amines) does not mean the absence of a catalytic
route at all, and can be interpreted as evidence for the
predominance of an uncatalyzed route.


0��������� 5���������


Activation parameters of the reaction of 1a–d with
diethylamine and n-butylamine are given in Tables 1, and
4. The low values of the activation enthalpies in several
nucleophilic vinylic substitutions by amines were used as
support for a rate constant according to the uncatalyzed
route.18 �H≠ Activation enthalpies for the reaction of
1a–d with diethylamine are low and decrease with
COCX3 electron-withdrawal enhancement. The low �H≠


values are expected for the combination of reactive
nucleophiles and enones, and the highly negative �S≠


values are due to the formation of a dipolar activated
complex from neutral precursors.18


The �H≠ and �S≠ values can be analyzed as sums of
the appropriate enthalpy and enthropy terms for the
individual steps of Scheme 1:11


�H �
� �uncatalyzed process	 
 �H0 ��H �

2


�S �
� �uncatalyzed process	 
 �S0 ��S �

2


�H �
�� �catalyzed process	 
 �H0 ��H �

3


�S �
�� �catalyzed process	 
 �S0 ��S �

3


For the reaction of 1a with diethylamine the higher
�H≠ for the uncatalyzed reaction means that �H≠


2 �
�H≠


3. The �H≠�� �H≠� = �H≠
3 � �H≠


2 values are
negative or close to zero (�29 kJ mol�1 in hexane and
�3 kJ mol�1 in chloroform). At the same time, �S≠


3


��S≠
2 are negative (�95 J mol�1 K�1 in hexane and


�26 J mol�1 K�1 in chloroform). Consequently, in this
case the catalysis is due to a favorable enthropy of
activation.11 On the other hand, for the reaction of 1b
with diisopropylamine the trend is reversed: �H≠ is
higher for the catalyzed process and �H≠


3 � �H≠
2 in


polar solvents. The �H≠�� �H≠� values are positive
(�9.8 kJ mol�1 in hexane, 23.4 kJ mol�1 in chloroform
and 56.7 kJ mol�1 in acetonitrile), whereas the �S≠


3 �
�S≠


2 values are positive or close to zero (�39 J mol�1


K�1 in hexane, 76 J mol�1 K�1 in chloroform and 205
J mol�1 K�1 in acetonitrile). Hence in this system the
catalysis is due to a favorable entropy of activation, at
least in polar solvents.


The �H≠� and �S≠� values of the reaction of 1a–d with
diethylamine (Table 1) are very close to or coincide with
the observed �Hobs


≠ and �Sobs
≠ values listed in Table 2.


This is due to the uncatalyzed route (i) prevailing over
base-catalysed route (ii) (Scheme 1). Activation enthal-
pies for the reaction of 1a–d with diethylamine (Table 1)
are low and decrease with COCX3 electron-withdrawal


enhancement. Low �H≠ values are expected for the
combination of reactive nucleophiles and enones, and the
highly negative �S≠ values are due to the formation of a
dipolar activated complex from neutral precursors.


The passage from hexane to DMSO (the reaction of 1a
with diethylamine) causes a fivefold rate acceleration
with a respective decrease in �G≠ by 4.2 kJ mol�1. A
similar trend is observed for other enones in aprotic
solvents. In alcohols, the Gibbs activation energy of 1a
decreases by 4.1 –7.2 kJ mol�1 (compared with �G≠ in
DMSO, see Table 2), whereas for the systems 1b and 1d
no changes in �G≠ are observed. These discrepancies are
conditioned by the differences of hydrogen-bond basi-
cities of enones 1a and 1b–d (see above).


Although some trends of ��S≠ changes are observed,
the differences are too small to serve as a useful
mechanistic indicator. Passage from diethylamine to
butylamine evokes an almost twofold decrease in �H≠


with a simultaneous increase in ��S≠ (cf. Tables 2 and
4), hence the intermediate formed with primary amines is
more polar compared with secondary amines.


In conclusion, the decomposition of the zwitterion
intermediate is the limiting step for the reaction of enones
1a–d with amines, this decomposition occurring pre-
sumably via an uncatalyzed route. The logarithm of the
second-order rate constant changes linearly with the
reciprocal permittivity of solvents. The acceleration of
the reaction in alcohols depends on enone H-bond
basicity: in halogenated analogs with reduced ability to
form hydrogen bonds this additional effect is almost
absent. The reaction under investigation has low �H≠ and
high negative �S≠ values as a consequence of the
formation of a highly polar zwitterion as the intermedi-
ate, the lifetime of which is determined mainly by the
electron-withdrawing ability of the COCX3 moiety.


0���������������
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ABSTRACT: The existence of linear relationships has been demonstrated between stretching frequencies of R—H,
RO—H, CH3CON(R)—H and R—OX (X = H for alcohols and O for peroxy radicals) bonds and radical stabilization
energies, Es(R�), of related radicals. The correlation equations of Es(R�) and R—H bond dissociation energies (BDE),
D(R—H), with the above stretching frequencies were obtained. From the equations the D(R—H) values for different
hydrocarbons were calculated and compared with the experimental data. The mean difference between calculated and
experimental values for saturated hydrocarbons is 2.3 kJ mol�1. The greater differences for some unsaturated
hydrocarbons are discussed and explained. The BDEs calculated from the D(R—H = f (�) equations may be regarded
as the best. The IR spectra of menthol, menadione, 3-methylpent-2-en-4-yn-1-ol and retinol were recorded in solution
and the Es(R�) values of the corresponding radicals and the D(R—H) values of the related C—H bonds in the parent
hydrocarbons were estimated for the first time. It is also shown that the radical stabilization energy may be used to
estimate the reactivity of organic compounds in free radical reactions. One may conclude that the stabilization energy
of the radicals of many organic compounds could be estimated from the vibrational spectra. The Es(R�) itself is a
useful quantity for predicting kinetic and spectral properties of organic compounds. Copyright  2001 John Wiley &
Sons, Ltd.


KEYWORDS: radical stabilization energy; homologous groups; spectral properties; reactivity trends
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The dependence of the bond dissociation energy (BDE),
D(R—X), on the properties and structure of the radical
R� formed on bond rupture is well known.1 The crucial
parameter affecting the value of D(R—X) is the
stabilization energy of R� Es(R�). The quantity is
defined2–4 as


Es�R�� � D�CH3�X� � D�R X� �1�


One may suppose the value of Es(R�) is independent of
X5 and it may be calculated from


Es�R�� � D�CH3 H� � D�R H� �2�


The quantity Es(R�), as defined by Eqns (1) and (2),
may be regarded as a measure of the unpaired electron
conjugation in the radical R� and has been called by
several workers the ‘methane-based stabilization en-


ergy’.4 In our previous work the quantity was used to
evaluate the dissociation energies of R—O2� bonds in
peroxy radicals.5–7 It was also shown that the rate
constants of autoxidation propagation reactions both by
hydrogen abstraction by peroxy radicals and addition of
RO2� to C=C bonds are dependent on the Es(R�) of the
corresponding R�.7 To calculate the Es(R�) values from
Eqn. (2) reliable D(R—H) values are needed. The
methods for the calculation of experimental bond
energies in polyatomic molecules are based on using
the heats of formation of free radicals formed during the
rupture of the bond under consideration. Different
complex and laborious experimental techniques are used
for determination of the quantities. The techniques and
the results obtained have recently been reviewed.8 In
contrast to polyatomic molecules, the bond energies of
many diatiomic molecules can be found from the spectral
data.9,10 The method has also been applied to polyatomic
molecules.11 The relative ease of the technique stimu-
lated several workers to undertake attempts to uncover
empirical correlations of the stretching frequencies in the
vibrational spectra of the polyatomic molecules with the
bond energies of corresponding bonds. The essential
contribution was made by McKean and co-workers. The
results of the correlation of the C—H bond strengths and
isolated C—H stretching frequencies viso have been
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reviewed by McKean et al.12–14 Correlation equations for
other bonds have also been obtained.15


With regard to C—H bonds, McKean et al.12–14 used
data for the same correlation for C—H bonds adjacent to
single, double and triple CC bonds, to C�N and to
carbonyl groups of different types. One may consider that
this is one of the main reasons for the substantial
discrepancy between the experimental bond strength
values and those found from the published correlation
equations.12–14. Recently, a quantum-chemical calcula-
tion was undertaken to establish the correlation under
consideration, but the calculated D(C—H) values
differed considerably from the experimental values.16


At the same time, the interrelation of bond energy and the
stretching frequency of the bond is beyond question.


In this work another approach was used. The stretching
frequencies of different bonds were correlated with the
stabilization energies of hydrocarbon �-radicals formed
by rupture of the same or adjacent bonds. The correla-
tions were established and proved to be useful for
calculating from the spectral data the stabilization
energies of radicals and then the C—H bond energies
and the reaction rate constants for some complex
molecules including vitamins and other biologically
active compounds.


�#$���%���&'


2-Methyl-1,4-naphthoquinone (vitamin K3, menadione)
was obtained from its sodium bisulfite by alkaline
hydrolysis, extraction with hexane and recrystallization
from the solvent. It was dried in vacuo and stored at about
�15°C under reduced pressure (�5 � 10�3 mmHg). 3-
Methylpent-2-en-4-yn-1-ol of technical grade was
vacuum distilled. The purity of the final product was
99.8% as shown be GLC. 2-Isopropyl-5-methylcyclo-
hexanol (menthol) of Chemical Reference Substance
grade was used as received. (All-E)-retinol was kindly
supplied by Dr A. A. Khodonov (Moscow State Academy
of Fine Chemical Technology) and was used without
additional treatment. The solvents (hexane, CCl4) were
purified by standard techniques. CCl4 was dried over
CaCl2 and Al2O3. The IR spectra in CCl4 were recorded
on a Specord M80 spectrophotometer (Carl Zeiss, Jena,
Germany).


��(!'�( &�  �("!((���


As mentioned in the Introduction, a correlation has been
found between the C—H bond dissociation energies and
the stretching frequencies of corresponding bonds. Now
we show that relationships between radical stabilization
energies and stretching frequencies are more convenient
and practicable.


Independently of the quantity used for correlation
[bond strength or radical stabilization energy defined by
Eqn. (2)], reliable D(R—H) values are needed. The
dissociation energies of primary, secondary and tertiary
C—H bonds of hydrocarbons are tabulated in several
reviews.1,17–22 The data have considered critically, and
the recommended bond energy values for several
hydrocarbons have been tabulated.8 The data used in
this work were taken from Refs 19 and 20 for CH3—H,
C2H5—H, i-C3H7—H, s-C4H9—H and t-C4H9—H (the
most precise values, essentially the same as the
recommended ones8), Ref. 8 for CH2CHCH2—H and
C6H5CH2—H and Refs 1, 17, 18 and 23 for other
hydrocarbons.


The reason for using the Es(R�) values for correlation
with the stretching frequencies of different bonds lies in
the fact that for different compounds the dissociation
energies of the same bonds do not change appreciably or
are not known at all. The data presented in Table 1
clearly show the absence of any relation between
D(RO—H) and � (O—H). In contrast, there are clear
relationships of Es(R�) and � (RO—H) for different
ROHs and also stretching frequencies of other bonds.
Previously we considered Es(R�) as a driving force for
the autoxidation process of organic compounds.7 The
quantity may also be considered as a driving force for
changes in the stretching frequencies in the homologous
series. The C—H stretching frequencies used in this
work are, if not indicated, otherwise the isolated
stretching frequencies (�iso),12 i.e. the C—H stretching
frequencies in molecules in which all hydrogen atoms
but one are replaced by deuterium. According to
numerous spectral data, C—H bonds of the same type
are non-equivalent depending on their orientation
relative to the carbon skeleton of the molecule.12–14,25


It is seen from the correlations obtained by McKean et
al.12–14 that the lower stretching frequencies correspond
to the lower bond strengths of the same bond. The C—H
bond energies are determined mainly by the use of
different chemical reactions, and it is obvious that the
weaker bonds are more reactive than the stronger bonds.
Therefore, in this work the lower values of �iso were
used for the correlation. The following procedure was
applied for obtaining the correlation equations and for
calculating the Es(R�) and BDE values. The Es(R�) and
BDE data used for the correlation are the most reliable
ones (mainly from Ref. 8) and are shown in Table 2 in
bold type. The correlation equations obtained are listed
in Table 3.


��	� )� �$%&'( ��� %&' )��� ������������ ����*��� ��
�+��	�+�


Alcohol D(O—H) (kJ mol�1)1 �(O—H) (cm�1)24


MeOH 436.8 3643
EtOH 436.0 3633
n-PrOH 432.6 3634
i-PrOH 438.0 3620
t-BuOH 439.7 3616
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From Tables 2 and 3 and Figs 1–4, the following
conclusions can be drawn:


1 Unknown C—H bond energies may be estimated not
only from the D(C—H) [or Es(R�)] –�(C—H)
dependences but also from the corresponding relations
for stretching frequencies of other bonds.


2 The dependences of Es(R�) and D(R—H) on C—H
frequencies for saturated and unsaturated compounds
are different.


3 Also different are the relations of the quantities to the
�(O—H), namely Es(R�) and D(R—H) depend on
�(O—H) for the saturated compounds only. For the
unsaturated compounds, independent of their type,


��	� *� �&' )��� ��� ������+ ���)�+������� ����*��� ��� ������	��* ���,������ -�+�� ��� ��������� ���������


Stretching frequencies (cm�1)


R
D(R—H)


(kJ mol�1)
ES(R�)


(kJ mol�1) �(R—H) �(RO—H)34 �(R—OH)24,30,37
�(N—H) in


MeCONHR24,34


CH3 439.08,19 0 299225 3643.7 3478
C2H5 422.88,20 16.2 295025 3635.4 1048 3462
n-C3H7 422.518 16.5 293725 3638.6 1054 3461
i-C4H9 422.717 16.3 2943.426 3640.4 3471
CH3C(CH3)2CH2 418.41 20.6 2934.312 364230 1052
n-C4H9 422.2b 16.8 2936.525 3638.6 1047 3460
i-C3H7 412.78,20 26.3 291827 3626.4 1110
s-C4H9 411.18,20 27.9 290725 3628.0 1105 3450
(CH3)2CHCHCH3 409.5b 29.5 3631.6 1091
t-C4H9 403.58,20 35.5 288027 3616.3 3453
c-C6H11 400.01 23.0 289125 3623.935


C6H5CH2 370.38 68.7 293428 361624 1015
CH2CHCH2 369.08 70.0 293114 361224 1028
CH3CH=CHCH2 358.21 85.4 292829


C6H5CHCH3 357.71 81.3 1073


356.01 83.0 2927c30


CH2=CH(CH3)CH2 373.017 66.0 292431


CH2CHCHCHCH2 349.7d 95.6 2897.6c30


CH3CHCH=CH2 375.017 64.0 1058


351.923 97 2919c30 361636


(C6H5)2CH 351.41,23 87.6 2894c30 1014
(C6H5)3C 338.923 125.2 2897d32 361224


3628
(This work)


2945c


(This work)


3616
(This work)


1008
(This work)


3616
(This work)


994
(This work)
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�(O—H) is nearly constant and equal to about
3614 	 2 cm�1 (Table 2).


These sharp distinctions between the saturated and
unsaturated compounds in the case of Es(R�) undoubtedly
reflect the difference in the type of unpaired electron
interaction with the rest of the molecule: hyperconjuga-
tion for the radicals of saturated hydrocarbons and
delocalization of the unpaired electron over the whole
�-system for the conjugated compounds. Since there is a
linear relationship between D(R—H) and Es(R�) [Eqn.


(2)], the observed distinctions also hold for D(R—H)–�
relations. It is worth noting that the existence of different
correlations for different classes of compounds was
perhaps first anticipated by Bernstein, as mentioned by
McKean.14


Equations (10)–(14) (Table 3) were used to calculate
D(R—H) values from the corresponding stretching
frequencies (Table 2). The results are presented in Table
4 along with experimental D(R—H) values. The coin-
cidence of the calculated and experimental values is
excellent for saturated hydrocarbons [the mean differ-
ences between the calculated and experimental D(R—
H)s are 1.8, 4.0 and 5.5 kJ mol�1 by using Eqns (10)


��	� +� .	� �����+����� �,������


Equation Bond A/A� B/B� r SDf


Es(R�) = A �B�
(3) C—Ha 987.3 0.330 0.998 0.98
(4) C—Hb 1459 0.474 0.999 0.09
(5) O—Hb 3606 0.987 0.967 2.50
(6) C—Oc 1850 1.744 0.952 6.21
(7) C—Od 784 0.684 0.970 6.86
(8) C—OO�e 167 0.184 0.992 2.40
(9) CH3CON(R)—H 3974 1.143 0.972 2.61


D(R—H) = A� � 
 B�
10 C—Ha 0.330 �548.3 0.998 0.98
11 C—Hb 0.474 �1020 0.999 0.09
12 O—Ha 0.987 �3167 0.967 2.50
13 C—Oc 1.744 �1411 0.952 6.21
14 C—Od 0.684 �345 0.970 6.86
15 C—OO�e 0.184 272 0.992 2.40
16 CH3CON(R)—H 1.143 �3535 0.972 2.61
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(�C—H), (11) (�O—H) and (12) (�C—OH) (Table 3),
respectively]. For conjugated compounds the differences
are larger: 6.4 kJ mol�1 by using �C—H and 11.4 kJ mol�1


by using �C—OH. Thus, Eqn. (10) permits the calculation
of D(R—H)s in saturated compounds with high preci-
sion. It is worth noting that the difference between the


calculated and experimental quantities does not exceed
(with the exception of cyclohexane, see the discus-
sion below) 2.2 kJ mol�1 (0.5 kcal mol�1), which is
better than the accuracy of the experiment (8.5–
12.2 kJ mol�1).8


The greater difference between the calculated and


����� +� ��+������	�� )�� ��� �$/&%( ���,������ ��
��������� �+��	�+� $�&%'( ��� 6�$��( -�+�� �� �����������
��* ���)�� ������+� $.�)+� "(0 $�( "��������+2 $"( ���	�+��	�+
���)���+2 $1( ���	�+��������+ ���)���+2 $�( ���	�+�	���+
���)���+2 $3( ���	�+-���+ ���)���+2 $5( ���	���+ ���)���+


����� ,� /����+����� �� �$/&%( ���,������ �� ����7�
������+�14  ��	 6�$��( -�+�� �� ������������* ���)�� ������+�
��0 $�( /'1%"�2 $"( /"'3%"�2 $1( ��/1'�%"�2 $�( ��/�'4%"�


��	� ,� 67���������+ ��� ��+�+���� )��� ������������ ����*���


D(R—H)calc (kJ mol�1) �D = Dcalc�Dexp (kJ mol�1)


D(R—H)exp


(kJ mol�1) Calculated by Eqns (10)–(14) D(R—H) calculated from


Radical (Table 2) �(R—H) �(RO—H) �(R—OH) �(C—H) �(O—H) �(C—OH)


CH3 439.0 439.0a


C2H5 423.0 425.2 421.2 416.2 2.2 �1.8 �6.8
n-C3H7 420.0 420.9 424.5 426.6 0.9 4.5 6.6
n-C4H9 422.2 420.7 424.5 414.4 �1.5 2.3 �7.8
neo-C5H11 418.4 420.0 427.9 423.1 1.6 9.5 4.7
i-C4H9 422.7 422.9 426.3 — 0.2 3.6
i-C3H7 412.5 414.6 412.4 412.3 2.1 �0.1 �0.2
s-C4H9 411.1 411.0 414.0 408.8 �0.1 3.1 �2.1
(CH3)2CHCHCH3 409.5 399.1 �10.4
c-C6H11 400.0 405.7 410.0 5.7 10.0
t-C4H9 403.8 402.1 402.5 �1.7 �1.3
C6H5CH2 370.3 370.7 363.8 0.4 �6.5
CH2CHCH2 369.0 369.3 381.3 0.3 12.3
CH3CH=CHCH2 358.2 367.9 9.7
C8H7CH2 360.2 367.4 7.2
CH3CHCH=CH2 375.0 378.7 3.7
CH2=CH(CH3)CH2 373.0 366.0 �7.0
CH2CHCHCHCH2 349.7 353.5 3.8
C14H9CH2 351.9 363.6 11.7
C6H5CHCH3 360.7 388.9 28.2
(C6H5)2CH 353.5 351.8 348.6 �1.7 �4.9
(C6H5)3C 338.9 353.3 345.6 14.4


� 9������	�
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experimental values for unsaturated than for saturated
compounds may be explained by two reasons. First, the
number of D(R—H) determinations for saturated hydro-
carbons is overwhelmingly greater than for unsaturated
hydrocarbons. As a result, the validity and accuracy of
D(C—H) values for unsaturated compounds are signifi-
cantly lower than those for saturated compounds. Hence
the accuracy of recommended D(CH2—H) values for
propylene and toluene is 8.8 and 6.3 kJ mol�1, respec-
tively, compared with 1.7 kJ mol�1 for saturated hydro-
carbons.8 Second, the gas-phase values of �iso(C—H)
were determined for propylene, toluene and isobutene
only (Table 2). For the other unsaturated compounds the
�(C—H) values used in this work are the average values
with correction to the gas phase (see footnote to Table 2),
which introduces an additional uncertainty. Nevertheless,
for all the compounds under consideration the difference
between the experimental values and those calculated by
Eqn. (11) does not exceed the accuracy of the experi-
ment.8 Some larger differences between experiment and
calculation for Eqn. (12) (Table 4, column 7) may be due
to the larger uncertainty of �(O—H) values than for
�iso(C—H).34 About the same differences hold when
using D(R—H)–�(C—O) relations [Eqns (13) and (14)]
with the exception of ethylbenzene for unknown reason.
Thus, the equations listed in Table 3 may be used to find
unknown values of D(C—H) from different �(C—X)
values measured by infrared or Raman spectroscopy.


The equations were applied to estimate unknown
Es(R�) and D(R—H) values in some compounds includ-
ing ones of medical and biological interest. The results
are presented in Table 5. The obtained values of Es(R�)


and D(C—H) seem to be reasonable compared with the
data in Table 2 for compounds of similar structure.
Radicals formed from menadione, 3-ethylpentan-3-ol and
3-methylpent-2-en-4-yn-1-ol may be compared with
those from methylnaphthalene, tert-butane and penta-
diene. The Es(R�) value estimated from the �(C—O) of
retinol (126 kJ mol�1, Table 5) is referred to the radical I
(Scheme 1). Thus the strength of the primary C-15—H
bond in axerophtene (II) calculated by Eqn. (11) (Table
3) is 323 kJ mol�1, i.e. about 47 kJ mol�1 stronger than
the secondary C-15—H bond in retinyl acetate (III), for
which a value of 276 kJ mol�1 was previously found.5


For 1-methyl-4-isopropylcyclohexane D(C-3—H) = 414
kJ mol�1. It is interesting to compare the value with that
of cyclohexane itself. For the latter compound two
different values of D(C—H) have been published,1,17


400 and 416 kJ mol�1. Also, two different �iso (C—H)
values for cyclohexane have been reported,25 2891 and
2922 cm�1 for axial and equatorial vibrations, respec-
tively. According to Eqn. (10) (Table 3), one obtains 406
and 416 kJ mol�1 for axial and equatorial C—H bond
strengths. It may be concluded that in chemical reactions
on which the values listed in Refs 1 and 17 are based
(namely bromination of cyclohexane1 and decomposition
of tert-butylcyclohexane17,40), different types of C—H
bonds (axial or equatorial) are involved. Thus, the
D(C—H) calculations based on spectral data not only
lead to the correct bond strengths but also permit the
determination of the molecular conformation. For
example, it follows from the data in Table 5 that the
C—O bond in menthol is equatorial, in agreement with
the established structure of the compound.41


��	� -� ��+�� �� 6�$��( ��� )��� ����*��� $89 ��+��( ��+�+���� ���� �7���������+ ����
Compound Bond � (cm�1) R� Es(R�) D(R—H)


Menadione


CH2—H 2925 63 376


(C2H5)3COH
3-Ethylpentan-3-ol


O—H 361723 (C2H5)3C 34 405


3-Methylpent-2-en-4-yn-1-ol


C—O 1008 99 340


Menthol


O—H 3628 25 414


Retinol


C—O 994 116.5 322.5
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Let us consider now the use of Es(R�) for kinetic
purposes. For the abstraction of an H-atom by peroxy
radicals, the following equation was found:7


3 
 log kabstr � ��1�49 	 0�46�

 �0�048 	 0�004�Es�R�� r � 0�958 �17�


From this equation, the expected rate constant for H-atom
abstraction from the C-15 position of axerophtene (II,
Scheme 1) should be �56 l mol�1 s�1.


The propagation rate constant calculated in a similar
manner for the autoxidation of triethylmethane is
kabstr = 0.0024 l mol�1 s�1. The value is comparable to
that for isobutane (0.003 l mol�1 s�1) found under similar
conditions.42


Not only the rate constants of peroxy radical attack on
the C—H bonds depend on the Es(R�) values of the
radicals formed. The published data43 for H-atom
abstraction from conjugated compounds (�-methyl-
naphthalene, ethylbenzene, cumene, diphenylmethane,
triphenylmethane and cyclohexa-1,3-diene) by CH3


radicals (liquid phase, 65°C) fit the following equation:


log k � �0�84 	 0�44�

 �0�026 	 0�004�Es�R�� r � 0�952 �18�


From this equation, the value of the rate constant of H-
atom abstraction by methyl radicals from the C-15 carbon
atom of axerophtene was estimated to be �1.6 � 104


l mol s�1. This value lies between those for triphenyl-
methane and cyclohexa-1,3-diene.43


To investigators of the autoxidation of organic
compounds, the correlations such as Eqns (5) and (6)
for peroxy radicals are of special interest. The IR spectra


of several peroxy radicals were published and collected
in a review article.39 The data presented in Fig. 4 and
Table 3 [Eqn. (15)] show the excellent correlation of the
�(C—O) frequencies of radicals with the corresponding
Es(R�) values. The possibility of calculations of �(C—O)
frequencies of different radicals from known Es(R�)
values and vice versa is obvious.


From all the data presented one may conclude that the
stabilization energy of the radicals and C—H bond
strengths of many organic compounds could be estimated
from the vibrational (infrared and Raman) spectra. Es(R�)
itself is a useful quantity for predicting kinetic and
spectral properties of organic compounds.
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ABSTRACT: A series of benzene and pyridine tweezers bearing phenyl, naphthyl and anthryl receptor units was
prepared and characterized. The x-ray crystal structure of the 1,3-bis(9-methanolanthracene)methylbenzene ligand
(5) is reported. UV–visible and NMR spectroscopy were used to investigate the host–guest chemistry of the new
ligands in complexation with tropylium tetrafluoroborate as a model aromatic cationic guest in 1,2-dichloroethane.
The appearance of coloured charge-transfer absorption bands demonstrates the complex formation with a tropylium
ion. The enlargement of aryl receptor size from phenyl and naphthyl to anthryl increases the stability of complexes.
Electron donor–acceptor interactions are an important driving force for complexation by molecular tweezers. The
results are discussed and compared with those of previously studied systems containing crown ethers and podands.
The bisanthracenes 5 and 1,3-bis(9-methanolanthracene)methylpyridine (6) are especially interesting in displaying
both complexation ability and intramolecular cycloaddition via charge-transfer excitation. Copyright  2001 John
Wiley & Sons, Ltd.
Additional material for this paper is available from the epoc website at http://www.wiley.com/epoc


KEYWORDS: charge-transfer; cleft; cycloaddition; recognition; stacking; tropylium
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Exploring the potentials of �–� stacking and cation–�
interactions1 in molecular recognition has been an
intensively studied area in supramolecular chemistry. In
particular, attention has been focused on the role of non-
covalent interactions in the formation of novel supramol-
ecular assemblies.2 The formation of a supramolecular
entireness demands the existence of several cooperative
non-covalent interactions, such as interactions with
participation of hydrogen (H-bonds), electrostatic,
charge-transfer, dispersion, ion-mediated and hydropho-
bic interactions.3 The incorporation of a substrate into a
host cavity forming inclusion complexes is another way
to attain supramolecular structures.4


Various host molecules capable of binding neutral or
ionic aromatic guests between aromatic surfaces have
been synthesized. Macrocyclic hosts bearing electron-
rich aromatic atoms such as cyclophanes, calixarenes and
homocalixcarenes have dominated. However, molecular
clefts offer an interesting approach to study molecular
recognition based on �–� and cation–� interactions.5


Usually molecular clefts or tweezers have been con-
structed of one spacer unit and two complexing receptors
forming hosts with varying degrees of rigidity depending
on design. Rebek’s baseball assemblies of two or more
cleft-like structures represent an example of the high-
lights of the development.6 Podands with central benzene
and pyridine units and rigid donor end groups (e.g. 8-
hydroxyquinoline) were studied in the late 1970s by
Vögtle and Weber.7


We have observed that �–� stacking interaction plays
an important role in the complexation between benzene-
substituted crown ethers and various electron-deficient
ions such as tropylium,8 pyridinium,9 imidazolium and
pyrazolium.10 It also has an important role in the complex
formation between podands bearing aromatic end groups
and a tropylium cation.11 We describe here a class of
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molecular receptors that are able to bind aromatic cations
by means of charge-transfer, �–� and cation–� interac-
tions. We studied the capability of the hosts for
complexation towards aromatic molecules using a
tropylium tetrafluoroborate guest in 1,2-dichloroethane
(DCE) by UV–visible absorption spectrophotometry. In
addition, a comparison between crown ethers and
podands host structures was undertaken as it was
expected to be informative for the development of new
host molecules.


! �+�(� -$* *'�,+��')$


���������


A starting point for the design of tweezer structures was
our earlier complexation studies of crown ethers and
podands with organic cations.8–11 It has been shown that
the preorganization of ligand structure has great im-
portance in the complexation and it has been argued to be
the central determinant of complex stability.12 However,
if the ideal binding conformation with a rigid host is not
achieved or desired, then a flexible host that can adopt a
more favourable conformation will often better bind the


guest even though there may be a loss of degrees of
freedoms.13


The basic structure of our hosts contains three building
blocks: a spacer unit, connecting arms or bridge units and
receptor units. This simple construction concept gives us
possibilities to build up different hosts by varying only
some of the building blocks. We introduced different
aromatic ring systems for receptor unit by the Williamson
ether synthesis.


Syntheses of the phenoxy and naphthoxy derivatives
1–4 were executed in a straightforward way by refluxing
reactants and potassium carbonate as a base and acetone


or acetonitrile as a solvent. A similar procedure was
attempted in the synthesis of the tweezers 5 and 6. 9-
Hydroxymethylanthracene reacted inadequately with
1,3-bisbromomethylbenzene without forming 5 and only
a poor yield of the monosubstituted compounds was
obtained in the reaction with 1,3-bisbromomethylpy-
ridine. The tweezers 5 and 6 were prepared by using
sodium hydride in dry DMF with 39 and 78% yield,
respectively.


It has been debated that the spacer unit should be rigid
in order to prevent self-association of the complexing
chromophores and increase the complexation efficiency
over a flexible analogue.14 Zimmerman et al. prepared
rigid molecular tweezers providing a ca 7 Å interchro-


.�"��� �/ ���� �	# ���)' �������	����
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mophore distance, preventing self-association.5a How-
ever, rigid molecules with a highly preorganized
structure can still form intermolecular associations of
two clefts via chromophores which can be observed in the
crystal packing of molecular tweezers.15 The cleft
receptors prepared in this study have an inflexible central
spacer and bendable arms attached to planar aryl
receptors. The aromatic receptor units should be adequate
to undergo �–� stacking interactions with aromatic
molecules. Likewise, the enlargement of the aromatic
surface in the tweezer could improve and strengthen the
complexation with an aromatic guest. In addition, the
relatively flexible arms between the spacer unit and
aromatic receptors were expected to allow the formation
of a tweezer-like structure in the complexation event. The
x-ray structure of 1,3-bis(9-methanolanthracene)methyl-
benzene (5) in Fig. 1 is representative of the ligands
synthesized in this work.


,������	���� �� ��������� ����	1����2��	�� ��
����
����������	��


Because the tropylium ion has been shown to be a useful
guest for the investigation of �–� interactions,11 we
studied the complexation capability of the ligands
towards an organic guest with tropylium tetrafluoroborate
in DCE by UV–visible absorption spectrophotometry.
Rathore et al.16 have shown that UV–visible spectral
analyses provide quantitative information on the inter-
molecular associations of different aromatic donor–
acceptor complexes, and such measurements also
established charge-transfer absorption to be a sensitive
analytical tool for evaluating the steric inhibition of the
donor–acceptor association that is important in molecular
recognition. Tropylium itself is a monocharged organic
cation containing even numbers of electrons. It is an
aromatic, cationic and relatively stable carbenium ion.17


It forms intensely coloured charge-transfer complexes in
diverse solvents, which is a great advantage when the
stability of the complexes is measured by spectro-
photometry.18,19


The complexation of the tweezers in DCE with
tropylium tetrafluoroborate was followed by absorption
changes in the UV–visible spectra. Tropylium tetra-
fluoroborate in DCE exhibits a maximum absorption at
279 nm and the pure tweezers have no absorptions at
wavelengths over 400 nm in the visible region. A
characteristic colour, from yellow to red depending on
the ligand used, developed spontaneously on addition of
tweezer to a solution of tropylium tetrafluoroborate in a
dry solvent. The electronic spectrum of the tweezers in
the presence of tropylium ion exhibited a broad
wavelength absorption at ca 300–600 nm. For example,
the addition of 5 to DCE solutions containing tropylium
salt led to the appearance of a new absorption band with
maximum at about 524 nm, not found in the spectrum of
either tropylium tetrafluoroborate or 5. The intensity of
the new band increased with incremental additions of
tweezer. The band is indicative of a charge-transfer
interaction and the formation of a molecular complex
between tropylium ion and the tweezer (Fig. 2). Typical
double-reciprocal or Benesi–Hildebrand plots for the
tweezer–tropylium ion complexes gave a linear relation-
ship for the entire range of concentrations tested,
indicating the existence of 1:1 stoichiometry of the
complexes (Fig. 3). Values for the stability constants K
and molar absorptivities of the complexes �C in DCE for
the tweezer–tropylium ion complexes were calculated by
the Rose and Drago method.8,20 The results are presented
in Table 1.


The hosts 1 and 2 form weak charge-transfer com-
plexes with the tropylium cation and the stability con-
stants are comparable to those for benzene–tropylium
interactions in similar systems. The 3 and 4 complexes
with tropylium have K values of 6.6 and 28 dm3 mol�1,
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respectively. Similarly, 6 (57 dm3mol�1) has a higher
stability constant than 5 (41 dm3mol�1). The difference
could be caused by the nitrogen atom, known as a strong
electron donor, in the pyridine tweezer. We have shown
earlier that the number of oxygen atoms involved in the
complexation with tropylium has an impact on the
stability of the complexes formed between crown ethers
with different ring sizes and tropylium ion.8 Pyridine
nitrogen and oxygen atoms in connecting arms can accept
hydrogen bonds connecting tropylium closer to the host
molecule.


It is now well documented that benzene-substituted
crown ethers are able to form stable complexes with tro-


pylium and other electron-deficient organic cations.8–10


The x-ray structures of solid complexes have revealed
that organic cations are inserted into the cavity of the
macrocycle between two adjacent benzene rings.10 A
similar wrap-around phenomenon was not encountered in
the complexation of the non-cyclic counterpart of
benzene-substituted crown ethers, podands, with a
tropylium ion.11 Recently, Klärner’s group studied a
rigid tweezer host in complexation experiments with
tropylium tetrafluoroborate.21 The ribbon-type concave
topology of the five benzene units shapes the molecular
tweezer that is able to bind substrate inside the
preorganized cleft cavity. The tweezer–tropylium system
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Tweezera �obs (nm) K (dm3 mol�1) �C(dm3 mol�1 cm�1) ��G°(kJ mol�1) r2


1 600 3.0 � 0.2 2249 � 187 2.7 0.9999
2 405 2.3 � 0.3 453 � 65 2.1b 0.9999
3 430 6.6 � 0.4 284 � 16 4.7 0.9999
4 516 27.6 � 2.8 227 � 10 8.2 0.9972
5 520 41.2 � 0.7 1853 � 17 9.2 0.9999
6 510 57.3 � 4.9 1348 � 78 10.0 0.9989
2B24C8c 425 273.5 � 13.8 1060 � 13 13.91 —
POD1d 410 7.6 � 1.0 662 � 43 5.01 0.9966
POD2d 470 7.1 � 0.4 1408 � 69 4.85 0.9999
POD3d 502 86.2 � 4.6 1765 � 31 11.05 0.9995


a Crown ethers and podands are included for comparison: dibenzo-24-crown-8 (2B24C8), 1,10-diphenyl-1,4,7,10-tetraoxaundecane (POD1), 1,10-
dinaphthalene-1,4,7,10-tetraoxaundecane (POD2), 1,12-bis(anthryl-9)-2,5,8,11-tetraoxadodecane (POD3).
b 35°C.
c Ref. 8.
d Ref. 11.


Copyright  2001 John Wiley & Sons, Ltd. J. Phys. Org. Chem. 2001; 14: 551–558


554 M. LÄMSÄ ET AL.







has a K value of 23 dm3 mol�1, determined by 1H NMR
titration in 1:1 solution of CDCl3–(CD3)2CO at 21°C.
The results indicate that a preorganized rigid structure of
ligands is not the only requirement to produce stable
complexes with aromatic organic cations such as
tropylium ion. The number and type of donor atoms that
are a capable of hydrogen bonding and the area of the
aromatic surface that has an ability to undergo a �–�
stacking interaction evidently have considerable impor-
tance in tweezer–tropylium ion complexation.22


The time stability of the complexes formed between
tweezers and a tropylium ion was investigated by
measuring the stability constants for 1, 3, 5 and 6 with
different time intervals. Only insignificant changes were
observed for 1 and 3 and they were within the
determination accuracy. However, it is worth emphasiz-
ing that the absorption measurements should be carried
out immediately after mixing the donor and the acceptor
solutions together. This seems to be particularly im-
portant in the case of the bisanthracene ligands 5 and 6
that behaved differently. A well-known phenomenon of
dimerization of anthracene in solution23 was also
observed in our study. The disappearance of the original
colour of 5–tropylium and 6–tropylium systems was
monitored by UV–visible spectrophotometry at maxi-
mum charge-transfer absorbance wavelength. The deep
red colour that formed directly after mixing 5 and
tropylium DCE solutions slowly turned green. A similar
phenomenon occurred for 6. The reaction of 6 was
followed also by 200 MHz proton NMR spectroscopy.
The kinetic investigations showed that absorbance vs
time curves were single exponential measured at 524 nm
for 5 and at 502 nm for 6. The rate of cycloaddition was
calculated to be first order with respect to the concentra-
tion of ligands. The values of the observed rate constant,
kobs, were 2.5 � 10�5 s1 (t1/2 = 7 h 45 min) for 5 and
3.7 � 10�5 s�1 (t1/2 = 5 h 18 min) in DCE and 3.0 � 10�5


s�1 (t1/2 = 6 h 30 min) in acetonitrile-d3–chloroform-d
(1:1) for 6 at 25°C. The concentration of tropylium
tetrafluoroborate was held constant (2 � 10�3 M) in all
measurements. The rate constants observed were found to
be independent of the initial concentration of tweezer.
The NMR spectra in Fig. 4 indicate the formation of the
cycloaddition product of 6. After 7 days the intramol-
ecular [4�� 4�] cycloadduct was formed almost com-
pletely. The rate constant results and spectroscopic
evidence indicate that charge-transfer transitions play
an important role in bringing about chemical changes in
bisanthracene–tropylium systems. Masnovi and Kochi
have shown that substituted anthracenes with electron
acceptors [e.g. tetracyanoethylene (TCNE)] in solution
afforded slowly Diels–Alder adducts on standing in the
dark.24


It is worth adding that the small amount of solid
lepidopterene could be isolated when equimolar amounts
of 5 and tropylium tetrafluoroborate were dissolved in
acetonitrile–dichloromethane (1:1) and the solvent mix-


ture was left to evaporate slowly (the crystal structure of
lepidopterene is available as supplementary data at the
epoc website at http://www.wiley.com/epoc). The prime
intent was to prepare a single crystal of the complex. The
bisanthracene ligand 5 partially reacted to give lepid-
opterene25 in the solution exposed to daylight. The
influence of the tropylium ion or light on the formation of
lepidopterene was not investigated in detail in this work.
Lepidopterene is a tetracyclic benzenoid hydrocarbon
whose crystal structure has been previously deter-
mined.26 The long central C—C bonds in the dimers of
anthracene have been cited as extreme examples of bond
lengthening as a result of through-bond coupling. The
central carbon–carbon bond length in lepidopterene is
1.651 Å in the re-determined x-ray structure (pdb file as a
supplementary data at the epoc website at http://www.
wiley.com/epoc). The published structures have central
bond lengths 1.642 and 1.645 Å, respectively26 (for
visualization see the files tweezer 5 and lepidopterene at
the epoc website at http://www.wiley.com/epoc).


In conclusion, new non-macrocyclic receptors have
been synthesized and shown to complex with tropylium
cation in organic solvents. Electron donor–acceptor
interactions are an important driving force for complexa-
tion by molecular tweezers. The appearance of charge-
transfer absorption bands demonstrates the complex
formation with tropylium ion. Comparison of the stability
constants in Table 1 shows that varying the aryl receptor
unit from phenyl and naphthyl to anthryl can increase the
stability of the complex. Additionally, the addition of a
nitrogen donor atom into the spacer unit increases the
stability constants of the complex formed. Among these
systems, bisanthracenes are especially interesting in
displaying both complexation with a tropylium ion and
intramolecular [4�� 4�] cycloaddition via charge-trans-
fer excitation. It seems appropriate to assume that the
cycloaddition of anthracene ligands observed can been
employed to modulate the binding ability and also to
prepare new molecules. Our current efforts are directed to
take advantage of the phenomena observed and we shall
report further new results in the near future.


 6& !'� $(-�


�	����	�� 	�
 �����
�


The starting materials were purchased from commercial
sources and used without further purification, unless
mentioned otherwise. Acetonitrile (Fluka) and 1,2-
dichloroethane (Lab-Scan) were dried and distilled
according to literature procedures.27 Thin-layer chroma-
tography (TLC) was carried out on aluminium plates
coated with silica gel. Compounds were detected by UV
spectrophotometry. Flash column chromatography was
performed on the silica gel with the solvents specified. 1H
and 13C NMR spectra were recorded on a Bruker
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Advance DPX200 spectrometer. NMR chemical shifts
are reported in ppm downfield from internal tetramethyl-
silane (TMS). The coupling constants are expressed in
hertz (Hz). Electron ionization (EI) mass spectra were
obtained using a Kratos MS 80 mass spectrometer
operating with the DART data system. Electronspray
ionization (ESI) mass spectra were recorded on an LCT
time-of-flight mass spectrometer (Micromass) with an
OpenLynx 3 data system. The desolvation temperature
was 120°C and N2 was used as nebulizer and desolvation
gases. UV–visible spectra were recorded with a Phillips
PU 8740 or Shimadzu UV-1601 spectrophotometer with
matched glass or quartz cells of 10 mm pathlength. The
cell containing the solution was maintained within
�0.05°C (�0.1°C in the kinetic measurements) of a set
temperature by circulating water from a thermostated
bath through a double-walled cell insert. The temperature
inside the cell was monitored with a digital thermometer.
Elemental analyses were carried out with a Perkin-Elmer
2400 apparatus. Melting-points were determined with a
Thermopan microscope (Reichert, Vienna, Austria)
melting-point apparatus and are uncorrected.


���������


7����	� �����
��� ��� ��� ��������� �� ��2�������

�������/ A mixture of 1,3-bisbromomethylbenzene or
1,3-bisbromomethylpyridine (5 mmol), aromatic alcohol
(10 mmol) and K2CO3 (1.282 g, 10 mmol) was stirred
and heated at reflux in 30 ml of acetone or acetonitrile for
16–24 h under a nitrogen atmosphere, after which the
reaction mixture was allowed to cool to room tempera-
ture. The solvent was evaporated under reduced pressure
and the residue was partitioned between dichloromethane
and water. The organic layer was separated and washed
with 5% NaOH solution, water and brine and dried over
MgSO4. Evaporation gave the crude product, which was
subjected to further purification.


��3�8���������������2����� 9�:/ The product was
recrystallized from MeOH, affording a white crystalline
solid in 75.4% yield, m.p. 75°C (lit.28 71–76°C); (found
C, 82.73; H, 5.88. C20H18O2 requires C, 82.73; H,
6.25%); 1H NMR (CDCl3, 25°C), � 7.519 (1H, phenyl),
7.402 (3H, phenyl, d, J = 1.34 Hz), 7.24–7.33 (5H, aryl,
m), 6.93–7.01 (6H, aryl, m), 5.081 (4H, OCH2, s); 13C
NMR (CDCl3, 25°C), � 70.5, 115.5, 121.7, 127.1, 127.7,
129.5, 130.2, 138.2, 159.4; EIMS (70 eV), m/z 290 [M�].


��5�8�������������������
��� 9�:/ The crude product
was recrystallized from acetone, affording a 65% yield of
white crystals, m.p. 73°C (lit.29 72–74°C); (found C,
78.33; H, 5.88; N, 4.81. C19H17NO2 requires C, 78.08; H,
5.87; N, 4.79%); 1H NMR (CDCl3, 25°C), � 7.76 (1H,
pyridine, t, J = 7.75 Hz), 7.49 (2H, pyridine, d, J =
7.72 Hz), 6.96–7.04 (6H, aryl, m), 5.25 (4H, OCH2, s);


13C NMR (CDCl3, 25°C), � 70.8, 115.2, 120.5, 121.6,
130.0, 138.1, 157.3, 158.8; EIMS (70 eV), m/z 291 [M�].


��3�8���	�������������2����� 93:/ Recrystalliza-
tion from acetone afforded a crystalline solid in 54%
yield, m.p. 133°C (found C, 82.73; H, 5.88. C20H18O2


requires C, 82.73; H 6.25%); 1H NMR (acetone-d6,
25°C), � 7.73–7.85 (4H, aryl, m), 7.21–7.54 (28H, aryl,
m), 5.292 (4H, OCH2, s); 13C NMR (acetone-d6, 25°C), �
69.5, 107.2, 118.8, 123.5, 126.2, 126.7, 126.8, 127.0,
127.4, 128.5, 129.1, 129.3, 134.7, 137.7, 156.7; EIMS
(70 eV), m/z 390 [M�].


��5�8���	�����������������
��� 94:/ The crude pro-
duct was recrystallized from acetone, yield 71%, m.p.
142–143°C (found C, 82.54; H, 5.36; N, 3.56.
C19H17NO2 requires C, 82.84; H, 5.41; N, 3.58%); 1H
NMR (CDCl3, 25°C), � 7.67–7.85 (7H, aryl, m), 7.21–
7.55 (10H, aryl, t), 5.37 (4H, OCH2, s); 13C NMR
(CDCl3, 25°C), � 71.0, 107.8, 119.2, 120.7, 124.3, 126.8,
127.3, 128.0, 129.6, 130.0, 134.8, 138.1, 156.7, 157.1;
EIMS (70 eV), m/z 391 [M�].


��3�8��9;�����	���	����	����:������2����� 90:/
At room temperature, to a solution of NaH (0.53 g,
11 mmol) (50% in mineral oil, washed previously with n-
pentane) in dry DMF (20 ml), 9-hydroxymethylanthra-
cene 2.08 g (10 mmol) was added dropwise with stirring
in dry DMF (10 ml). Stirring was continued for 30 min
after the end of the addition. A dry DMF solution (10 ml)
of �,�-dibromo-m-xylene, 1.32 g (5 mmol), was then
introduced drop wise. The reaction mixture was heated
for 20 h at 80°C before cooling to room temperature. The
excess of NaH was quenched by adding a few drops of
water, then the solvent was removed in vacuo and the
residue was partioned between water (30 ml) and
dichloromethane (40 ml). The organic layer was washed
twice with 1 M HCl, water and brine and dried over
MgSO4. Evaporation gave the crude product, which was
recrystallized from acetone, affording a light-yellow
solid in 39% yield, m.p. 163°C (found C, 87.89; H, 5.81.
C38H30O2 requires C, 88.00; H, 5.38%); 1H NMR
(CDCl3, 25°C), � 8.45 [1H, Ant(5), s], 8.2–8.4 (4H, aryl,
m), 7.9–8.5 (4H, aryl, m), 7.3–7.5 (12H, aryl, m), 5.48
(4H, Ant-OCH2, s), 4.71 (4H, Ph-OCH2, s); 13C NMR
(CDCl3, 25°C), � 64.8, 73.0, 125.0, 125.6, 126.8, 128.1,
128.3, 129.1, 129.2, 129.3, 129.6, 131.8, 132.1, 139.3;
EIMS (70 eV), m/z 518 [M�].


��3�8��9;�����	���	����	����:����������
��� 95:/
By the procedure described for 5 but starting with 1,3-
bisbromomethylpyridine, a yellow residue was obtained
and purified with flash chromatography (150:1 CH2Cl2–
MeOH) to afford a light-yellow solid in 78% yield, m.p.
163°C (found C, 85.18; H, 55.63; N, 2.70. C37H29NO2


requires C, 85.52; H, 5.52; N, 2.75%); 1H NMR (CDCl3,
25°C), � 8.35–8.50 (6H, aryl, m), 7.92–8.30 (4H, aryl,
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m), 7.25–7.65 (11H, aryl, m), 5.63 (4H, Ant-OCH2, s),
4.84 (4H, Py-OCH2, s); 13C NMR (CDCl3, 25°C), � 65.3,
73.6, 120.7, 124.8, 125.4, 126.6, 128.8, 129.0, 129.4,
131.5, 131.8, 137.6, 158.4; ESIMS exact mass (Micro-
mass LCT, ESI�), m/z 520.2277 ([M � H]�); required,
520.2295.


��3�0�,��������	���������� ����	1����2��	��/ The
tropylium salt was prepared according to literature
procedures,30 m.p. 203°C (decomp.); 1H NMR (CD3CN,
30°C), � 9.24 (7H, s).


,������	���� ���
���/ ��	2����� �����	�� 
�������	�
���� 2� +<=����2�� ������������/ The stability constant
for 1:1 complexation was defined by a method described
in detail elsewhere.8 The absorption measurements were
made immediately after the mixing of tweezer and
tropylium solutions. The Rose–Drago equation is


1
K


� A � A0


�C � �A
� CA � CD � CD � CA � ��C � �A�


A � A0
�1�


where A0 is the absorbance of pure acceptor solution, A is
the absorbance of the acceptor–donor solution, CA and
CD are the initial concentrations of acceptor and donor,
respectively and �C and �A are the molar absorptivities of
complex and acceptor in solution, respectively. The
equation contains two unknown constants, K and �C,
which were evaluated by an iteration method with a PC
implementing a SigmaPlot Scientific Graphing System
Version 4.0 program (Jandell Scientific). The errors in K
and �C were evaluated numerically by standard deviations
of single K and �C values usually obtained from 6–10
measurements.


6��	� �����	���"�	���� 
	�	


��3�8��9;�����	���	����	����:������2����� 90:/
Single crystals suitable for x-ray crystallography were
grown by slow evaporation of dichloromethane solution.


,����	� 
	�	/ C38H30O2, M = 518.62, orthorhombic
space group P21ab (No. 29), a = 8.0706(4), b =
17.513(1), c = 19.050(1) Å, V = 2692.6(3) Å3, Z = 4,
Dx = 1.279 mg m�3, �(Mo K�) = 0.077 mm�1. The data
were recorded from colourless, plate-like crystals of size
0.05 � 0.15 � 0.30 mm on a Nonius Kappa CCD dif-
fractometer using graphite monochromatized Mo K�
radiation [�(Mo K�) = 0.71073 Å] and T = 173.0(2) K.
159 frames were collected using the � scan data
collection method with an oscillation angle of 1.0° and
the exposure time of 2 � 25 s. The data were processed
by Denzo-SMN.31 There were 10 448 reflections in
the range 2.98 	 �	 27.88°, with 5450 independent
(Rint = 0.104) and 2637 observed [I � 2�(I)]. The reflec-


tions were collected for Lorentz polarization effects and
no absorption correction was used.


The structure was solved by direct methods (SHELXS-
97)32 and refined on F2 (SHELXL-97)33 The hydrogen
atoms were calculated to their idealized positions with
isotropic thermal factors (1.2 times the C thermal
parameter) and refined as riding atoms. The weighting
scheme was w = 1/[�2(Fo


2) � (0.0191P)2], where P =
[Max(Fo


2, 0) � 2Fc
2]/3. The final residuals were R =


0.068 and wR = 0.100 for 2637 unique data with I �2�(I)
and R = 0.175, wR = 0.129 for all data and for 362
parameters.


The crystallographic data (excluding structure factors)
for the structure reported in this paper have been
deposited with the Cambridge Crystallographic Data
Centre as supplementary publication No. CCDC 153263.
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ABSTRACT: PM3 and B3LYP/3-21G(d) calculations were performed on the inclusion complexation of
cyclodextrins (CD) with radical ions. The calculations reproduced the experimental observations that the
complexation of �-CD with 1,4-dicyanobenzene was weaker than with its radical anion, and that the complexation
of �-CD with phenothiazine was weaker than with its radical cation. On the other hand, calculations showed that the
complexation of �-CD with p-nitrophenolate was stronger than with its radical anion and the complexation of �-CD
with viologen was stronger than with its radical cation. The different magnitudes of the interactions between the
charged species and CD or water were proposed to cause such behaviors. Copyright  2001 John Wiley & Sons, Ltd.
Additional material for this paper is available from the epoc website at http://www.wiley.com/epoc
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Cyclodextrins (CDs) form inclusion complexes with
various compounds in water,1 and studies on CD
complexation are important for the understanding of
non-covalent interactions.2 Among the many substrates
of CD, radical ions are especially interesting.3–13 These
species are usually unstable, but some of them can be
dramatically stabilized by CD in water and thus act as
intermediates in certain CD-mediated reactions. There-
fore, the CD–radical ion complexation provides impor-
tant insights into the interplay between molecular
recognition and redox chemistry,14 and studies on it are
beneficial for both the understanding of enzymatic radical
ion chemistry and the design of novel molecular
devices.15


However, experimental studies on CD–radical ion
complexes remain difficult, and it is unsettled as to why
the radicals can be incorporated into the hydrophobic CD
cavity when they are charged. So far, the relatively well-
studied CD–radical ion systems include the �-CD
complexes of p-nitrophenolate5 and dicyanobenzene
radical anions,6 and the �-CD complexes of viologen10


and phenothiazine radical cation.11,12 Interestingly, on
the one hand, though the binding constant Ka of the �-
CD–p-nitrophenolate radical anion complex is 125 times
smaller than that of �-CD–p-nitrophenolate, the Ka of the


�-CD–1,4-dicyanobenzene radical anion complex is 45
times larger than that of �-CD–1,4-dicyanobenzene. On
the other hand, though the Ka of the �-CD–viologen
complex is over 100 times larger than that of �-CD–
viologen radical cation, the Ka of the �-CD–10-
methylphenothiazine complex is 35 times smaller than
that of �-CD–10-methylphenothiazine radical cation.
This controversial behavior remains to be explained.


Herein, we performed a theoretical study on the above
problem. Owing to the difficulty of molecular mechanical
methods in dealing with radicals, semiempirical PM3 and
density functional theory (DFT) B3LYP/3-21G(d)
methods were used.16


�(�)$%�


All calculations were performed with GAUSSIAN 98.17


The �- and �-CDs were built and optimized by PM3 from
the crystal structures.18 The glycosidic oxygen atoms of
CD were placed onto the XY plane and their center was
defined as the center of the coordination system. The
primary hydroxyl groups were placed pointing toward the
positive Z axis.


The longer dimension of the substrate was initially
placed onto the Z axis. The position of the substrate was
defined by the Z coordinate of one selected atom of the
substrate. The inclusion process was simulated by putting
the substrate at one end of the CD and then letting it pass
through the CD cavity in steps.19 In every step, the
geometry of the host–guest complex was completely
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optimized by PM3 without any restriction. Frequency
calculations using PM3 were performed, which con-
firmed that every optimized structure was a true
minimum. Finally, DFT single-point calculation at the
level of B3LYP/3-21G(d) was performed on all the PM3-
optimized species, both in vacuo and in water solution by
using the Onsager continuum solvation model based on
the self-consistent reaction field (SCRF) method.


#(�&��� �"% %!�'&��!$"�
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Graphic representation of the energy changes involved in
the inclusion process produces three curves, one each for
the neutral, radical cation, and dication forms of viologen
(Fig. 1). The PM3-optimized host–guest molecular
structures of the three forms at each energy minimum
are shown in Fig. 2, whose corresponding energies are
summarized in Table 1.


According to Table 1, �-CD is indeed able to form a
stable complex with viologen in each of its oxidation
states in vacuum. However, in vacuum, the complex
stability is found to be in the order dication � radical
cation � neutral, according to either PM3 or B3LYP/3-
21G(d) results, in contrast to the experimental observa-
tions. This result can be rationalized in terms of
Morokuma energy decomposition analysis.20 According
to the theory, four types of interaction contribute to the
formation of a supermolecule: (a) electrostatic interaction
between permanent charges and dipoles; (b) polarization
interaction, favored by large volume and polarizability of
the molecules; (c) exchange energy, or Pauli repulsion;
and (d) charge-transfer interaction, caused by the mixing
of the filled orbitals of one component molecule with the
vacant orbitals of the other. Apparently, increase of
charge on viologen favors the first, second, and fourth
types of interaction, resulting in a larger complexation
energy.


Thus, the stronger binding of �-CD with less charged
viologen in water must be caused by the solvation effect.
Unfortunately, the B3LYP/3-21G(d) SCRF calculations
in water indicate that the complex stability is still in the
order dication � radical cation � neutral (Table 1).
Therefore, the continuum solvation model might be
questionable in modeling CD complexation in solution.
In fact, the failure of the continuum solvation model in
the study of supramolecular or biochemical systems has
also been mentioned somewhere else recently.21


Therefore, it appears that an explicit solvation model
should be used here. In other words, viologens form
complexes with water molecules (in the first hydration
shell), which may affect the binding strength between
viologens and CD. Herein, four water molecules are
chosen22 to create the first hydration sphere around the
viologen molecules. Owing to the problem of multiple


minima in optimization,23 the relative geometries of the
four water molecules to the substrate are not optimized
but fixed, i.e. the water molecules are placed so that their
dipoles point away from the major axis of the substrate
(Fig. 3). The distance from the oxygen atom of the water
molecule to the major axis of the substrate is also fixed at
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270 pm. The energies of the viologen–water complexes
are calculated with PM3 and B3LYP/3-21G(d) methods
(see Table 1). As can be seen, the dication–water
complex is indeed more stable than the radical cation
complex and, in turn, the neutral complex. More
interestingly, the difference between the complexation


energy of viologen with �-CD and with water
��Evacuum


CD ��Evacuum
water � is more negative for the less


charged viologen, indicating that the process of breaking
the viologen–water complex and then forming a violo-
gen–�-CD complex is energetically more favorable for a
less charged viologen.
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In short, the stronger complexation between less
charged viologen and �-CD in water does not mean that
the gas-phase interaction between the less charged
viologen and �-CD is stronger. The substrate–water
interactions also play an important role in determining
the order of the complexation strength, which, however,
cannot be described properly with the continuum
solvation model. Though the fixation of the structures
of the viologen–water complexes does not accurately
describe the actual hydration, it at least provides the


correct information, i.e. the process of breaking the
viologen–water complex and then forming the viologen–
�-CD complex is energetically more favorable for a less
charged viologen.


��'%*��������	0��� �������


Similar calculations on the complexation of �-CD with
phenothiazine and its radical cation give the complexa-


�	1
� -. �	��� ������� 	
 ��� �%��/�	�	��� �	����$�� ��� ��� '����/�	�	��� �������


Species


Energy (kJ/mol�1)


PM3 B3LYP/3-21G(d)


Neutral Radical cation Dication Neutral Radical cation Dication


In vacuum
Viologen 311.3 847.6 1825.1 �1 295 218.6 �1 294 779.8 �1 293 869.2
�-CD �6082.8 �11 151 691.6
�-CD complex �5839.1 �5329.0 �4479.4 �12 446 932.6 �12 446 565.3 �12 445 807.6
Stabilization energy


upon complexation
�Evacuum


CD �67.6 �93.8 �221.7 �22.4 �94.0 �246.9


In water
Viologen – – – �1 295 218.6 �1 294 779.8 �1 293 869.2
�-CD – �11 151 692.7
�-CD complex – – – �12 446 934.2 �12 446 572.4 �12 445 819.2
Stabilization energy


upon complexation
�Esolution


water – – – �22.9 �99.9 �257.3


In vacuum
Four waters �893.5 �797 080.7
Water–guest system �371.1 107.5 946.3 �2 092 040.4 �2 091 733.5 �2 091 075.1
Stabilization energy


upon complexation
�Evacuum


water 211.1 153.4 14.7 258.9 127.0 �125.3
�Evacuum


CD ��Evacuum
water �278.7 �247.2 �236.4 �281.3 �221.0 �121.6


,����� 2. ��� '����/�	�	��� �	����$
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tion structures (see supporting information) and energies
(see Table 2). As can be seen, the �-CD–phenothiazine
radical cation complex is more stable than the neutral
complex in vacuum. With the same explicit solvation
model, the water–phenothiazine radical cation complex is
also found to be more stable than the neutral complex.


However, here ��Evacuum
CD ��Evacuum


water � is less negative
for the neutral phenothiazine. Thus, the process of
breaking the phenothiazine–water complex and then
forming a phenothiazine–�-CD complex is energetically
more favorable for a phenothiazine radical cation, which
agrees with the experimental observation.


��'%*������������
	�� �������


In contrast to viologen and phenothiazine, p-nitropheno-
late or its radical anion when complexed with CD has two
possible orientations in the host cavity. In one orientation
the NO2 group points toward the narrower �-CD rim, and
this orientation is termed NO2endo. In the other orientation


the NO2 group points toward the wider �-CD rim, and this
orientation is called NO2exo. Both orientations are
considered in the PM3 optimization, and for each
orientation a curve of complexation energy is obtained
(see supporting information). Herein, the calculation
indicates that the NO2endo orientation is more favorable in
energy than NO2exo for p-nitrophenolate and for its
radical anion.


The energies of the complexation with �-CD and with
water are summarized in Table 3. It should be mentioned
that here the water molecules are placed so that their
dipoles pointed towards the major axis of the substrate
(Fig. 4). The distance from the oxygen atom of the water
molecule to the major axis of the substrate is also fixed at
270 pm. According to Table 3, ��Evacuum


CD ��Evacuum
water � is


more negative for the less charged p-nitrophenolate.
Thus, the process of breaking the p-nitrophenolate–water
complex and then forming a p-nitrophenolate–�-CD
complex is energetically more favorable for the less
charged p-nitrophenolate, which agrees with the experi-
mental observation.


�	1
� /. 0����� ������� 	
 ��� �%��/����	���.�� �	�%
���$��	�


Energy (kJ mol�1)


Method Neutral
Radical
cation


�Evacuum
CD PM3 �49.2 �91.0


B3LYP/3-21G(d) �10.9 �99.6
�Evacuum


water PM3 206.6 192.6
B3LYP/3-21G(d) 247.0 169.2


�Evacuum
CD ��Evacuum


water PM3 �255.8 �283.6
B3LYP/3-21G(d) �257.9 �268.8


�	1
� 2. 0����� ������� 	
 ��� �%��/�%���	����	����
�	����$��	�


Energy (kJ mol�1)


Method Anion
Radical
anion


�Evacuum
CD PM3 �81.2 �295.2


B3LYP/3-21G(d) �96.8 �343.6
�Evacuum


water PM3 291.3 59.0
B3LYP/3-21G(d) 58.1 �208.2


�Evacuum
CD ��Evacuum


water PM3 �372.5 �354.2
B3LYP/3-21G(d) �154.9 �135.4


,����� 3. ��� '����/�����	"��.��� �	����$
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With the same procedure as mentioned for �-CD–p-
nitrophenolate systems, the energies of the �-CD–
dicyanobenzene complex and water–dicyanobenzene
complex are obtained. The result, listed in Table 4,
indicates that the stronger complexation of �-CD with the
dicyanobenzene radical anion is due to the stronger
interaction between �-CD and the radical anion.


�������������� ��
+	���� ���
 �	
��
	�����


All of the above-mentioned energy changes ��Evacuum
CD �


�Evacuum
water � are calculated in vacuum. However, it was


recently suggested that a semi-continuum solvation
model should give a better description of the solvation
effect.24 According to the model the species with its first
solvation sphere should be treated with the continuum
solvation model, which presumably combines the effects
of bulk solvent with the local interaction between solute
and solvent.


Herein, the energy changes from the water complexes
to CD complexes are also obtained from B3LYP/3-
21G(d) SCRF calculations in water, and the results
��Eaq


CD ��Eaq
water� are summarized in Table 5. According


to Table 5, it is obvious that the results from the semi-
continuum solvation calculations agree qualitatively with
all the conclusions drawn from the gas-phase calculations
mentioned above. Therefore, it is the first solvation
sphere that plays the major role in determining the
stabilities of the CD cation/anion complexes.


����	��


Several valuable conclusions can be drawn from the
above calculations.


(1) The calculation of CD complexation in the gas
phase is not sufficient to describe the real processes
occurring in solution. For the four radical ion
systems, the complexation energy in the gas phase
is always larger for the more charged substrate,
which obviously cannot be used to interpret the
experimental observations.


(2) Unfortunately, a simple continuum solvation model is
not sufficient to model CD complexation in solution.
In comparison, a crude explicit solvation model, at
least qualitatively, indicates that the weaker com-
plexation between CD and more charged viologen
and p-nitrophenolate is caused by the stronger
interaction between the more charged substrate and
water molecules. Moreover, it appears that the
affinity of a charged organic molecule to CD might
be stronger or weaker than that to water, depending
on the structure and electron distribution of the
organic molecule. Thus, the simple concept of a
hydrophobic (or hydrophilic) effect should be used
with caution under such conditions.


(3) The study suggests that supramolecular systems can
either stabilize or destabilize radical ions. This fact
might be used in the design of some delicate
molecular devices that are electrochemically con-
trollable. Also, it appears that enzymes can either
facilitate or disturb a reaction pathway by construct-
ing certain microscopic environments for the radical
ion intermediates. Therefore, there remains much to
be discovered, investigated, and used in the field of
supramolecular radical ion chemistry.


���������� ������	����


Figures of all the energy profiles of the CD complexation
and figures of all the PM3-optimized CD complexes are
available from the epoc website at http://www.wiley.
com/epoc
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�	1
� 3. 0����� ������� 	
 ��� �%��/�����	"��.���
�	����$��	�


Energy (kJ mol�1)


Method Neutral
Radical
anion


�Evacuum
CD PM3 �34.0 �74.3


B3LYP/3-21G(d) �25.1 �112.6
�Evacuum


water PM3 �0.9 �36.1
B3LYP/3-21G(d) �67.7 �113.3


�Evacuum
CD ��Evacuum


water PM3 �33.1 �38.2
B3LYP/3-21G(d) 42.6 0.7


�	1
� 5. 0����� ������� 	
 ��� �� �	����$��	� ����!�����
'�� ��� ���%�	���!!� �	����	� �	���


System
�Eaq


CD ��Eaq
water


�kJ mol�1�
�-CD–neutral viologen �323.5
�-CD–viologen radical cation �267.9
�-CD–viologen dication �173.8
�-CD–neutral phenothiazine �297.2
�-CD–phenothiazine radical cation �318.1
�-CD–p-nitrophenolate anion �196.5
�-CD–p-nitrophenolate radical anion �175.7
�-CD–neutral dicyanobenzene 1.2
�-CD–dicyanobenzene radical anion �31.5
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